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FIG. 4C is a graph of the torque profiles corresponding to

the dither signal of FIG. 4A, assuming an inertia value of
16000 kg-m2 for illustrative purposes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention provides a method and apparatus
for estimating gyro scale factor during normal spacecraft
operations. While the invention is described in the context of
spacecraft, the invention could be applied to any vehicle or
system whose motion is of interest. The invention uses small
attitude motions that are compliant with the pointing accu-
racy and stability requirements of the mission and a signal
processing method that specifically detects the intentionally
induced motions. This invention increases operational avail-
ability by avoiding the need to take the spacecraft oftline for
large calibration maneuvers.
An exemplary spacecraft attitude control system (ACS)

and its interactions with the attitude dynamics of the space-
craft are shown in FIG. 1. The combined system of ACS 20
and spacecraft dynamics 60 is denoted as 10. The attitude
command generator 22 provides a series of three-axis atti-
tude commands 40 with respect to an inertial reference
frame such as the Earth-centered inertial reference frame
known as 72000. The commanded attitude profile is gener-
ated on-board in accordance with the requirements of the
particular mission.
The invention introduces the dither angle profile 106 at

summing junction 24, and the resulting modified attitude
command profile 42 is input to the attitude determination
and control module 26. In the attitude determination and
control module 26 attitude determination and control algo-
rithms are implemented as flight software that is executed on
a processor within the module. The attitude determination
and control algorithms use gyro data 48 and star tracker data
50 to estimate the true spacecraft attitude 66 and angular rate
64. The spacecraft attitude and angular rate estimates are
internal to the attitude determination and control module 26
in FIG. 1 and are not explicitly shown there. The algorithms
performed in module 26 also estimate gyro biases, which the
algorithms subtract from the gyro rates to yield compensated
gyro rates 52. The attitude determination and control module
26 generates torque commands 44 such that the true attitude
66 closely tracks the modified commanded attitude 42.

Dither feed-forward torque signal 110 may be applied to
improve dither tracking performance of the ACS loop with-
out requiring high closed-loop bandwidth. The feed-forward
torque signal 110 is summed with the attitude control torque
44 at summing junction 28 to form the torque command 46
to the ACS actuators 30. The ACS actuators 30 may be, for
example, a set of reaction wheels capable of imparting a
three-axis control torque 62 to the spacecraft.
The spacecraft attitude dynamics 60 govern the mechani-

cal response of the spacecraft to control torque 62. The
attitude kinematics of the spacecraft include three-axis atti-
tude 66 and three-axis angular rate 64, which are measured
by star trackers 34 and gyros 32, respectively. The gyro data
48 and star tracker attitudes 50 are fed back to the attitude
determination and control module 26.
The gyro data 48 may be angular rate, incremental angle,

or integrated angle, depending on the type of gyro used. In
any case, the attitude determination and control module 26
converts the gyro data 48 to angular rate about each of the
three orthogonal spacecraft body axes for use by other parts
of the attitude determination and control algorithms. The
conversion of raw gyro data 48 to angular rate about the

8
three body axes includes correction for misalignment, which
may use a fixed misalignment correction matrix or a
dynamically estimated correction. The star trackers are
assumed without loss of generality to output three-axis

5 inertial attitude data 50 using an attitude representation such
as quaternions that indicate the attitude of the spacecraft
with respect to a standard inertially-fixed, Earth-centered
reference frame, such as the 72000 or Geocentric Celestial
Reference Frame (GCRF). The star tracker data 50 and

io compensated gyro rates about the three orthogonal space-
craft body axes 52 are used to calibrate gyro scale factors.
The present invention commands a sinusoidal dither pro-

file 106, which is superimposed onto the nominal attitude
profile of the spacecraft. The sinusoidal dither is fully

15 characterized by its amplitude and frequency. The phase
angle of the dither is inconsequential for the present inven-
tion; therefore, without loss of generality it is implicitly
equal to zero in the remaining descriptions. The dither
amplitude and frequency are predetermined so that attitude

20 error, attitude rate, attitude stability, and ACS actuator
torque margin requirements are satisfied. A dither profile so
prescribed will by definition not violate these requirements,
thereby avoiding the need to suspend normal operations
during calibration. The preferred embodiment of the present

25 invention uses an amplitude of 100 microradians and a
period of 51.2 seconds, where dither period is the reciprocal
of dither frequency. These values were selected based on the
mission parameters described earlier, and other values may
be used. The dither angle 106, angular rate, and on-axis

30 torque profiles for a representative spacecraft are shown in
FIGS. 4A, 4B and 4C.

