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ABSTRACT 

ACCURACY OF THE VECTOR MAGNETOMETER AS AN ATTITUDE 
SENSING DEVICE FOR AURORAL SOUNDING ROCKETS 

by 

Robert M. Robinson 

A Terrier-Malemute sounding rocket was launched over 

a stable auroral arc from Poker Flat, Alaska on March 9, 

1978 U. T. Among the instruments carried by the payload 

were a cesium vapor magnetometer and a solid-state star 

sensor. The star sensor, designed and built at INIK, 

Lulea, Sweden, measured the time and magnitude of indivi¬ 

dual star transits during the flight. These data were 

used to determine the attitude and rotational dynamics 

of the payload to very high accuracy. Similar information 

was not available for previous Rice University payloads 

so that attitude reconstruction for these flights was done 

using magnetometer data alone. However, the procedure 

for extracting spin and coning parameters from magnetometer 

data requires certain assumptions about the direction of 

the geomagnetic field. Since independent attitude infor¬ 

mation was available for the present flight, it was possible 

to test the accuracy of the magnetometer as an attitude 

sensing device. The following errors were discovered. 

First, the direction of the rocket coning center as measured 



by the magnetometer was in error by about 3 degrees of 

arc. Second, the payload spin frequency computed from 

the magnetometer data differed by as much as .01 degrees 

per second from that measured by the star sensor. With 

regard to the detection of ionospheric currents for this 

and the previous flights, these errors suggest that (1) 

unless the rocket coning center is in bhe plane of the 

trajectory the orientation of the inferred current system 

may be uncertain by as much as 15 degrees, and (2) the 

effects of large scale field-aligned currents may be 

misinterpreted as a gradual variation in the spin rate 

of the payload 
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CHAPTER 1 

Introduction 

As part of its research into particles and fields 

associated with aurora, Rice University has flown a number 

of sounding rockets into various auroral forms. Among 

other instruments, each of these payloads has carried a 

cesium vapor magnetometer which can detect very small 

changes in magnetic field direction and magnitude. The 

observed variations are used to infer the nature of elec¬ 

tric currents flowing in the auroral ionosphere. Because 

the approximate direction of the geomagnetic field is known, 

such measurements also provide a means of determining the 

orientation of the vehicle and its rotational dynamics. 

The accuracy with which vehicle attitude can be determined 

is limited, however, due to uncertainties as to the exact 

direction of the ambient field. 

The terrestrial magnetic field is given approximately 

by various spherical harmonic expansions which use as a 

data base measurements taken over a period of decades from 

ships, magnetic observatories and satellites. The actual 

field may vary from that given by the model for four rea¬ 

sons (Davidson,1978). First, the observational data used 

are incomplete and sometimes unreliable. Second, the real 
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field deviates from the average field due to perturbations 

from the flow of ionospheric currents. Third, the secular 

variation of the main field is not entirely predictable. 

And last, truncation errors occur in the computation which 

depend on the degree of the spherical harmonic expansion 

used. 

Because of these uncertainties, rocket attitude cal¬ 

culated from magnetometer measurements alone is error-prone 

and it has always been necessary to include on these pay- 

loads light-sensitive instruments for detecting the position 

of the sun or moon relative to the vehicle. Unfortunately, 

because of various difficulties these sensors have seldom 

worked properly and the magnetometer was the only source 

of attitude information. 

On March 8, 1978, however, a sounding rocket was 

launched which carried a star sensing device that worked 

properly throughout the flight and enabled extremely accu¬ 

rate attitude reconstruction. The results obtained from 

this payload provided an excellent opportunity to estimate 

the errors which may arise when independent attitude in¬ 

formation is not available. 

This paper is a presentation of the results of such 

a study. In order to understand how errors in the computed 
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attitude parameters arise it has been necessary to review 

the process by which the vector magnetic field is deter¬ 

mined from magnetometer data. This is done in Section 2.2 

in which special emphasis has been placed on those parts 

that are particularly affected by uncertainties in the 

assumed direction of the unperturbed magnetic field. Chap¬ 

ter 2 also includes a description of the star sensor and 

other payload instrumentation. Chapter 3 presents the 

results of both the star sensor and the magnetometer data 

analysis for the present flight. A comparison of the two 

will then be used to estimate the magnitude of the errors 

which may be produced when independent attitude information 

is not available. 



CHAPTER 2 

Experimental Technique 

2,1 Payload Instrumentation. The payload, shown in 

Eigure 2-1, was launched upon a Terrier-Malemute, two- 

stage, solid propellant booster provided by the National 

Aeronautics and Space Administration. The rocket was to 

be launched nearly due magnetic north from Poker Flat, 

Alaska when an appropriate aurora was observed. The nom¬ 

inal trajectory had an apogee of about 300 km at 275 

seconds from launch at which time its horizontal distance 

from Poker Flat would be about 130 km. The instruments 

and support systems included in the payload are described 

briefly below. 

2.1.1 Experiments. The experiment section was built 

entirely at Rice University and contained the various 

instruments for the detection of ions and electrons and 

the measurement of electric and magnetic fields. 

The electron detectors consisted of two stacks of 11 

electrostatic curved plate analyzers. The 11 analyzers in 

each stack had energy pass bands which allowed detection 

of electrons with energies from 30 ev to 20 kev. One stack 

was mounted with its look angle at 45° from the spin axis 

and the other stack had its look angle at 135° from the 
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spin axis. Stabilizing fins on the booster were angled 

to give the vehicle a spin rate of several revolutions per 

second. With the payload spinning and oriented at a 45- 

degree angle from the tail of the ambient magnetic field, 

the up-looking detectors would count particles with pitch 

angles from 0° to 90° while the down looking detectors 

would count particles with pitch angles from 90° to 180°. 

A similar mounting scheme was employed for the proton 

detectors and the Geiger-Mueller tubes. 

The two proton detectors employed a static magnetic 

field to deflect incoming ions to one of four Channeltron 

electron multipliers. The instrument was sensitive to 

ions with energies from 500 ev to 100 kev. 

Two types of Geiger-Mueller tubes were used; one pair 

with thresholds of 15 kev, the other pair with thresholds 

of 35 kev. Used together the detectors would yield count 

rates for electrons within and above the 15-35 kev energy 

range. 

One ion mass spectrometer (up-looking only) was also 

included in the payload to detect the presence of various 

ionic species. 

AC and DC electric fields were detected via two pairs 

of spherical probes which were extended orthogonally from 
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the payload fore and aft. The probes were also used in 

conjunction with high and low frequency spectrum analyzers 

to detect electromagnetic waves of frequencies from 10 

to 200 kHz and from .2 to 10 MHz, respectively. 

The cesium vapor magnetometer, which will be described 

in Section 2.2, was mounted at the top of the payload 

beneath the nose cone. The star sensor was mounted in the 

experiment section with its optical axis 45° from the 

payload spin axis. This instrument is described further 

in Section 2.3. 

The nose cone and four doors covering the various 

instruments were designed with pyrotechnic devices which 

allowed them to be jettisoned automatically after the 

vehicle had left the atmosphere. Just before reentry the 

booms would be severed and a rotating shutter closed to 

protect the instruments. 

2.1.2 Support Systems. The remainder of the payload 

consisted of the telemetry section, attitude control system 

and recovery section. The telemetry section contained the 

pulse code modulation unit for encoding the count rates 

and analog data, and the telemetry electronics for trans¬ 

mitting the data. The attitude control system (ACS) was 

included to tip the payload spin axis over to its desired 
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orientation 45° from the magnetic field. The recovery 

section housed two parachutes which would be deployed 

after reentry allowing a soft landing and successful re¬ 

covery of the payload. 

2.2 Magnetometer Data Analysis. 

2.2.1 Vector Magnetometer. The energy levels of the 

cesium atom are split in the presence of a magnetic field 

by an amount dependent on the strength of the external 

field. This principle is used in the cesium vapor magneto¬ 

meter to yield precise measurements of magnetic fields 

(Ness,1970). The method by which the vector magnetic field 

is determined using a scalar instrument has been discussed 

in detail by Cloutier (1967), Park (1970) and Sandel (1971) 

and will be reviewed in the following sections. A vector 

measurement requires the application of a bias field of 

known magnitude and direction at the magnetometer sensor. 

One limitation to the effectiveness of the instrument 

is the presence of dead zones within which the field cannot 

be detected. These dead zones are shown in Figure 2-2. 

With careful planning and accurate attitude control the 

magnetometer bias field may be oriented such that when 

added to the ambient field the resulting vector never 

falls within a dead zone. 
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Figure 2-2 
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The- magnetometer output is a frequency given by 

f(t) = K B(t) (2-1) 

where K is a constant depending on the gas used in the 

sensor. Its value is 3.49854 for cesium if B(t) is 

given in nanoteslas and f is in Hertz. Since this fre¬ 

quency will depend on the vector sum of the ambient field 

plus the bias field, accurate determination of the latter 

is essential, in practice this must be done after the 

payload is assembled as the presence of other instruments 

may change the direction or magnitude of the applied field. 

