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1 INTRODUCTION

The Hubble Space Telescope (HST) was launched on April 24, 1990 aboard the Space Shuttle
Discovery during the STS-31 mission. It weighed approximately 12, 000kg, was 40ft long, and
40ft wide when fully assembled on-orbit. It resides nominally in a circular 560km orbit, with
an inclination of 28.5o. The vehicle was outfitted with four Reaction Wheel Assemblys (RWAs),
three Rate Sensing Units (RSUs) each containing two Rate Integrating Gyros (RIGs), four magnetic
torquers, two Magnetic Sensing Systems (MSSs), three Fixed Head Star Trackers (FHSTs), and
three Fine Guidance Sensors (FGSs). The control law used at least three Rate Gyro Assemblys
(RGAs) in a Proportional, Integral, and Derivative (PID) rate controller.

The HST orbital period is 96 minutes with an eclipse period of approximately 30 minutes. The
primary mission of the HST is to make stellar observations, which is herein called ’science’ or
the ’science mode’ of operations. The preponderance of science targets require the HST be in an
inertially fixed attitude. The combination of Low Earth Orbit (LEO) and inertially fixed attitudes
lead to intervals where science is interrupted because the aperture of the telescope is occulted by the
Earth.

The Reduced Gyro Science (RGS) control modes were developed to continue science should
less than three gyros be available and to extend operational life. Each RGS mode is divided into
three operational modes defined by the sensor used to supplement the gyroless region. This paper
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describes the MSS and Two Gyro Mode (M2G) and MSS and One Gyro Mode (M1G) algorithms,
which primarily use the MSS with available gyros, and their performance. Section 2 reviews the
frame definitions, mode definitions, and mode flow. Section 3 details the M2G attitude estimation
algorithm. The M1G mode is described in Section 4, including the Universal Kalman Filter. The
on-orbit performance of each mode is discussed in its respective section.

2 REDUCED GYRO SCIENCE OPERATIONS

While this paper focuses on the M1G and M2G (MXG) modes, it is important to describe the
complimentary modes and their role in the HST mission. The reduced gyro operations are designed
to transition from coarse attitude mode to increasingly more accurate attitude modes. All modes in
a given RGS family use the same number of gyros, be it two or one, the sensors supplementing the
gyroless region vary based on the level of accuracy required. In the FGS and One Gyro Mode (F1G)
and FGS and Two Gyro Mode (F2G) (FXG) modes, a Fine Guidance Sensor provides rate feedback
to the controller at the milli-arcsecond per second level. The FXG modes are the science observation
modes for the HST. The MXG modes provide control during large maneuvers and attitude intervals
when neither a FGS nor FHST mode is available. The FHST and One Gyro Mode (T1G) and FHST
and Two Gyro Mode (T2G) (TXG) mode utilizes one of the three FHST for rate feedback. The
TXG mode transitions the vehicle from MXG to FXG by damping the MXG rates and providing an
attitude correction maneuver, dubbed On-Board Attitude Determination (OBAD), to get the guide
star in the search radius of the FGS. Figure 1 shows a typical RGS timeline over one orbit with
occultation intervals depicted.

Figure 1 RGS Transitions

2.1 MXG Requirements

The progression of the MXG mode designs were first M2G and then M1G. Similarly the opera-
tional requirements were determined first for M2G, and those were inherited by M1G. The MXG
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mode requirements were derived to protect the light sensitive instruments, and provide reliable
communications and transition up to the science modes. The requirements constrain two aspects of
attitude control, the magnitudes of absolute attitude error and the angular rates.

The HST has several checks to provide redundant protection from large attitude errors that result
in unintentional solar lighting. However that protection results in a safe mode entry that disrupts
science operations. The MXG modes are required to maintain desired inertial pointing within 15 de-
grees. The HST Planning and Scheduling System determines science target attitudes and maneuver
paths that ensure safe conditions within the MXG attitude requirement.

The MXG rate requirement is dependant on the TXG rate damping modes detailed in by B.
Clapp.1 Operationally TXG is allowed 120 seconds to damp the MXG rates. The peak allowable
MXG rates are 0.08 root-sum-squared degrees per second. Note that the T2G mode was in develop-
ment in parallel with the M2G mode. Therefore this requirement was initially a moving target that
traded the damping ability of T2G with the peak rates allowed in M2G.

