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Abstract

During axial thrusting maneuvers, spacecraft and rockets are often spin-
stabilized to ameliorate the effect of undesired transverse torques from thruster
offset and misalignment. The velocity-pointing errors due to these undesired
torques are inversely proportional to the square of the spin rate. Recent work
shows that the spin-stabilized axial thrust maneuver can be improved consider-
ably by softening the ignition transient (for example, by increasing the thrust
gradually from zero to maximum, rather than having a nearly instantaneous
jump to maximum thrust). In previous work it is found that a linear-ramp
thruster profile (for ignition and for burnout) provides a significant reduction
in velocity-pointing errors. One advantage of this type of thrust profile is that it
permits much smaller spin rates, which reduces the propellant mass required for
spin up and spin down. We show that deviations from the linear thrust profile,
such as a sinusoidal or an exponential profile, do not have significant effects on
the inherent advantage of softening the ignition transient. However, increasing
the duration of the thrust transient (in the profiles we examine) provides the
greatest reduction in velocity-pointing errors.

INTRODUCTION

Spacecraft are frequently spin-stabilized during large axially-thrusting maneuvers’.
High spin rates are often required since off-axis forces induce body-fixed torques trans-
verse to the spin axis. These off-axis forces come from a variety of sources including
engine center-of-mass (CM) offset and/or misalignment (see Fig. 1). Such body-fixed
torques cause velocity pointing errors since the angular momentum and velocity vec-
tors are perturbed in inertial space. In many cases the thrust profile (and hence the
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Figure 1 Generic spacecraft configuration highlighting engine
misalignment and offset.

torque profile) can be modeled as a step function, leading to the velocity-pointing
error, p, depicted in Fig. 2a. Recently, a new method has been proposed®? to sig-
nificantly reduce the pointing error by employing the thrust profile shown in Fig. 3.
The resulting behavior of the angular momentum vector, H, is that it spirals about

the desired pointing direction, Z, which consequently leads to the AV lying along Z,
as shown in Fig. 2b.

“\
H avg ol
— H(t)
. H(t)
> >
M ¥ = constant / MX= Clt "2
) X
@ (b)

Figure 2 Motion of the angular momentum vector in inertial space for the
(a) constant and (b) linearly increasing thrust profiles.
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Figure 3 The trapezoidal thrust profile discussed in previous work.
Phase I is the ignition transient phase which is the focus of the present
paper.

A simple method can be used to quickly deduce the main results of Refs. [2] and
[3]. We start with Euler’s law,

dH
M = —
7 (1)

where M and H denote the spacecraft moment and angular momentum respectively.
Assuming we have a single transverse body-fixed torque M, which remains in the
inertial XY plane we may rewrite Eq. (1) as

H_X = Myx = M, cos it
Hy = My = Ma sin 2t (2)

where 2 is the spacecraft spinrate (and is assumed to be held constant), and the sub-
scripts X,Y, Z and z,y, 2 denote the orthogonal inertial and body-fixed coordinates
respectively.

For the case where the thrust profile is a step function M, is a constant and solving
Eq. (2) gives




_ M, sin ()t

HXM )
Hy = —Q—x (1 = cos ) (3)
HZ = IZQ

where I, is the principle moment of inertia (PMOI) along the z axis.

Table 1 provides the numerical values for an example and represent common
spacecraft parameters®>. The motion of the resulting angular momentum vector in
inertial space is then given in Fig. 4. From the figure we notice that the center
of the circle is shifted by an angle p = 82.5 mrad. Since the direction of the AV
follows the average angular momentum vector', there is a velocity pointing error of
82.5 mrad introduced into the system due to the body-fixed torque caused by small
engine misalignment and offset.

In Fig. 3 we see that the thrust profile is broken into three phases. Different
simplifying assumptions can be made for each phase and the subsequent analytical
solution can be derived®. Phase I is the ignition transient and includes the rise to
maximum thrust. Since this first phase is short with respect to the total burn time
we assume that the principle moment of inertia I, = I, mass m = my, and distance
to the center of mass h = hy are equal to their initial values for the analytical
solution. During the second phase the thrust is held constant, h = (hy ~ hy)/2,
m = (mg — my)/2, and I, is linearly decreasing. Here the subscript f denotes the
final values. In the final phase of the trapezoidal thrust scheme the engine is gradually
shut down so that the angular momentum vector is returned to its original direction.

The reduction in velocity-pointing error®? is significantly influenced by the ignition
transient burn time ¢,. If we constrain £, such that

Table 1
SPACECRAFT NUMERICAL SIMULATION DATA
Variable Notation Quantity
Maximum Thrust Force Fraz 76,100 N
Maximum CM offset d 0.02 m
Thrust Misalignment o 0.25 deg
Distance from throat of engine nozzle to CM ho 0.80 m
Initial spinrate Q 70 rpm
Initial PMOI about z axis I 401 kg-m?
Mass m 2,500 kg
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the velocity-pointing error can be reduced by nearly two orders of magnitude.