If necessary to achieve sufficient signal to noise ratio,
dither parameters may be selected at levels that result in
violations of one or more of the aforementioned require-

35 ments. In such cases, the present invention remains advan-
tageous over prior art because it can perform gyro calibra-
tion with smaller motions and therefore less disruption to the
mission, due to its ability to discriminate the dither in the
presence of nominal spacecraft motion, disturbances, and

4o noise.
FIG. 2 shows a dither generation module 100 and its

interconnection with the ACS 20. The dither angle signal
106 is generated by dither generator 102 as:

45 
d(t)=A*sin(w*t),

where d(t) is the dither angle 106 in radians, t is time in
seconds, A is a vector of amplitudes in radians, and w is the
frequency in radians per second. The vector A is sets the
amplitude of the dither signal and steers it to the desired axis

50 in the spacecraft frame. The dither feed-forward torque 110
is calculated by multiplying the dither angular acceleration
108 by an estimate of the spacecraft inertia tensor 104.
Dither angular acceleration 108 is calculated as:

55 
a(t)=-A*Q'*sin(w*t),

where a(t) is the dither angular acceleration 108 in radians
per second squared, and t, A, and w are as defined above.
Note that if the estimated spacecraft inertia tensor 104
includes products of inertia, then the dither feed-forward

60 torque 110 preemptively corrects for cross-axis motion due
to inertial coupling, to the extent that the estimated inertia
104 represents the true inertia tensor of the spacecraft. When
the dither generator 102 is active, the dither angle 106 and
dither feed-forward torque 110 signals are computed as

65 described in this paragraph. When the dither generator is
inactive, the dither angle 106 and dither feed-forward torque
110 signals are set to zero.
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having a periodic angular displacement of a predeter-
mined angular amplitude and a predetermined funda-
mental frequency, said mechanical excitation further
having a periodic rate of change of angular displace-
ment, the periodic rate of change having the same
predetermined fundamental frequency as said mechani-
cal excitation and having a sign that alternates positive
and negative;

b. detecting a component of an output of the angular rate
sensor, said detected component having the same pre-
determined fundamental frequency as said mechanical
excitation;

c. computing a measured angular amplitude from said
detected component of the output of the angular rate
sensor; and

d. computing a scale factor of said angular rate sensor as
a ratio of said measured angular amplitude to the
predetermined angular amplitude of said mechanical
excitation.

2. The method according to claim 1 wherein said angular
rate sensor is part of a system, and said mechanical excita-
tion is applied while said system is performing a function for
which the system is intended.

3. The method according to claim 2 wherein said
mechanical excitation is such that said system continues to
comply with its functional and performance specifications
while said mechanical excitation is applied.

4. The method according to claim 1 wherein the angular
rate sensor comprises a plurality of angular rate sensors
measuring angular rate about each of a plurality of axes.

5. The method according to claim 4 wherein the method
is performed on one axis at a time.

6. The method according to claim 4 wherein said method
is performed on a plurality of axes simultaneously.

7. The method according to claim 1 wherein the step of
detecting a component of an output of said angular rate
sensor comprises transforming the output of the angular rate
sensor from a time domain representation to a frequency
domain representation.

8. The method as in claim 7 wherein said transforming of
the output of the angular rate sensor from a time domain
representation to a frequency domain representation com-
prises using a Fourier analysis.

9. The method as in claim 8 wherein said Fourier analysis
uses a fast Fourier transform algorithm, and the predeter-
mined fundamental frequency of the mechanical excitation
has a reciprocal equal to a measurement sample period of the
angular rate sensor times two raised to an integer power.