Perturbations of the bias field which do not change with 

time are compensated for in this manner.- However, to 

reduce the possibility of perturbations from transient 

fields arising during the flight it is necessary to place 

the- magnetometer as far as possible from the other instru¬ 

ments in the payload. 

2.2.2 Calibration of the Bias Field. Calibration of 

the bias field was performed after integration of the entire 

payload at N. A. S. A. Goddard Space Flight Center, Greenbelt, 

Maryland. The assembled payload was placed within a three- 

axis coil system, 20 feet in diameter, through which various 
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currents were applied providing different magnetic fields 

at the center. Each coil can provide a field of 60,000 nT 

accurate to .5 nT so that it is possible to completely 

cancel the geomagnetic field within the coils. During 

calibration all payload systems were operating as if in 

flight. 

The procedure for determining the bias field has been 

described in detail by Park (1970) and Sandel (1971). For 

the present flight the bias field components were referred 

to the spherical coordinate system shown in Figure 2-3. 

The Y-Z plane is defined as the plane containing the spin 

axis of the payload and the star sensor optical axis. In 

terms of this coordinate system the bias field components 

were found to be: Bo= 9957 nT, T= 7.78° and 22.6°. 

Several calibrations were made with different values for the 

external field indicating an uncertainty of 20 nT in BQ 

and .29° in T. 

At the same time the precalibration procedure allowed 

determination of the magnetometer dead zones. The atti¬ 

tude control system was expected to tip the payload over 

so that the spin axis would make an angle of about 45° to 

the ambient magnetic field. With this orientation the 

total field would remain well within the sensitive region 
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of the magnetometer sensor. 

2.2,3 Vector Field Components for a Precessing 

Vehicle. This section describes the method by which 

vector magnetic field information is extracted from the 

magnetometer data. The magnetometer output is a fre¬ 

quency f(t) which is proportional to the magnitude of the 

vector sum of the ambient magnetic field and the bias 

field. If the rocket is spinning, the function f(t) will 

have a characteristic variation which uniquely determines 

the magnitude of the ambient field and the angle the field 

makes with the spin axis. However, the general motion 

of a spinning vehicle in free space includes the effects 

of precession and nutation (Goldstein, 1950). FOr a 

precessing vehicle the spin axis circles about a fixed 

direction in space called the coning center at a constant 

precessional frequency COc- The angle between the instan¬ 

taneous direction of the spin axis and the center of coning 

is called the coning angle p. Without nutation this angle 

is constant in time and the spin axis always lies on a 

cone whose axis is the coning center. Since a well-balanced 

vehicle will have negligible nutation effects, only the 

case of a precessing vehicle will be considered here. The 

effects of nutation will be described briefly in Section 
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2.2.5. 

In Figure 2-4 a coordinate system X*- Y1- C is defined 

A t A 
m which C is the center of coning direction and the Y - C 

plane contains the ambient magnetic field vector §go at 

time t = 0. A second coordinate system X - Y - Z is defined 

by the spin axis direction Z. The Y axis is in the same 

plane as Z and the magnetometer bias field. At t = 0, Y, 

Z and C are coplanar and this plane makes and angle 

with the C - Y* plane. 

At a later time t the body system X - Y - Z has 

rotated through an angle Cbst where (bs is the spin frequency. 

The Z axis has precessed an angle Wct about the coning 

center. The direction of the field at time t is given 

by 3g. The coordinates of ifg in the X* - Y* - C system are: 

Bgx' = Eg sin®c sin<#c 

Bgy*= Bg sin0c costfc (2-2) 

Bg^ = Eg cos9c 

The coordinates of the bias field in the X - Y - Z coor¬ 

dinate system are: 

Box = 0 

B0y = B0 cos'* (2-3) 
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Boz = Bo sin^ 

A vector in the body system may be expressed in the 

coning center system by performing the following three 

rotations : 

1. A negative rotation about Z through togt 

2. A negative rotation about X through P 

3. A negative rotation about Z through uict + 

Using this transformation the components of the bias field 

i f t\ 

vector m the X - Y - C coordinate system are: 

Box'= -BoCOsTfsinu^tcos (Wct+^c) + cos<ustcosfsin (iOct+'f’c) ] 

+BQsinTsinf sin (ioct+H>c) 

B0yf = -B0cosT[ siniügtsin (0Jct+
,f>c) - cosWstcosfcos (uict+9c) 1 

-B0sin'YsinPcos (Goct+f>c) (2-4) 

Boc = :-B0cos'hcosu3stsinf + BoSinfcosp 

The total field at the magnetometer sensor is then given by 

B2=Bg+B^+2BgB0 ^sin'ïf cos9ccosp-sin9csinpcos (o>ct-jz(c+^c) ] 

+cosT[cosoost (sinpcos9c+cos?sin9ccos (U>ct^^c+lPc) ) 

(2-5) 

In this form the function f(t) is hardly in a tractable 
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form since the coning parameters are not known a priori. 

A great simplification arises, however, in the case ? = 0, 

which corresponds to a vehicle spinning without precessing. 

For this case the magnetometer frequency is given by: 

f(t) = K[B2 + BQ + 2BgBQ (sinTfcosQ + cosTsin0cos<bst) ] (2-6) 

where now 9 = 0C, Uist+(0ct«^ uist and ^Q-^>C has been set 

equal to zero. Using the trigonometric identity 

cosW-t = 1 - 2sin2 (lbst/2) (2-7) 

equation 2-6 becomes 

f(t) = K[ Bg + BQ + 2BgBosin(0+hr) 

+ 4BgBocosTsin0sin^ (Uigt/2) ] . (2-8) 

Then defining 

X = B| + B§ + 2BgB0sin (9+T) (2-9a) 

and 

k2= 4BgBosin0cos'Y/ X (2-9b) 

f(t) can be expressed as an elliptic function of the 

second kind: 

f(t) = {X [1 - k2sin2(tbst/2) ]
Vl (2-10) 
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Since two quantities are required to specify the elliptic 

function the field values Bg and 9 are uniquely determined 

once f(t) is known. Although only two points on the curve 

are necessary to recover the parameters X and k, greater 

accuracy is achieved by using the entire function. The 

most efficient way to do this is to integrate f(t) over 

one apparent spin period. Experimentally the integral of 

f(t) is determined by electronically counting cycles of 

the magnetometer frequency. 

The function f(t) is shown in Figure 2-5-. It is 

approximately sinusoidal and symmetric about each maximum 

and each minimum. If a reference frequency is chosen, 

cycles of magnetometer frequency can be counted over the 

intervals defined by this level. Let be the number of 

counts between tj_ and t2 in Figure 2-5, and let C2 be the 

number of counts between t2 and t3. Then C-j_ is given by: 

t2 12 _y 
Cl = 5 f(t)dt = K^x J f l-k2sin2 (U)st/2) f

1 dt (2-11) 
fcl fcl ' . . 

Letting = uJ>st/2 and using the symmetry of the elliptic 

function this may be written: 

-J/2 
c! = $ jl-k2sin^| d| = E(k,5Q/2) 

COs (t2-t]_) and E(k,§0/2) is an elliptic where = 
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integral of the second kind. Similarly the integral of 

f(t) over one full period gives: 

Ci + C2 = ^7^ $ <Jl-k
2sin2$ d£ = ^-^E(k,-n/2) . (2-13) 

ws o ^s 

Dividing equation 2-12 by equation 2-13 gives: 

Ci E(k,$0/2) 

Cx + C2 
= E (k, W/2) (2-14) 

The time intervals t2 - t-j_ and t^ - t2 are determined 

by counting a reference oscillator recorded on tape simul¬ 

taneously’ with the magnetometer output. If f^ is the 

frequency of the reference oscillator then the time inter¬ 

vals are given by: 

t2 " tx = Rl/fR 

fc3 “ t2 = R2/fR 

(2-15) 

where Rj_ and R2 are the reference counts. Since one 

period of the function f(t) is given by: 

T = (Ri + R2)/fR (2-16) 

the phase angle is 

f o = 

Ri 

Rl + R2 
(2-17) 

Equation 2-14 can be solved for k which can be used in 
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equation 2-12 or 2-13 to find X. The two variables X 

and k then determine Bg and 0 through equation 2-9- 

Errors in the counts C^, 0-2' Rl' an<^ R2 c°me about 

chiefly from the difficulty in detecting the reference 

crossing level which triggers the count- The errors in 

count rates produce uncertainties in the calculated values 

of Bg and 0 on the order of 1 nT and .01 degrees, respec¬ 

tively. What may be of more importance is the error 

caused by neglecting the effects of coning in going from 

equation 2-5 to equation 2-6. The justification for this 

approximation will be given in Section 2.2.5. 