Since the ignition transient phase of the trapezoidal thrust scheme provides the
greatest reduction in velocity-pointing errors, we concentrate on this phase in the
present paper. In the succeeding sections we first evaluate the effect of increased ¢,
on the velocity-pointing errors and then investigate the effects of different ignition
transient thrust profiles.

DURATION EFFECTS
Analytical Solution

The solutions for the trapezoidal thrust scheme are broken up by phase and given
in terms of the components of the angular momentum vector H = (Hx, Hy, Hz). For
VPES the ignition transient is described in terms of a linearly increasing thrust and
the solution to Euler’s Law gives
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Figure 4 Thrust profile for a step function emulated by current engines.

(b) Analytical solution for the motion of the angular momentum vector
in inertial space.
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From the equations we note that as t,, increases the time it takes for the thrust to

reach the maximum value F,,,, increases. This linearly increasing thrust is governed
by the simple equation

Fmi
“) b+ Foin. (6)

) = (P = P

r0

The angle we desire is the velocity-pointing error . Recall that the velocity
change in inertial space during thrusting maneuvers is realized through integration of
the acceleration equations

ax Fm/m
ay =A Fy/m (7)
az Fz/m

Here F;, F,, F, represent body-fixed forces and A is the transformation matrix which
switches from orthogonal inertially-fixed coordinates (denoted by X, Y, Z subscripts)
to body-fixed coordinates (denoted by z,y, z subscripts). There are 12 forms of Euler
angle rotation matrices which provide the attitude of a spacecraft. Using a type 1:
3-1-2 rotation, A is given by

cozch, — 3¢ws¢y5¢z —s¢mc¢y CPz5¢, + 3¢a:3¢yc¢z
A= spgchd, + C¢:c5¢y5¢z C¢mc¢y 5¢pSP, — C¢x3¢yc¢z . (8)
—Ccpys5P, —s¢y coycod,

Here ¢ are the Euler angles, and ¢ and s denote the cosine and sine respectively.

If the desired AV is along the inertial Z axis, integration of Eq. (7) provides
the components of the velocity change in inertial space (AVx, AVy, AVZz). We then
normalize the transverse velocities AVx and AVy to define the velocity-pointing error
angles yx and ~y by

tanyx = AVx/AVy (9)
tan Yy = AVy/AVZ
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where AVx and AVy are much smaller than AVy. For analytic solutions this|error
can be approximated by the average angular momentum vector since the velocity
imparted to the spacecraft aligns with the average H 3. As a result, we introduce p
which is the angle between the angular momentum vector and the inertial Z axis,

tan px = Hx/Hz
tan py = Hy/Hz

(10)

where Hx, Hy, Hz are given in Eq. (5) for the ignition transient phase of the burn.
During the second phase of the burn, in which the thrust is held constant, H is given

by

(ho sin & + d cos @) Fppgy sin(§2t)

Hyx =

Q
(hosin o + d cos @) Fipez [1 — cos(€2t))
Hy -
Q
Hy = L.

Numerical Solution

A definition of all the constants used in the analysis is provided in Table 1.
motion of the angular momentum vector in inertial space is given in Fig. 5.

(11)
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constant thrust solution is provided in Fig. 5b for comparison. Examination of this

x10

8 —
7 n = 25 ravs 7 T A T
0181 Constant
Thrust
6 b
0.1 ]
7—15 I
Z
g4 1 T oost
= P
3 F
0 b
2 L
1k i -0.051
p =048 mrad Linear Ramp Up
Go 20 40 60 80 100 -0.1 -0.05 0 0.05 0.1
time [sec] H,H,

(a) (b)
Figure 5 (a) Thrust profile for a linearly increasing ignition transie

phase followed by a constant thrust phase. (b) Projection of the ang
momentum vector in inertial space for this thrust profile.

0.15

ant
ular




1 0u " . F— . 1 00 i L
0 5 10 15 20 25 0 5 10 15 20 25
Ramp Up Revalutions, n Ramp Up Revolutions, n

(a) (b)
Figure 6 Velocity-pointing Error p as a function of the number of

revolutions for the ignition transient phase of the trapezoidal thrust
scheme with (a) ¢, = 30 sec and (b) ¢, = 84 sec.

figure shows that for the case where 25 intermediate revolutions were used during
the ignition transient phase, the average angular momentum is centered closer to the
origin thereby reducing the pointing error. Where the step function of the previous
section gave a p = 82.5 mrad for a t, = 85 sec, the ramp up profile provides over two
orders of magnitude reduction in the error with p = 0.48 mrad.

