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SATELLITE SENSING OF LOW ENERGY PLASMA BULK MOTION

1. INTRODUCTION

The relative motion between a spacecraft
and the plasma surrounding it in the ionosphere
and magnetosphere may be investigated directly
using planar ion sensors to examine the flow of
plasma past the spacecraft. If the plasma is
taken to be corotating with the earth, as in the
case below about 400 km at middle and low lati-
tudes then all relative motion is due to the
spacecraft velocity. This is usually known
independently and the planar ion sensors may
then be used to determine spacecraft attitude.
(Sagalyn and Smiddy, 1969a)

If the ambient plasma has a bulk, drift
motion in a frame of reference that rotates with
the earth then the situation is more complex.

In this case if spacecraft attitude, velocity,
and plasma density are known in the corotating
frame of reference then the ion sensor data may
be used to determine the magnitude and direction
of the plasma flow in this frame of reference,
These conditions hold generally above about 60
latitude and in these regions increase with
height from about 1000 km up.

In this paper we outline the steps required
for processing data from an array of planar ion
sensors mounted on a spin stabilized satellite.
We shall assume that ambient plasma density,
spacecraft velocity and attitude in an external
frame of reference are all known independently,
and proceed to derive the bulk motion of the
ambient plasma in this same frame of reference.
The determination of spacecraft attitude in the
zero plasma motion regime is a simplified form
of these results.

2. DETERMINATION OF THE PLASMA FLOW DIRECTION

In this section we derive expressions for
the Pitch and Yaw of the plasma flow relative to
the spacecraft coordinate system, using the
currents flowing to an array of the positive ion
sensors. The spacecraft velocity relative to
the plasma contains components due to the space-
craft velocity and to any drift or 'bulk' mo-
tion of the plasma. To evaluate the component
due to plasma motion it is necessary to know
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the spacecraft attitude and velocity in an
external coordinate system, and this is dealt
with in Section 3. First, however, we must
derive the Pitch and Yaw angles of the plasma
flow in the spacecraft geometric coordinates.

Figure 1. Geometry of Sensor in Ion Flow

In Figure 1 we show x y z, the spacecraft
coordinates; ON is the normal to the planar
sensor aperture, and 0Q (q) is the relative
plasma flow vector with Pitch (E¢ + Py) and Yaw
Yqe Angle E. is a time dependent measure of the
rotational position of the spacecraft as it spins
about the y axis. OV (v) is the satellite velo-
city vector, which at time t is inclined to the
x z plane at angle op. This angle varies with
time only when the true spin axis of the vehicle
does not coincide with a spacecraft geometric
axis, and this situation is dealt with in Section
4,

The direction Cosines of 0Q are:
cos
Cos YQ,\(E; + PQ)

Sin Yq
Cos Yq Sin (Ep + Ry) (1)
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Similarly, for ON

i Cos Y, Cos Py I = £ Ne Aq Cos ¢ 3)
Sin Ys
Cos Y, Sin Pg (2) where:

i where P_ and Y, are the Pitch and Yaw of the
sensor normal.

wva
L}

transmission of the aperture

N = ambient ion density
For unambiguous measurement Ol PQ and Y

: two orthogonal pairs of such sensors are required e = electron charge
E and the actual configuration used is shown in
E Fig. 2. q = relative velocity between plasma and space-
3 V4 craft
A = aperture area
Y
® = angle between ¢q and aperture normal
|4 (NOQ in Fig. 1)
-1 Note that q may or may not contain component
@ due to plasma flow.
8.57
Using the direction Cosines of 0Q and ON
> from (1) and (2) to derive Cus ¢, we obtain:
[0) ces
I = E Ne Aq [Cos Yq Cos YS'\(P0 - Pg +r¢) +
+ Sin Y, Sin ¥ 4
1 #2 g it ] “ j
Let 7| = € Ne Aq (5)
“
11.00 Y =Yg (®)
X=PQ+a-y+F‘t @) 3

Figure 2. Front View of Ion Sensor Array.
From Equation 4 and the angles given in Table I
we obtain the following relations where;

The lower three sensors, #1, #2, and #3 measure

Yaw, and the vertical pair, #2 and #4 measure Rij = (Ii - Ij) /i (1; + Ij) (8)
Pitch as the array faces the plasma flow vector

once during each spacecraft spin.