2.2.4 Recalibration of the Bias Field. The solutions 

to the previous equations yield values of Bg and 0 for 

each spin. Since Bg is only dependent on the position of 

the vehicle, the Ba profile exhibits a smooth change over 

the flight, in contrast to 0 which is a function of vehicle 

orientation as well as position. The function 0 vs t 

exhibits a modulation due to the coning motion of the 

vehicle. The amplitude and period of this modulation 

give the coning angle and coning frequency, respectively. 

Since many of the errors in the calculation of Bg 

and 0 are functions of 0, the presence of precessional 

motion allows detection of these errors. Examples are 
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(1) errors arising from using the elliptic integral 

approximation, and (2) errors in the bias field values. 

In the next section it will be shown that errors of the 

first type are maximum when the angle tyç in equation 2-5 

is either 90° or 270°. Errors in bias field values are 

maximum when 9 is a maximum or minimum, i. e. when 4^c 

is 0° or 180°. 

Errors in Bo and T can thus be eliminated by changing 

them systematically and recalculating Bg until all modu¬ 

lation at the indicated phase is eliminated. Using nominal 

values for Bg and 9 the effect on the profile of various 

errors in B0 and Y can be determined. The results of these 

calculations are presented in Section 3.2.2. 

2.2.5 Accuracy of the Elliptic Integral Approximation. 

The determination of Bg and 9 from the magnetometer counts 

Ci and C2 is a two step process. First is the determina¬ 

tion of X and k from the elliptic integral. Second is the 

solution of the coupled equations 2-9a and 2-9b for Bg and 

9. Because of the complexity of these equations there is 

no straightforward means of determining the error that 

arises from letting f-»0 in equation 2-5. However, there 

are two situations in which these errors may be negligible. 

First, if the coning frequency is much less than the spin 
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frequency then 9 changes very little during a spin period 

and the elliptic form is very nearly correct. Alternatively, 

the coning angle may be very small in which case the effects 

of precessional motion may be similarly neglected. 

The errors caused by the use of this approximation 

may be estimated in a manner described by Sandel(1971) 

who considered the first case. Values for Bg and 9 typical 

of those measured during the flight are substituted into 

equation 2-5. This gives the magnetometer output as a 

function of time t. Choosing an arbitrary reference level, 

f(t) can be integrated numerically over’a spin period to 

get the real count rates C]_ and C2. These values of Cj_ 

and C2 are then used in equation 2-14 to determine Bg and 

9. Using (J3S/U^ ~ 200 and_ P~ 7° . Sandel found the errors 

well within the tolerances of 1 nT for Bg and .03° for 9. 

For the flight under consideration here tos/wc ~ 20 and 

f 2°. The results of a similar error analysis using 

these values is given in Section 3.2.3. 

Sandel also considered the effects of nutation, in 

which case equation 2-5 must be modified by letting P 

vary sinusoidally with time. If the nutation is large 

enough it will appear as a modulation in the Bg profile. 

Since P is very small for the present flight nutational 



effects are expected to be negligible and are not included 

in the analysis. 

2.2.6 Transformation to the Center of Coning 

Coordinate System. Once the bias field has been recali¬ 

brated the computed values of 9 define a cone about Z on 

which the magnetic field vector lies. Because 9 is 

modulated by the precessional motion any anomalous change 

in the field direction due to ionospheric currents would 

be completely obscured. The modulation can be removed by 

expressing the field direction in the center of coning 

coordinate system shown in Figure 2-4. The transformation 

of the field components to this coordinate system also 

allows refinement of the zero-order coning parameters. 

A 
In Figure 2-6 C is the center of coning vector and 

tQ is the time at which Z, the spin axis, makes a maximum 

angle with respect to the ambient field I?g0. Assume that 

at time t the ambient field has moved to a new position 

Bg. Then from spherical trigonometry the angle ‘h is given 

by (Sandel, 1971) : 

(2-18) 

so that 9c can be computed from 
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Figure 2-6 
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— 1 f /P~®rï\ CÔS " 
2tan ftan(-T—)    

cos| ■ 

e 2 
(2-19) 

c .(jj (t -t ) + ri 
c n o  :] 2 

For ? and u>c the zero-order values as determined from 

the 9 vs, t profile can be used. tQ is the time corres¬ 

ponding to any peak in the profile. Any errors in these 

parameters will appear as modulation in the computed 9C 

profile at the coning frequency (Park, 1970). 

It should be noted that the derivation of equations 

2-18 and 2-19 for 9C assumes that Bg has moved only in 

the plane defined by C and Bg. The correction for motion 

out of this plane can be made by replacing the coning 

phase angle l^c (t-tQ) with ^c(t-t0) + <^c is the 

angle at the coning center between Ëg and "Bg0. Since the 

A 

coning center C usually lies close to the plane of the 

trajectory, which is also the geomagnetic meridian plane, 

f6c is expected to be small. As a first approximation it 

can be set equal to zero and equations 2-18 and 2-19 used 

as they stand. This approximation can be removed after 

the angle jz$c is determined (Section 2.2.7). 

The accuracy with which the coning parameters 9, toc 

and t0 are known can be found by varying each systemati¬ 

cally and observing how large a deviation can be applied 
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before distinct modulation appears in the 9C profile. 

The results of this analysis are presented in Section 

3.2.4. 

2.2.7 Determination of the Real Spin Period. The 

apparent spin period of the payload is given by equation 

2-16. The difference between the real and apparent spin 

period is shown schematically in Figure 2-7. At time t=0 

and t^ the bias field B0, the ambient field ]fg and the 

spin axis Z are coplanar so that the magnetometer frequency 

is a maximum. At times t=0 and t=t2 the Bo-Z plane makes 

an angle <pQ to the C-Z plane. The real spin period is 

given by the time t2 while the apparent spin period measured 

by the magnetometer is t^. The difference between the two 

is - T0 and is a function of the coning phase angle 

The situation is complicated if the field vector ïfa y 

has moved during a spin period. Figure 2-8 is a more pre¬ 

cise view of the precessional motion showing the change 

in the azimuthal angle Using this figure Park (1971) 

showed that the exact magnetometer frequency function, 

equation 2-5, can be written in the following form which 

shows the difference between real and apparent spin period 

more explicitly: 

f (t) (2-20) 
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Figure 2-7 
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Since 9 changes over a spin period the parameters X and 

k are functions of time. The time varying angle ~1~ is 

given by: 

sinf = sinQcsin (^çt+^c-^c) (2-21) 
* sinQ 

where 9 is found from 

cos9 = cos9ccos J> - sin9csinycos (c*>ct+'f'c-^c) (2-2?) 

The reduction of equation 2-20 to the pure elliptic form 

for f=0 is straightforward. 

From equation 2-20 the times of maxima Tn of f(t) 

are given by: 

C*)sTn + r(Tn) = 2TTm, m=0, 1, 2, . . (2-23) 

The time between two successive maxima is 

At = (2TT - AT)/WS (2-24) 

where 

AT=T(Tn) -Y'(rn_1) (2-25) 

From Figure 2-8 

& = Z - T (2-26) 
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The angles pi, £ and "T are referenced to the arc connecting 

Z and Bg0. Combining equations 2-23 and 2-26 gives: 

=tosTn + £(Tn) - 2trn. (2-27) 

At time T0 

JZ*(T0) = 0 =WST0 + £(T0) - 2TOi0 (2-28) 

so that 

. = ^n-^(To) 
=t0s(Tn-To) + t(Tn) - £(T0) - 2TT(n-n0) 

(2-29) 

For one apparent spin period this reduces to 

U)sAt = 2TT-A£+A^ (2-30) 

Referring again to Figure 2-8 the angle £(Tn) can be 

found from 

sin£(Tn) = sinQcOsin[03c (Tn-tQ) ] (2-31) 

sin >. 

where N is given by: 

cos X= cos9cocos f - sin9c0sinJ>cos[coc (Tn-tQ) ] (2-32) 

The absolute times Tn and tQ are read from a time code 

recorded on tape simultaneously with the magnetometer signal 

and the reference oscillator. The time code and reference 
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oscillator are compared throughout the flight to verify 

their consistency. 