Applying this concept for different values of ¢, such that more revolutions are
realized during the ramp up implies greater precision may be obtained. Figure 6
displays this behavior as well as giving two examples for different total burn times.

Notice that as ¢, increases the velocity-pointing error decreases for different total
burn times ¢,. This of course makes sense since increasing t, allows the body-fixed
moments to be averaged out throughout the engine runup. We also note that in-
creasing the total burn time allows more averaging during Phase II of the trapezoidal
thrust scheme, thereby dampening the fluctuations in n.

PROFILE EFFECTS

Different methods may be used to soften the ignition transient phase of the thrust
profile. In an attempt to find a thrust profile that optimizes the velocity-pointing
we consider several different ignition transient thrust histories. In each case analyzed
below the motion of the average angular momentum vector in the new analytic solu-
tions is along the Z axis, thereby implying the velocity-pointing error will be small
and may be approximated by the average H 13,
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Figure 7 (a) Thrust profile for a sinusoidal ignition transient followed by
a constant thrust phase. (b) Corresponding analytical solution for the
motion of the angular momentum vector in inertial space.

Sinusoidal Ignition Transient

For the sinusoidal ignition transient the body-fixed torque is given by

M, = (hosin @ + d cos @) Fpgq sin (—27%1}) .

T

(12)

Solving Eq. (2) we arrive at the angular momentum vector components

Hy =

_ (hgsina + dcosa) Frnge

Hy::(

hg sin o + d cos @) Fiqp

v
2724 — ) (Z: — 7] €08 Kt — K COS nt)

o (n?/4t2 — (1)

HZ = IZOQ

(nsinkt — ksinnt)

where 1 = (7/2t,) + Q and k = (7/2t,) — Q. Figure 7a shows the thrust profile with
the dashed line for the linear case provided as a reference. As with the linear case
before Fig. 7b gives the motion of the angular momentum vector in inertial space
projected onto the X-Y plane. As with Fig. 5, the constant thrust case is provided
for reference. In this case we notice that p = 0.83 mrad which is slightly greater than
that of the linear ignition transient.
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Figure 8 Thrust profile for an exponential ignition transient followed by

a constant thrust phase. (b) Corresponding analytical solution for the
motion of the angular momentum vector in inertial space.
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Exponential Ignition Transient

For the exponential ignition transient the body-fixed torque is given by

M, = (hysina + deosa)(e* — 1) (14)

where k = In(Fynez)/ty. Solving Eq. (2) we arrive at the angular momentum vector
components

) ek (kcosQt + Qsin ) — k
sz(hosmaﬁ—dcosa){ oY ~sm§2t}
, e® (k sin 2t — Q cos Qt) + O (15)
Hyz(hosma—i-dcosa)[ ERweY +cosQt —1
HZ = Iz()Q.

As with the previously discussed ignition transients, Figure 8 provides both the
thrust profile and the corresponding projection of the angular momentum vector
in inertial space. In this case the velocity pointing error is p = 1.96 mrad which is
even greater than the sinusoidal case. From the figures we notice that the exponential
ignition transient deviates from the ideal linear profile by a larger amount and thereby
gives a larger velocity-pointing error.
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Table 2 is included to provide a direct comparison of the different profiles as well as
to show the dramatic impact increased duration has on reduction of pointing errors.
In this table, all calculations were numerically performed with I,(t), h(t), and m(t)
allowed to vary throughout the burn. We also have included jet damping so that the
results presented are most closely aligned with expected results. For the case of the
constant thrust one may notice that allowing the variables mentioned above to vary
as well as including jet damping lowers the error from 82.5 to 75 mrad.

CONCLUSIONS

We conclude the following:

1.) Increasing the duration of the ignition transient phase allows the off axis
torques to be more completely averaged and results in a greater reduction of velocity-
pointing errors (see Table 2). Precise control of the duration also can provide added
reduction although to a much smaller degree.

2.) Of the profiles inspected, the linear ignition transient provides for the greatest
reduction in pointing errors with a minimal value of 0.48 mrad. However it should
be emphasized that all profiles inspected were of the same magnitude (see Table 2).

From this study we show that the bulk of error reduction arises by increasing the
ignition transient duration with secondary effects from precise control of the thrust
profile. This is a positive outcome for applications to current technologies since in
general it is easier to control the duration than precisely design a profile. In any real
system, deviations from the ideal linear profile will undoubtedly be present and since
velocity pointing errors are rather insensitive to variations in the profile itself such
deviations should not greatly impact the vehicle velocity vector.

Table 2
EFFECTS OF DURATION AND PROFILE ON POINTING ERROR
Profile n p [mrad]
Constant Thrust 0 75
Ramp 1 4.0
Ramp 2 1.9
Ramp 25 0.48
Sinusoidal 25 0.83
Exponential 25 1.96
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