u

tan a Cos X (tan oy + g) + tan Y

R.
21 Cos X - tan Y tan (o + ¢) 9)

Realistically we must take account of any
minor offsets in the mounting of such a sensor
array relative to the spacecraft geometric !
axis x y z. If the centerline of the array Ryl = =tan 23 Cos X tan ¢ + tan Y é
(line bisecting normals of sensors #2 and #4), 13 Cos X - tan Y tan e (10) :
nominally on the x axis, is rotated y degrees :
about the y axis and ¢ degrees about the z

axis, then we have fully described the alignment Cos X tan (o - ¢) - tan Y 1

of the sensor array relative to the spacecraft i Cos X + tan Y tan (o - €) (11)
axes. The angle between the normals of any two
ad jacent sensors is 2 so that the values of
Pg and Yg for the four sensors are as follows: I1 + 13 =2 I, Cos 2 o (12)
TABLIE 1 Now let tan ¢ = tan Y/Cos X (13)

Sensor No. 1 2 3 4 then:

21 = tan o tan (o0 + ¢ + &) (14)
Pg =(a=y)  -la=y)  =(a-y)  (oty)

Rg3 = tan o tan (@ - ¢ - 3) (15)
Yg =(2ate) -¢ -(20~¢) -¢

R13 = ~tan 2 ¢ tan (¢ + @) (16)

Considering again the ion flow to a single
sensor, we assume that the mean thermal and Ry = Sin o Sin (¢ - X)
(isotropic) velocity of the ions is much less Cos o Cos (v = X) - tan Y tan ¢ (17)
than the spacecraft velocity (Sagalyn and Smiddy,
1969b) so that I, the sensor current is given by:
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Define X such that:

-R13+Can2atane

X" Ry -tan 7 o 9o ¢ (18)
corT
Ry, L-X = tan ¢ tan (o - X) (19)
1+X Rz&
In equation 19, X is the only unknown,
tan (By + E¢ - y) = -R 1-X (20)
tan o 14+X R24

We can now insert value of X just evaluated,
into equations 14 or 15, and 16 to determine Y.
The choice between Ry, and Ryg depending on
which side of the centerline the plasma flow
is located.

3. DERIVATION OF PLASMA VELOCITY VECTOR

Y
A
(4 B
Q
f
q A
VAl
e
/
A / |
i '
v g /<‘Y '
2 o\~
Y4 P
-
R
X
Figure 3. Definition of Ion Flow Vector.

In Figure 3 we show the vector triangle
containing the true plasma flow vector f
together with v and q from Section 2. The
angle 9, between v and q is determined knowing

and Y, from Section 2. The value of v, the
ssacecra t velocity vector is supplied inde-
pendently, and q, the relative velocity between
the plasma and the spacecraft is derived from
Equation 1 where q is now the only unknown.

In Figure 3 we now have:

f2= q2+v2-2quoae (21)
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Explicitly:
g2= g2 +v2 - 2q v (Cos o, Cos Y, Cos B, +
q q t Q Q
+ Sin o, Sin Yq) (22)
The direction cosines of the true plasma flow
are given by:
cos o = [V cos o, cos Et -
- q cos YQ cos @t + PQ)] fE€ (23)
cos B= [V sin 0, - q sin Yy 1/t (24)
cos 4= [V cos o, SinE, -
- q cos YQ sin (lit + PQ) ] /f (25)

The pitch Pp and Yaw Yp angles of the true plasma
flow are related to these direction cosines by:

cos Yp cos Ee + PF) = cos a (26)
sin Pp =cos B8 (27)
cos Yp sin (Et + PF) = cos M (28)

Thus, the pitch and yaw angles can be determined
in terms of the magnitudes and directions of
relative plasma flow and vehicle velocity;

tan (ht +‘PI-‘) =
V cos o, sin E‘c - q cos YQ sin (E, + PQ)
V cos g, cos E‘t - q cos YQ cos (E, + PQ)

29)

tan YF =

V sin g, - 4q sin YQ

2 2 2 2 5
[V cos” g, + q° cos YQ 2Vq cos o, cos PQ cos YQ]