The coning parameters f, (oc and tQ and the polar 

angle 9C can be used in equations 2-31 and 2-32 to deter¬ 

mine £(T ). Since At is the apparent spin period measured 

by the magnetometer equation 2-30 can be solved for tos if 

Ajz$ is taken to be zero. In reality A^ is not zero and can 

be written as the sum of three terms: 

A (6 = A + A jzf ^ + A (2-33) 

Here Ai^0 is the change in azimuthal angle due to the normal 

variation in the direction of the terrestrial magnetic 

field with position of the payload. A jz^ and Ajz^g arise 

from the deviations of the field due to ionospheric cur¬ 

rents. The "L" and "S" subscripts distinguish between 

large and small scale deviations. The former originate 

from currents whose scale length spans the entire trajec¬ 

tory, and the latter originate from currents whose scale 

length is confined to within the region of the trajectory. 

The apparent spin period can then be written 

t = — - — + ÛÉP + Aj2*Ii + A^S 
u>s o^s ^s ^s 

In order to get the real spin period, 2-n/'tOs, 

(2-34) 

from this 
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equation one must know all the correction terms on the 

right. It is easy to show that if the coning center lies 

near the magnetic meridian then ^changes by only several 

degrees over the entire flight and thus Aiz$0 may be neglec¬ 

ted. In addition, if a smooth curve is fit through the 

values of At, the small scale variations Ajz^s will tie 

filtered out. The spin period computed from a polynomial 

describing this curve can then be written: 

t = — ~ 
P ' " C0S Wg (2-35) 

To proceed one must assume A^O because without 

independent attitude information there is no way to dis¬ 

tinguish such variations from real changes in the spin 

rate. 

In practice, equation 2-30 is solved for for each 

spin period and the resulting values fit to a second order 

polynomial in order to filter out the effects of small 

scale currents. This then provides a means of computing 

A^cS/ the change in azimuthal field angle with respect to 

the rocket coning center due to small scale ionospheric 

currents. From Figure 2-8 *z£c is given by 

~ ^c (t—to) + J* — TT (2-36) 
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where y. is found from the law of sines: 

sin^x= sinTsin9/sin9c (2-37) 

and 

T = t- 16 (2-26) 

The angle jzi is calculated from equation 2-29. 

After $c is computed it can be used to correct the 

approximation in equations 2-18 and 2-19 for 9C by replacing 

^c(t-to) with toc(t-t0) + jz$c. Since the change in jz$c over 

the flight is so small, however, this correction is usually 

less than .01 degrees. 

The angle is the second angle required to specify 

the vector magnetic field. It is the quantity which is 

most sensitive to east-west sheet currents flowing parallel 

to the magnetic field. Because an absolute measurement of 

OQg is necessary for the detection of these currents, an 

independent measurement of the real spin frequency is 

essential. 

2.2.8 Determination of the Center of Coning Direction. 

Complete attitude sensing of space vehicles includes the 

instantaneous determination of the direction of the center 

of coning in inertial space. For a well-balanced vehicle 

in free space this direction should be fixed. However, 
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because of torques on the vehicle from residual atmosphere 

and outgassing, this direction will usually drift slowly. 

In order to determine the direction of the center of coning 

using magnetometer data alone one must assume that this 

drift is negligible. The procedure has been described by 

Sesiano (1972) and will be reviewed briefly here. It 

requires the previously calculated values of Qc, trajectory 

information, and a model for the terrestrial magnetic field. 

The latter is any of several spherical harmonic expansions 

which give the magnitude, dip angle and declination of the 

field vector at any point. Taking two such points along 

the rocket trajectory the direction of the field relative 

to the zenith at each location is calculated. Knowing 

the latitude and longitude of each position a coordinate 

rotation can be applied so that the directions of the field 

vectors relative to the zenith at time t^ can be computed. 

The resulting spherical triangles formed with the coning 

center C are shown in Figure 2-9. Since 0C2 and A are 

known the direction of C relative to Z(t^) can be found 

by performing the following calculations: 

cos = cosec^cos^ + sinot^sino^cos A (2-38) 

COS0C]_ - COSOC2cos^ 

sino^sin ^ 
cos X = 

(2-39) 
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cos (n.+->c) (2-40) 

cos*^ = cosot2cos9c2 + sin«2
sin9c2cos^1’ (2-41) 

cos (/82“^c) 
COS9C2 - cos^2

cos0fc 
(2-42) 

sin«2sin<*c 

The zenith angle e*c and azimuth f&c of C with respect 

to Z(t^) can be used to calculate the right ascension 

Z (t]_) and the universal time of observation. 

The above method for finding the coning center direction 

is subject to errors for several reasons. First, it depends 

critically on the accuracy of the spherical harmonic ex¬ 

pansion used to determine the field direction. Second, 

the results are subject to truncation errors because many 

of the angles in the spherical triangles approach 0° or 

180°. This is because B changes its direction by only 

several degrees over the whole flight. The greatest accu¬ 

racy can be achieved by choosing Z(t-|_) and Z(t2) as far 

apart as possible. In addition,however, both must be 

chosen so that the perturbations of the magnetic field due 

to ionospheric currents is a minimum. For all the above 

reasons this method for computing the position of the 

and declination of C from the latitude and longitude of 

center of coning is only marginally effective. This will 
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be discussed further in relation to the present flight in 

Section 3.2.6. 

2.2.9 Summary of Attitude Reconstruction Procedure. 

The vector field components measured by the magnetometer 

are the total field magnitude B„, the polar angle 9 and g v- 

the azimuthal angle ^c. The two angles are measured with 

respect to a coordinate system whose polar axis is the 

center of coning direction. The coning and spin parameters 

for the payload arise naturally out of the determination 

of these vector components. It seems appropriate at this 

point to summarize the process by which these parameters 

are computed. 

The scalar profile Bg(t) is checked for modulation 

which might indicate the presence of bias field errors 

or nutation. Once this has been done the final values 

of Bg and 9 are calculated and zero-order approximations 

for k>c, ? and tQ are extracted directly from the plot of 

9 vs. flight time. These parameters are then used in 

equations 2-18 and 2-19 to determine the angle 9C in the 

coning center system. The quantities u>c, y and tQ are 

refined by varying them systematically until all modulation 

in the 9C profile has been removed. Once the corrected 

values of the coning parameters are determined they are 
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used to calculate the spin frequency from equations 2-30 

to 2-32. The smoothness of the functions (t) and ^c(t) 

provide a further check on the accuracy of the coning 

parameters. Finally, the change in 9C over the flight 

is used along with trajectory information and a model for 

the geomagnetic field to compute the right ascension and 

declination of the coning center. 

2.3 Star Sensor. The star sensor has been described by 

Schmidtbauer (1977). It consists of a solid-state photo¬ 

detection device arranged behind a single-slit optical 

system with a 30° field of view. It was mounted on the 

payload so that the slit, optical axis, and spin axis were 

coplanar. As the payload spins the detector output is a 

series of pulses containing information about the time and 

magnitude of each star transit. The faintness of stars and 

the short transit times make the signal-to-noise ratio of 

the device very low. This necessitates the use of a special 

data processing technique known as Kalman filtering. Before 

this filtering is applied the rocket attitude at some time tQ 

is approximately determined. This is done with a computer 

into which is programmed an ephemeris containing the posi¬ 

tions and magnitudes of the brightest stars. Zero-order 

estimates of the rocket attitude parameters are varied 
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until those values are determined which best duplicate 

the data at time tQ. 

The Kalman filtering technique, which is described 

in detail in Farrell (1966), is then used to extrapolate 

the refined attitude parameters to times before and after 

tQ. The filtering technique carries with it conservative 

estimates of the uncertainties in the computed quantities. 

The resulting plots of the various parameters as a function 

of time, however, usually indicate somewhat higher accuracy 

The rocket attitude is given in terms of five angles 

and two angular velocities. Three of the five angles 

/ / A 

are shown in Figure 2-10. The X - Y - C axes form a right- 

handed coordinate system with C being the center of coning 

direction and Y* pointing toward geographic north. The 

X - Y - Z axes form the body coordinate system in which 

Z is the payload spin axis and the Y axis is defined by 

the plane containing Z and the star sensor optical axis. 

The three angles, f, CRA and SRA, are the coning angle, 

coning rotation angle and spin rotation angle, respectively 

They are the three quantities necessary to transform the 

components of a vector in the body system to components in 

the coning center system. The transformation of a vector 

—* 

V in the body system is given by: 
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V ' = (ABC) V (2-43) 

where C is a negative rotation about Z through SRA, B is 

a negative rotation about X through 9 and A is a negative 

rotation about Z through CRA-1800. 

The two remaining angles supplied by the star sensor 

are the right ascension (RA) and declination (DE) of the 

coning center. The two angular velocities, <0C and Ws, 

are defined by: 

The star sensor was designed and constructed at 

INIK, Lulea, Sweden. Immediately after the flight a 

digitized data tape was sent to INIK for processing. 

The results of the star sensor data analysis are presented 

in Section 3.3 where they will be compared with the results 

obtained from the vector magnetometer. 