10. The method according to claim 1 wherein the angular
rate sensor is part of a navigation system.

11. The method according to claim 10 wherein the navi-
gation system is mounted to a vehicle, and the step of
imparting a mechanical excitation comprises imparting
motion to the vehicle.

12. The method according to claim 11 wherein the
mechanical excitation is added to an operational motion of
the vehicle.

13. The method according to claim 12 wherein the
mechanical excitation is selected such that a net motion of
the vehicle with excitation is in accordance with operational
requirements of the vehicle when the operational motion of
the vehicle without excitation is in accordance with opera-
tional requirements of the vehicle.

14. The method according to claim 10 wherein the navi-
gation system includes an attitude sensor; and the method
further comprises:

12
collecting attitude measurements from the attitude sensor

during a time interval over which the mechanical
excitation occurs;

detecting a component of the collected attitude measure -
5 ments, said component having the same predetermined

fundamental frequency as said mechanical excitation;
and

computing an angular amplitude of a component of the
attitude measurements, said component having the

io same predetermined fundamental frequency as the
mechanical excitation;

computing a second scale factor of said angular rate
sensor as a ratio of said measured angular amplitude to
said computed angular amplitude of a component of the

15 collected attitude measurements.
15. The method according to claim 14 wherein the

mechanical excitation is sinusoidal, said sinusoidal excita-
tion having an angular amplitude equal to the predetermined
angular amplitude of the mechanical excitation, and a fre-

2o quency equal to the predetermined fundamental frequency
of the mechanical excitation.

16. The method as in claim 15 wherein the step of
computing a scale factor of said angular rate sensor com-
prises:

25 transforming the collected attitude measurements from a
time domain representation to a frequency domain
representation; and

determining the angular amplitude of the frequency
domain representation of the collected attitude mea-

so surements at the excitation frequency.
17. The method as in claim 16 wherein the step of

transforming the collected attitude measurements from a
time domain representation to a frequency domain repre-
sentation comprises using a Fourier analysis.

35 18. An apparatus for calibrating a scale factor, compris-
ing:

an angular rate sensor;
means for applying a mechanical excitation to the angular

rate sensor, wherein said mechanical excitation com-
40 prises a periodic angular displacement of a predeter-

mined angular amplitude and a predetermined funda-
mental frequency, said mechanical excitation further
having a periodic rate of change of angular displace-
ment, the periodic rate of change having the same

45 predetermined fundamental frequency and a sign that
alternates positive and negative;

means for detecting a component of an output of said
angular rate sensor, said component having the same
predetermined fundamental frequency as said mechani-

5o cal excitation;
means for computing a measured angular amplitude from

said detected component of the an output of the angular
rate sensor; and

means for computing a scale factor of the angular rate
55 sensor as a ratio of said measured angular amplitude to

the predetermined angular amplitude of said mechani-
cal excitation.

19. A method for calibrating a scale factor of an angular
rate sensor, comprising the steps of:

60 a. applying a mechanical excitation to a system that may
undergo an angular motion, said system including
sensors that measure the angular motion of said system,
said sensors including an angular rate sensor and an
second sensor, said mechanical excitation having a

65 periodic angular displacement of a predetermined
angular amplitude and a predetermined fundamental
frequency, said mechanical excitation also having a
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periodic rate of change of angular displacement, the
periodic rate of change having the same predetermined
fundamental frequency and a sign that is alternately
positive and negative;

b. detecting a component of an output of said angular rate s
sensor, said component having the same fundamental
frequency as said mechanical excitation;

c. computing a measured angular amplitude from said
component of the output of said angular rate sensor;

d. detecting a component of an output of said second io
sensor, said component having the same predetermined
fundamental frequency as said mechanical excitation;

e. computing an expected angular amplitude from said
component of the output of said second sensor;

f. computing a scale factor of said angular rate sensor as 15

a ratio of said measured angular amplitude to said
expected angular amplitude.
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