(30)

4, THE EFFECT OF SPIN AXIS OFFSET

The previous results have been derived in
terms of instantaneous values of all variables,
In this section we consider the effect of a space-
craft spin axis displaced from the geometric
X y z axes in Fig. I, This is a realistic
condition since in flight the exact location of
the spin axis will be set by the deployment of
antennas and other items, This introduces a
precession of the spacecraft coordinate system
X y z about the true spin axis,and the true spin
axis sweeps out a circular precession conic about
the spacecraft y axis, with half angle A at the
spin frequency w.
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Let us now define a new spacecraft coordi-
nate system x'y'z' in which y' is at angle A to
the y axis and for simplicity of illustration
x' is taken to coincide with the x axis. If x'
and x do not coincide then a rotation about the
y axis is required, affecting transformation 31.
If all spacecraft attitude data is supplied in
the 'prime' system in order to remove the
modulation caused by spin axis offset then
we must establish a means of using these data
with the instrument outputs in section 3 in
order to derive the plasma magnitude and
velocity in any coordinate system extevnal to
the spacecraft. The two spacecraft coordinate
systems 8t time to when the spin axis

lies in the yz plane, are related by:

x! 1 0 0 x
' y'l =1o Cos A -Sin A y (31)
L 0 Sin A Cos A z

where the transformation matrix is orthogonal.

To transform velocity v' as supplied by
the attitude system under these operating
conditions, to v in the x y z system:

Vit
Vge | =
Vit
1 0 0 Cos wt 0 -Sinwt || Vi,
A v
0 Cos Sin A (] 1 (o] Yto
0 -Sin A Cos A Sinwt 0 Cos wt Vie
o o]
(32)

Explicity the velocity vector V(t) at time t in
spacecraft x y z coordinates can be obtained
L} .
from V', by:
Vy (&)
v, (©)
Vy(ty) coswt - ¥i(ty) sinwt
v;(to) sinf sinuwt + Vy(to) cosf + v;(:o) sin@ cos t
Vy(ty) cosh sinwt - v;(to) sing + v;(co) cosf cos t

(33)

Referring tc Fig. 1, the pitch E, and yaw L
angles of the velocity v are obtained in terms
of £'(ty), o'(ty), 8, and @ as:

B, =tintlee— e
i % cos E'(t)) +owt

[;os E'(ty) cosf sin wt + -
+ sinf (sin E' (to) cos wt - tan 0’(tq)ﬂl

(34)

-1 2 2 -%
9, = Tan Sin (lf,'(to) +wt) + Tan® o'(ty)
[Cos E'(to) Sin 6 Sin wt + Tan 0'(:0) Cos § +
+ Sin H’(to) Sin 8 Cos wt}

(35)

5. APPENDIX

The transformation properties of four
useful coordinate systems are listed in Table II.
The systems are:

Earth Centered Inertial...........€

Orbital CoordinateS...ecececeveces®

Local Vertical, s ceuieoisississoessl

Spacecraft Coordinates....ceeceeee8

TABLE II
COORDINATE TRANSFORMS
e o 1 s
e - pT ot ET !
> T T
o D B Ao
3 C B - AIT
s E Ao Al - q

I TeT—_




For example:

e = E'S, o = De

where lower case indicates 3 x 1 column matrices, and capital denotes 3 x 3 square matrices,

The transforms are as follow:

¢ -
A = |cos v, cos ¥, cos v, sin ¥, cos ¥ - sin v sin ¢,
-sin \Po cos ¥, cos ¥,
-sin v  cos Yo -sin v, sin \"o cos ¥, - cos vg sin ¢,

A, = A, with subscripts o replaced by 1.

1
B = cos @ o 8in6
o ) o
L-sin" o cos §
C = - cosfcos i sinQ - sin @ cos cos 0 cos i cosQ -
- sin i sin Q sin i cos
sin® cos i sinQ - cos@ cos@l -sin® cos i cos@
D= - cos i sin cos i cos sin i
- sin i 8in @ sin 1 cos cos i
- cos - sin Q o
E= AOD = AIC

where superscript T denotes transpose matrix,
6 = latitude
Q = right ascension
¢ = roll
¥ = yaw

v = pitch
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