10C = d(CRA)/dt 

k>s = d (SRA) /dt 

(2-44) 

(2-45) 



CHAPTER 3 

Experimental Results 

3.1 Flight Conditions and Vehicle Performance. The 

payload under consideration here was launched at 08:13:10 

on March 9, 1978 U. T. over a stable auroral arc of 40 

kilorayleigh intensity (X5577). About 50 seconds after 

launch the set of pyrotechnic deviceswere activated to 

release the four doors and the nose cone. The spherical 

probes for the electric field experiments were extended at 

65 seconds, after which the high voltage power supply 

was turned on. The attitude control system worked prop¬ 

erly and tipped the payload over to its desired orientation 

approximately 45° from the tail of the geomagnetic field. 

The vehicle reached apogee at 292 seconds after launch 

as it passed over the auroral arc. At 490 seconds, the 

arms holding the spherical probes were severed and a \ 

rotating shutter closed to protect the instruments during 

reentry. Descent speed was reduced by the parachutes which 

were released 540 seconds after launch and the payload was 

recovered in good condition. 

Telemetry worked properly for the entire flight. The 

magnetometer signal was stable until 520 seconds flight 

time when reentry pitched the payload over and the magnetic 
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field vector began to enter the magnetometer dead zones. 

Radar tracking was also excellent enabling complete 

trajectory information to be computed for every second of 

flight. A planar view of the trajectory is shown in 

Figure 3-1 along with the approximate position of the arc 

as determined from all-sky cameras. The flight trajectory 

did not correspond to that predicted being somewhat higher 

in apogee and about 40 km shorter in range. The nominal 

trajectory was not achieved due to improper wind weighting 

of the rocket at launch. The vehicle was launched almost 

due magnetic north so that the plane of the trajectory 

was approximately the magnetic meridian plane. 

3.2 Attitude Determination using the Vector Magnetometer. 

3.2.1 Determination of Bg and 9. The electronic 

apparatus for integrating the magnetometer frequency output 

has been discussed by Sandel (1971). The discriminated 

magnetometer signal is fed into a reference level crossing 

detector (RLCD). A pulse from the RLCD triggers the 

counting of the magnetometer signal and the reference 

frequency. There is a delay introduced by the electronic 

circuitry between the time of reference level crossing and 

•the time the counting is started. Control switches are 

provided to introduce a longer delay so that the crossing 
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of one spin cycle triggers counting of the next spin 

cycle. The criterion used to determine whether the correct 

delay has been applied is that for a given R]_ and R2 the 

difference between and C2 must be a maximum. Since 

the counts must be correct to within il, it can be shown 

that the phase delay must be correct to within 40 micro¬ 

seconds. Once the delay had been approximately determined, 

further correction to a more precise value was made in a 

manner described by Sesiano (1972) . 

Using the proper delay, the magnetometer signal was 

counted and the results read out for each spin from 70 to 

520 seconds after launch. The only exception occurred at 

419 seconds at which time the recorded signal was lost 

momentarily for l'/£ spins. Since similar lapses occurred 

in the particle detector data it was determined that a 

temporary telemetry problem was the source of the .error. 

Since l^ spins corresponds to only .6 seconds of flight 

time this lapse caused no major difficulty. The spin rate 

was very close to 2.5/second so that the 450 seconds of 

data yielded values of R^, R2, and C2 for each of 1120 

spins. yhese were put into a computer program that solved 

equation 2-14 for X and equation 2-12 for k, which in turn 

could be used with the previously calibrated values of BQ 
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and T to calculate Ba and 0 for each spin. To reduce the 
y 

effects of counting errors the above processing was done 

5 times yielding 5 sets of values for Bg and 0 which could 

be subsequently averaged. The root mean square deviation 

was typically less than 1 nT for Bg and .01 degrees for 0 

so that each set yielded values well within the required 

accuracy. 

The resulting B_ and 0 for a portion of the flight y 

are shown in Figures 3-2 and 3-3. The Bg profile shows 

the decrease in the Earth's field as the payload's altitude 

increased. The slope in the 0 profile is a result of the 

change in local dip angle of the ambient field plus the 

change in the zenith angle of the coning center as the pay- 

load moved northward. Visual inspection of the profile 

showed a modulation of about .4 degrees peak to peak with 

a period of about 8 seconds. This implied a coning angle 

of .2 degrees and a coning frequency of 45°/second. It 

should be mentioned that this flight differs from previous 

flights in having a coning angle a factor of 15 smaller 

and coning frequency 5 times higher. 

3.2.2 Recalibration of the Bias Field. As explained in 

Section 2.2.4 any errors in B0 and y are functions of 0. 

Thus, if precessional motion is present these errors show 
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up as a modulation in the Bg profile. Bias field errors 

are distinguished from others because they have extrema 

at the extreme values of 9. By varying *Y and B0 and using 

the computed values of X and k, the effect of these errors 

on Bg and 9 can be determined. The results of the analysis 

are summarized below: 

1. An error of 1° in Y produces a negligible error 

in 9. 

2. An error of 1° in Y produces an error of 100 hT 

in Bg but this error is constant in time if 9 

does not change by more than several degrees. 

3. Errors of 50 nT in B0 produce errors in Bg of 

1 nT. 

4. Errors of 50 nT in BQ produce errors in 9 of 

about .5 degrees but this error is constant in 

time if 9 does not change by more than several 

degrees. 

The most important result is that for very small 

coning angles the 9 dependence is not great enough to 

cause modulations in B_ greater than 1 nT for reasonable y 

errors in BQ and Y. Thus, due to the small coning angle 

the precalibrated values were assumed to be correct. The 

uncertainties of - 64 nT in BQ and .26 degree in Y imply 
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uncertainties in the values of Bg and 9 of 64 nT and 

.26 degree, respectively, although the relative accuracy 

is much better. If the bias field components are constant 

over the flight only a constant offset in Bg and 9 arises. 

In one sense this is no major problem since only changes 

in the ambient field are relevant to the detection of 

ionospheric currents. However, absolute accuracy of the 

polar angle 9 is important in the determination of the direc 

tion of the center of coning, as discussed in Section 3.2.6 

Changes in BQ or Y on short time scales are much more 

difficult to cope with as they may be misinterpreted as 

effects of ionospheric currents. However, such changes are 

not likely since the current through the bias coils is 

carefully regulated electronically. 

As an approximate check of the Ba values, they were y 

compared with the geomagnetic field as computed from a 

spherical harmonic expansion. The model used was the 

1975 International Geomagnetic Reference Field (IGRF), 

(Trombka and Cain, 1974), which is an 8th order polynomial 

with 80 coefficients for the main field at epoch. 1975 

and 80 coefficients for the secular change in the field 

since that year. The quantity ÛB = Bg - BJQRF is plotted 

in Figure 3-4 for the entire flight. Each point repre- 
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sents an average over 10 spins. The deviations at the 

beginning and end of the flight occurred at an altitude 

of about 120 km and are approximately the size expected 

for a payload passing through a horizontal current system. 

3.2.3 Accuracy of the Elliptic Integral Approximation, 

Since the approximate coning parameters are known at 

this point it is possible to estimate the errors caused 

by using the precessionless form of f(t) in the calculation 

of Bg and 0. Choosing typical values for Bg and 0C and 

using the approximate coning parameters the exact function 

f(t) (equation 2-5) was integrated numerically to obtain 

the observed quantities C]_ and C2. In performing the 

integration an arbitrary reference level fQ was chosen and 

the limits t^, t2 and tg set by requiring f(t^)=f(t2) = 

f(t3)=f0. The counts R-j_ and R2 are then found from: 

R1 “ (fc2 “ fcl) fR 

r2 = (fc3 ~ t2) fR 

(3-1) 

where f^ is the frequency of the reference oscillator. 

The integration was done for various values of the 

precession phase angle. The resulting C]_ and C2 were 

used to compute Bg and 0 from the elliptic formula to 

compare with the starting values. As expected, the results 
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showed that the maximum errors occur for 4^ = 90° and 

270° because it is at these times that 9 is changing 

most rapidly. However, the maximum errors are small 

being 1 nT in Bg and .03 degrees in 9. This error can 

be corrected but since there are 110 peaks in the 9 

profile the values of 9 at these extrema are all that 

is necessary to get a vector measurement of the magnetic 

field with a 4 second time resolution. 

3.2.4 Polar Angle 9^. To determine good first 

estimates for the coning parameters, least-squares-fit 

polynomials were calculated for the peaks in the 9 pro¬ 

file. In making the fit, the values of 9 near the ex¬ 

trema were given extra weight. This was done for two 

reasons. First, these values are more accurate since 9 

at these times changes very little during a spin period. 

In addition, since it is the extreme values of 9 which 

determine f and GJC it is especially important that the 

curve pass through these points. 

Since the coning period was 8 seconds, there were 

55 maxima and 55 minima for the usable portion of the 

flight. Polynomials were calculated for each and solved 

giving 55 values of 9max, tmax, ©min an<3 train- For each 

tmax ' f an<3 were then calculated from: 
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0 ®maxi “ 
emini _ emax^ “ emini+]_ 

*i = 4 + 4 
(3-2) 

00 . = 2 TV 
Cl 

-max£ '"maxi-i + “ tmin^ 
_-l 

(3-3) 

The functions ?(t) and ^(t) computed in this manner are 

shown in Figures 3-5 and 3-6. 

The coning frequency was constant and given- by: 

(A>C = 44.25 ± .10 degrees/second (3-4) 

The best straight line fit to ^(t) was 

J>(t) = .22 + . 000076t degrees (3-5) 

with a root mean square deviation of less than .01 degree. 

Large deviations in f and U)c occurred after 480 seconds 

when the booms holding the spherical probes were severed. 

The deviation at 450 seconds is of unknown origin but is 

probably not due to ionospheric currents. The values of 

Ç» and toc after 450 seconds were not used in the derivation 

of equations 3-4 and 3-5. 

The function P(t) and cuc were used in equations 2-18 

and 2-19 to compute the polar angle 9C. To determine 

whether the values used for P, 0>c and tQ were correct the 

Qc profile, shown in Figure 3-7, was checked for modulation 
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at the coning frequency. Since no significant modulation 

was apparent the sensitivity of the computed Qc to errors 

in ?, and tQ was determined according to the procedure 

outlined in Section 2.2.6. The results showed that visible 

modulation appeared in the 9C profile if: 

1. f was varied by +.03 degrees 

2. (+>c was varied by db 2 degrees 

3. tQ was varied by ± .1 second. 

It is obvious that the polynomial curve fitting 

technique used to find the zero-order coning parameters 

yields values with less uncertainty than that shown above. 

The absence of modulation in Qc thus provides only a 

verification of the accuracy of these values- and cannot 

be used to improve them. 

For larger values of ^ the polynomial curve fitting 

technique becomes much less efficient. In particular, the 

lower precession frequency which accompanies a larger 

coning angle implies that there will be fewer peaks in the 

9 profile. It is then difficult to obtain statistically 

significant values for U>c and tQ for the entire flight. 

This situation, which describes all previous Rice University 

payloads, requires the process of refinement of the coning 

parameters by removal of modulation from the 0C profile. 
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3.2.5 Spin Frequency l>3g. The corrected coning 

parameters and the measured values of 9C were used to 

compute the spin frequency of the payload as a function 

of flight time. Since 9C did not deviate by more than 

.05 degrees from the straight line shown in Figure 3-7, 

it was sufficient to use values computed from the following 

equation : 

9C (t) = 45.206 - .00801xt degrees (3-6) 

The times of maxima in f(t) as read from the recorded 

time code had to be corrected before the apparent spin 

period could be computed. This is because the light travel 

time is not the same for different points along the trajec¬ 

tory. Using trajectory information the distance R from the 

telemetry receiving station to the payload can be found 

and the times t^ corrected according to: 

tn = tjJ - R/c (3-7) 

/ 
where tn is the recorded time of an event, tn is the 

actual time, and c is the velocity of light. 

Using these corrected times, a value of the spin 

frequency C*>s was computed for each spin. The best-fit, 

second-order polynomial for the function (t) was: 
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COgp —aQ+a^t+a2t (3—8) 

where aQ=848.079, a]_=-. 5999x10”^ and a2~.24x10“^. Values 

of COs given by equation 3-8 were used in equations 2-30 

to 2-32 to calculate the change in azimuthal field-angle, 

The Ajz$c profile is shown in Figure 3-8 in which 

10-spin averages are plotted. The deviations in ç$c from 

zero are presumably due to small-scale field-aligned 

currents, usually limited to some tens of kilometers in 

latitudinal extent, but elongated in the east-west direction. 

The exact orientation of the sheet currents cannot be 

determined until the direction of the center of coning is 

known (next section). 

3.2.6 Right Ascension and Declination of the Coning 

Center. The two times chosen to compute the direction of 

the center of coning were t-^ = 90 seconds and t2 = 450 

seconds. This was done to ensure that the field vectors 

B(t]_) and B(t2) in Figure 2-9 would be as far apart as 

possible. 

When equation 3-6 was used for 9C the right hand .side 

of equation 2-40 was found to be greater than one. The 

source of this problem can be understood by examination 

of Figure 3-9. The vectors B]_ and ^ and the angles 9C]_ 
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Figure 3-9 
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and 9C2 define two circles on the celestial sphere. One 

of the points at which the two circles intersect is the 

center of coning.* From this diagram it is apparent that 

an error m the position of B^ and B2 can either cause 

the circles to intersect in the wrong place, or not inter¬ 

sect at all. The latter case is the situation encountered 

here: i. e. the spherical triangle used in equation 2-40 

is undefined. 

Since the vectors B]_ and B2 are determined using the 

IGRF it would appear that either this model is in error 

or there is a large scale current which is perturbing 

the magnetic field. The actual change in 9C which is 

required to just close the spherical triangle was cal- 

* There is an ambiguity in equation 2-40 since IL+X 

can be greater than or less than 180° (Figure 2-9). In 

one case the quantity Af6Q (equation 2-33) is negative 

while in the other case it is positive. Since it is 

impossible, using magnetometer data alone, to distinguish 

this change from a real change in spin rate or a change 

due to large scale ionospheric currents, the ambiguity 

cannot be resolved. This is not, however, the problem 

encountered above for the present flight. 
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culated to be .0073 degrees per second. The error AI 

in the dip angles given by the model as a function of 

flight time must be given by: 

Ai = Ai0 + .0007 (t-90) degrees (3-9) 

The constant AiQ is included because it is not known at 

which time in the flight the dip angle is more nearly 

correct. 

There is a second possibility for the cause of the 

above difficulty. Thus far it has been assumed that the 

^ , 
vector C is fixed m inertial space. As explained pre¬ 

viously, because of extraneous torques on the vehicle 

the total angular momentum vector may drift. The minimum 

amount of drift which is necessary to explain the dis¬ 

crepancy is .0007 degrees per second in a direction away 

—* 

from the vectors B-^ and 

Still a third possibility may be suggested to explain 

the observed rate of change of 9C. As noted in section 

3.2.2 an error in the magnitude of the bias field of 100 

nT can cause an error of .5 degrees in the computed value 

of 9. if B0 changes linearly over the flight it may pro¬ 

duce an anomalous slope in the 9C profile. Such a gradual 

change could be caused by a change in temperature of the 
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bias coils. The extremely small coning angle for this- 

flight precludes the detection of bias field errors by 

the method of Section 3.2.2. 

Using magnetometer data alone it is impossible to 

distinguish which of the above errors is present. The 

direction of C can be estimated by increasing 0c2 until 

the spherical triangle in equation 2-43 just closes. 

From Figure 3-9 this is equivalent to the assumption that 

^1' ®2 an<3 C are coplanar. This, combined with the fact 

that Z(t-j_) is very close to the magnetic meridian plane, 

implies that in Figure 2-9 IL= 0° and %= 180° so that 

equation 2-41 reduces to: 

ctc = 
ec2 -<*2 = 31.85 degrees (3-10) 

The azimuth is approximately the declination of the mag¬ 

netic field, or 

Pc = 28.09 degrees (3-11) 

Since 0C2 had to be increased by about .3 degrees 

to apply the above procedure, the uncertainty in otc is 

at least this large. The error in the angle ySc depends 

on the accuracy of the assumption that C is in the plane 

of the trajectory and the uncertainty here is as much 



67 

as 10 or 20 degrees. 

The right ascension calculated using the above values 

of <*-c and pc are: 

DE = 75.11 degrees 

RA =251.84 degrees 

(3-12) 

Because of the geometry of the transformation the uncer¬ 

tainty in /Sc affects the declination DE making this coor¬ 

dinate highly uncertain. 

3.3 Comparison with Star Sensor Results. The magnetic 

tape containing the star sensor data was sent to INIK 

where it was processed in the manner summarized in Section 

2.3. Complete attitude information was extracted from 

the data and presented in graphical form and as closed- 

form expressions. Since the closed-form expressions are 

more easily compared with the magnetometer results only 

these will be presented in the discussion that follows. 

3.3.1 Right Ascension and Declination. The right 

ascension and declination of the coning center as measured 

by the star sensor are given below: 

DE = 73.30 - 1.49 x 10"4t degrees (3-13) 

RA = 243.75 - 1.72 x 10~4t degrees (3-14) 
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Evaluating these expressions at t = 90 seconds and trans¬ 

forming the right ascension and declination to the angles 

and defined in Figure 2-9 gives «-c=31.27° and &c = 

33.22°. 

The uncertainty in these values is about .02 degrees. 

This precision made it possible to examine more closely 

the suggestions made in Section 3.2.6. For example, it 

was suggested then that the difficulty encountered in 

applying equation 2-40 may have been due to drifting of 

the coning center at .0007 degrees/second. To check this, 

equations 3-13 and 3-14 were used to compute &c and /3C at 

t = 490 seconds. The values found for this time were 

occ = 31.295° and = 33.334°. - Since increased by only 

.021 degrees in 400 seconds the actual motion of the 

coning center was .00005 degrees/second, a factor of 15 

smaller than that hypothesized in Section 3.2.6. 

Having eliminated this possibility it seemed likely 

that the problem stemmed from errors in the directions of 

IT-^ and B2 as given by the IGRF. To test this, two other 

reference fields were tried. Designated the IGS (Barraclough,. 

et. al., 1975) and the AWC (Peddie and Febbiano, 1976), 

both are 12th degree polynomial expansions. The three 

models differ in their treatment of the available obser- 
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vational data. 

Table 3-1 summarizes the results. The first two 

columns give the dip angle of the field at t = 90 seconds 

and t = 490 seconds, while the third column gives the rate 

of change of dip angle with flight time. The dip angles 

differ by only several hundredths of a degree and the change 

over the flight is about the same for all three expansions. 

Table 3-1 also includes the dip angles which, when combined 

with the magnetometer measurements of 0C, yield the true 

values of °<-c and /3C. The latter calculations are approxi¬ 

mate in that they assume 180° in Figure 2-9; i. e. the 

trajectory plane is the same as the magnetic meridian plane. 

It is apparent that none of the models comes close to 

predicting the rate of change of dip angle measured by the 

magnetometer. 

It appears then that, excluding the possibility of 

a drift in bias field magnitude, the error given by equation 

3-9 must be due to ionospheric currents. The type of 

currents that might cause such perturbations will be 

discussed in Section 3.3.3. 

Another assumption made in Section 3.2.6 was that the 

center of coning was in the plane of the trajectory. This 

proved to be valid since the arc length separating the two 
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computed positions of the center of coning was only 2.6°. 

3.3.2 Payload Coning Parameters. The coning angle 

and coning frequency determined by the star sensor were 

given as: 

= 44.32 ± .002 degrees/sec. (3-14) 

and 

P(t) = .22 + .000074xt ± .03 degrees (3-15) 

These differ from the magnetometer values given in 

equations 3-4 and 3-5 by .07 degrees/second in C0c and 

not more than .0008 degrees in P. The differences are 

small and well within the respective uncertainties. The 

accuracy of the magnetometer in computing the coning 

parameters is expected to be comparable to the star sensor 

since the calculations used to determine these quantities 

require no assumptions about the absolute direction of the 

magnetic field. It is only necessary to assume that this 

direction does not change suddenly within one coning period. 

The short coning period of 8 seconds for the present flight 

ensures that this assumption is reasonably justified. 

As discussed in Section 2.3, the coning rotation angle 

CRA of the payload spin axis about the coning center is 

also provided by the star sensor data. With an accurate 
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value for the coning frequency it suffices to give this 

angle for one time in the flight. For t = 200 seconds the 

coning rotation angle measured by the star sensor was 

348.29 £ .2 degrees. This angle can be calculated from the 

magnetometer data also, but with far less precision. Figure 

3-10 shows the direction of the spin axis at time t. B" y 
is the tail of the ambient field vector, 8.is the coning 

center and N is true north. Also shown in the figure is 

the time tQ when the payload spin axis makes the largest 

angle with respect to Bg. Using the direction of the 

coning center given by equations 3-12 and the direction 

of Bg at t = 200 seconds from the IGRF, one can calculate 

the angle ^ . Then the coning rotation angle is given by: 

CRA (t=200)• = toc(200-to) + A + 180° 

= 345.32° (3-16) 

This differs by about 3° from the star sensor value. 

Although part of this error is attributable to inaccuracies 

-4 A. 

m the directions of Bg and C it is probably due mostly 

to the .1 degree uncertainty in tQ which can change the 

computed value of CRA by about 5°. 

3.3.3 Payload Spin Parameters. The spin frequency 

Wg0 measured by the star sensor was: 
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Figure 3-10 
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COso = 847.97 - 4.6 x 10“
4(t-200) ± .05 degrees/second 

(3-17) 

This expression is very close to the magnetometer result 

given by equation 3-8, differing at most by about .009 

degrees/second. Although small, the difference is not 

negligible, as can be seen by using equation 3-17 to recom¬ 

pute the change in azimuthal field angle The results 

are shown in Figure 3-11 and should be compared with Figure 

3-8 in which Ajz$c was computed using Ws (t) as determined 

from the magnetometer data. 

To see how the difference in the two results arises 

we note that, to within a geometric factor, 

II 
^^ç(t) — ^ (Wsi — ^smi^ ^i^^^mira<3ians (3—18) 

i=Io 

Here the sum is taken over all spins beginning with IQ, 

the spin number for some initial time at which A jz$c is 

defined as zero, and ending with 1^, the spin number at 

time t. For the ith spin tosi is the true spin frequency 

while Cosmj_ is the spin frequency as measured by the mag¬ 

netometer. The points in Figure 3-12 represent 20 spin 

averages of the spin frequencies U)sm^. A straight line 

of slope -4.6 x 10~4 degrees/s^ has been subtracted from 

the data in order to expand the vertical scale. The dashed 
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line in the figure is the spin rate measured by the star 

sensor and the solid line is the function 6Jsp(t) given 

by equation 3-8. The change in f6c shown in Figure 3-8 

represents the result if <wsp(t) is used for the true spin 

frequency while Figure 3-11 represents the result if 

WSo(t) is used. Since the function ^Sp(t) was determined 

by fitting a smooth curve to the measured values of ^sm, 

the result is to minimize the sum of the differences 

wsi in the summation of equation 3-18. This produces 

(1) a distortion of the real A$c profile and (2) a filtering 

out of large scale variations which are absorbed in the 

function Wsp(t). 

It should be mentioned that the inability to give 

an accurate representation of changes over a large spatial^, 

extent is present even when independent attitude infor¬ 

mation is available. This can be seen by noting that in 

equation 3-18 both and ^sm contain uncertainties of 

about. 01 degrees/second each. Such errors, when summed 

over many spins between two widely separated times in the 

flight, produce uncertainties in which make it mis¬ 

leading to attach any significance to changes occurring 

over a long period of time. However, the relative accuracy 

is much better so that some conclusions can still be made 
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about the nature of ionospheric current flow. 

An estimate of the magnitude and direction of the 

currents indicated by the changes in azimuthal field 

angle can be obtained by considering the simple geometry 

shown in Figure 3-13. Assume the payload moves at an 

angle to the horizontal through an infinite current 

sheet of thickness w oriented in the magnetic east-west 

direction and aligned with the geomagnetic field. The 

change in the Y component of the field is given by Ampere's 

Law: 

A Bÿ/w - /Vu (3-19) 

where JH is the current density in the sheet. ABy-can be 

simply related to the change in azimuthal field angle 

A^c if the center of coning C is in the X - Z plane. Thus, 

A^C =±|y = 
AB 

<3x' Bgcos(l-<*c) 
(3-20) 

The time of traversal through the current sheet is given by 

w cos P  

VRsin (p+I) 
(3-21) 

where VJJ is the horizontal velocity of the payload. Com¬ 

bining equations 3-19 to 3-21 the current density can be 

written : 
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Figure 3-13 
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1 AjZ$c BgCOS (l-°tc) cos^ 
J'* >oAt VHsin (B+I ) 

Using Bg~.5 x 10-4 Tesla, vH=469 meters/second, 

and 33° equation 3-22 becomes: 

(3-22) 

I~78° 

j = .Oôt^   
M At sin(p+I) 

cos p 
amps/m'' (3-23) 

The sense of the currents for a given change in ^c 

can be determined by referring to Figure 2-8. Since the 

payload spin was prograde, an increase in f6c corresponds 

to an increase in By in Figure 3-13. Therefore, a positive 

d^c/dt implies a current out of the ionosphere. 

Before equation 3-22 can be applied to the variations 

shown in Figure 3-11 it is desirable to subtract from the 

data some function which describes the normal change in 

direction of the geomagnetic field due to the motion of 

the payload. Using field components given by the IGRF 

this function was found to be : 

A(z(c0 = .24 - . 004xt + 6xl0"6xt2 deg. (3-24) 

The resulting profile is shown in Figure 3-14. For 

the flight segment from 95 to 170 seconds, £>~72° and 

djz(c/dt=-l. 34xl0~4 radians/second so that the average 

current density in this region was 5x10” amps/m^ into 

the ionosphere. From 170 to 220 seconds J3~62°, djz$c/dt 

=.91xl0“4 radians/second and the current density was 4xl0~^ 
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amps/ra^ out of the ionosphere. The uncertainty in both 

these values is as much as 50% due to the errors mentioned 

above. However, as noted, the relative accuracy is much 

better. Thus, it is reasonable to conclude that the current 

after 170 seconds was about 9x10“^ amps/m^ upward relative 

to the current flow earlier in the flight. 

In order to estimate the errors caused when indepen¬ 

dent attitude information is not available, similar cal¬ 

culations were performed for the variations in Figure 3-8. 

For these data it was not necessary to subtract out the 

gradual change in field given by equation 3-24 since this 

is done automatically in the curve fitting routine leading 

to the expression for C0Sp. For the* flight segment from 

95 to 170 seconds =2.6x10“^ amps/m^ into the ionosphere 

while from 170 to 220 seconds =3.1x10“^ amps/m^ outward. 

ST O 

The discontinuity is 5.7x10“° amps/m , 30% less than 

that found above. In addition, Figure 3-11 indicates that 

the current density was essentially constant out of the 

ionosphere from 220 to 390 seconds, while in Figure 3-8 

there is virtually no net change in during this time. 

Note that equation 3-23 cannot be used if jg~-I. This 

situation corresponds to a time in the flight during which 

the payload is moving parallel to the field line, in which 
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case no change in can be measured although field-aligned 

current may be flowing. At first glance this would make 

the variation in in Figure 3-8 and 3-11 after 400 

seconds impossible (see trajectory plot, Figure 3-1). 

However, time variations or north-south motion of the 

sheet currents can egually well produce a change in the 

azimuthal field angle. 

To summarize, the absence of an independent measure¬ 

ment of the spin frequency leads to a distortion of the 

profile. This distortion may either underestimate 

the discontinuity in current density between two adjacent 

regions of the ionosphere, or it may indicate a change 

which is not really present. The relative direction of 

current flow implied by an abrupt change in the A^c profile 

is well represented in both Figure 3-8 and 3-11. However, 

in either case, any net flow in field-aligned current over 

a large spatial extent is obscured due to uncertainties 

in the measured values of lus. 

If present, such a large scale, net current flow 

could be responsible for the inability of the geomagnetic 

field expansions to predict the observed rate of change 

in dip angles (Table 3-1). In Figure 3-13 it was assumed 

that the current sheet was elongated exactly in the mag- 
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netic east-west direction, so that the perturbation of 

the field was entirely in the Y direction. If the current 

sheet is not aligned magnetically east-west, there will 

be a change in the X component of Bg which will be obser¬ 

vable as a change in local dip angle. Using J=lxlO~^ 

amps/m^ downward it was found that a rotation of the sheet 

currents by 20° clockwise (seen from above) is enough to 

produce the required change in dip angle. This orientation 

was chosen because it corresponds approximately to the 

orientation of the visible arc. This current would pro¬ 

duce a net change in jz$c over the flight of -.3 degrees. 

Because of the uncertainties in Ajz(c, a net change of this 

magnitude is not ruled out. 

That net field-aligned currents of this type exist 

over several degrees of latitude has been demonstrated 

by Kamide and Akasofu (1976) using data from magnetometers 

aboard a Triad satellite. Examples of such observations 

are shown in Figure 3-15 which shows the change in the 

east-west components of the magnetic field as a function 

of invariant latitude for days of different Kp index. A 

negative slope in these plots is caused by upward field- 

aligned current flow. The density of these large scale 

currents usually ranges from .5 to 2 microamps/m . The 
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Figure 3-15, from Kamide and Akasofu (1976) 
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Kp index for the time of flight considered here was 3- 

and the invariant latitude spanned by the trajectory was 

64.6° to 68.3°. Kamide and Akasofu (1976) state that 

most pre-midnight discrete aurora are observed to occur 

in the region of upward field-aligned current. This dis¬ 

agrees with the net downward current which is necessary 

to explain the discrepancy between observed dip angles 

and those given by the IGRF. However, since the plots 

in Figure 3-15 are only typical examples, it is improper 

to make any general statements about the current flow in 

a particular arc. 

The star sensor data also provided the spin rotation 

angle SRA. As with the coning rotation angle, SRA can be 

computed at any time in the flight if Ws is known accurately 

and if SRA is known at any one time. The spin rotation 

angle can be computed from the magnetometer data alone using 

tmax» 
tlne fcime at which f(t) is a maximum. In Figure 3-10 

Y is the angle at the spin axis between Ô and Bo^max^ * the 

direction of the magnetometer bias field at time tmax. At 

a later time t the spin rotation angle as defined in Section 

2.3 is given by: 

SRA — "T + 0Jg(t—tmax) + Ÿo (3-25) 
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where is the phase angle shown in Figure 2-3. Using 

spherical trigonometry Tcan be calculated from: 

cos ( 180—T) 
cos9c0 - cosycos9m 

sinfsin9ra 

(3-26) 

Using y0=22.4° and a value for tmax, the spin rotation 

angle at t=200 seconds computed from the above equations 

was 137.5°. The star sensor result was 135.72 ± .02 degrees. 

Because tmax is known to within 50 microseconds, the 2 

degree discrepancy is probably due to errors in 9c0 and 

9m caused by errors in the precalibrated bias field com¬ 

ponents . 



CHAPTER 4 

Summary and conclusions 

The determination of rocket attitude by the INIK 

star sensor has provided an excellent opportunity to test 

the accuracy of the magnetometer as an attitude sensing 

device. The experiment has shown that the magnetometer 

measurements may be in error in two respects. 

First, it was found that unless the coning center 

is in the plane of the trajectory the magnetometer data 

cannot be used to locate the coning center direction 

unambiguously. Even if this assumption can be made, the 

result is uncertain due to either the inability of the 

IGRF to give the correct direction of the ambient field, 

or, errors in the precalibrated bias field values. 

Each of these problems can be remedied to a certain 

extent. Precalibration of the bias field can be done 

under conditions which better simulate the flight environ¬ 

ment. In particular, preflight tests should include 

temperature variations so that the effects of such changes 

on bias coil current can be compensated. Errors in the 

IGRF are small, but can be partially corrected by adding 

to the field perturbations due to the expected large scale 

current flow such as those shown in Figure 3-15. Finally 
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the ambiguity which occurs when the center of- coning is 

not in the trajectory plane can be eliminated by examination 

of the attitude control system data. This information 

can be used to determine to what extent the coning center 

remained in the plane of the trajectory, and if not, in 

what direction the motion was out of that plane. Since 

previous payloads did not have attitude control systems 

this information was not available for these flights. 

Fortunately, there are few experiments which require 

the location of the coning center to very high precision. 

For example, the coning center direction is used with the 

magnetometer data to orient the ionospheric current system 

which is inferred. Since these model currents are ideal¬ 

izations anyway, an error of 5 or 10 degrees in their 

orientation is no real problem. 

More important to the measurement of ionospheric 

currents is the second error which arises when independent 

attitude information is not available. The payload spin 

frequency for the present flight as determined by fitting 

a smooth curve through the values of (bs measured by the 

magnetometer was found to be off by as much as .009 degrees/ 

second. The error produced a distorted profile which 

led to incorrect estimates of the field-aligned current 
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flow. 

With regard to the results of previous Rice University 

flights the amount of error depends on the amount of 

distortion in the A^c profile, which in turn depends on 

how the current density traversed by the payload changed 

over the trajectory. This can be understood by considering 

the following two situations. First, imagine that the 

variations in field-aligned current density are similar 

to those shown in Figure 3-15 for Kp=3. In this case 

there are many small scale variations embedded within 

a more gradual large scale change. Then, a smooth curve 

fit through the measured values of C0S would give a good 

estimate of the real spin frequency, and the resulting 

ûjz$c profile'would be correct except for possibly concealing 

the small gradual change. 

On the other hand, imagine that the flight trajectory 

spans a region of strong field-aligned current flow with 

an abrupt discontinuity such as that shown for Kp=3+ in 

Figure 3-15. In this case, a smooth curve through the 

data would not give an accurate measurement of the spin 

frequency. The resulting profile would be distorted 

and lead to incorrect estimates for the field-aligned 

current densities. 
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There is no way to know in advance whether such 

discontinuities are present during the time of any par¬ 

ticular flight. Simultaneous rocket and satellite 

measurements would be helpful and could lead to establishing 

a better connection between current flow within discrete 

aurora and the large scale ionospheric flow pattern. 

Without such simultaneous observations, and in the absence 

of independent attitude information for the payload, 

accurate measurements of variations in field-aligned 

current density can be made only if the changes occur 

on time scales short compared to the duration of the 

flight. 
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