2.2 Reference Frames

This section discusses the relevant frame definitions for MXG. The reference frames used in the
RGS are all right-handed systems. Three coordinate frames are used; the Vehicle frame

[
V̂1 V̂2 V̂3

]
,

the Two Gyro frame
[

ĝa ĝb ĝx

]
and Gyro Orthogonal Frame (GOT) frame

[
ĝa ĝn ĝx

]
.

The Vehicle frame or body fixed frame is centered 6.096 m behind the Optical Telescope Assembly
(OTA)-Support System Module (SSM) interface on the HST centerline (optical axis). The V1-axis
is identical to the HST centerline and positive towards the telescope aperture door. The V3-axis is
perpendicular to the V1 axis and the Solar Array drive axis and is positive along the nominal Sun
direction with the solar arrays in the V1-V2 plane (opposite the FHST1 boresight). The V2-axis
completes the right-handed triad and is parallel to the SA drive axis.

The Two Gyro (TG) frame is a non-orthogonal frame defined by the two gyros input axes (ĝa and
ĝb) and the normal to the gyro plane, ĝx.

ĝx =
ĝa × ĝb

‖ĝa × ĝb‖ (1)

The TG frame is used to transform the gyro inputs into the vehicle frame. The GOT frames can be
seen in Figure 2. They are unique based on which and how many gyros are active. The Two Gyro
Science (TGS) GOT frame in figure 2(a) is completed with

ĝn = ĝx × ĝa (2)

The One Gyro Science (OGS) GOT frame in figure 2(b) uses V̂1 instead of an inactive gyro input
axis, ĝb. The MSS reference frames associated with the two MSSs are body fixed frames. In general
the MSSs are aligned to the body axes.

3 M2G MODE

This section details the attitude error estimation process. In general, the two working gyros sense
the vehicle rates in the plane formed by the input axes of the gyros. The MSS measures the local
magnetic field for comparison to the predicted magnetic field, based on the HST ephemeris and
expected attitude, and calculates the attitude error. The M2G control is coordinatized in the GOT
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(a) Two Gyro Orthogonal Frame (b) One Gyro Orthogonal Frame

Figure 2

frame, so the sensed rates from the two gyros are used to control the gyro plane, and the attitude
error estimate from the MSS and Magnetic Field Model (MFM) controls the axis normal to the gyro
plane. Also, the MSS attitude error is used in the gyro plane as an observer before the OBAD has
been completed.

Section 3.1 describes the processing required to provide gyro input into the subsequent rate es-
timation processing. Section 3.2 details the analytical derivation of the attitude error estimation
process. Section 3.3 provides a description of the magnetic field processing needed for the subse-
quent attitude error estimation. Section 3.4 provides a description of the gyroless axis controller
processing. The on-orbit performance is discussed in Section 3.5.

3.1 Gyro Processing

In the three gyro control law, the gyro data was transformed into the vehicle frame and com-
pensated for the gyro biases in the vehicle frame. In M2G, the gyro bias compensation must be
performed in the gyro frame to prevent coupling to ĝx axis input. The gyro bias data are calculated
and updated by the Flight Software (FSW) during the F2G mode or by ground updates. The gyro
rate output is then:

Δθa = Δθaraw − Δθabias (3)

Δθb = Δθbraw − Δθbbias (4)

The two gyro sensed rates are transformed into the vehicle frame. The vehicle frame sensed rate
is then transformed into the GOT frame to produce [ΔθV ]GOT = [ΔθaΔθnΔθx]T . Note, by def-
inition, the Δθx term from the gyro input is zero since it is normal to the 2-Gyro plane and the
gyros cannot sense rate in that axis. The command generator provides the commanded rates in
vehicle frame, [ΔθC ]V , which is also transformed to the GOT frame. The difference between the
gyro sensed rates and the commanded rates are the rate errors. The rate errors in the gyro plane are
forwarded to the ĝa and ĝn controllers.

The 3-axis Best Rate Estimate, ωBE , is created by combining the sensed gyro rates in the gyro
plane with the commanded rate about ĝx. This rate input is then forwarded to the M2G 3-Axis
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Attitude Error estimator and the existing disturbance compensation (i.e. gravity gradient, RWA
friction, etc.) and system momentum management processing.

3.2 Attitude Error Estimation

The attitude error estimation is based on comparing the magnetic field information from a spher-
ical harmonic MFM (desired, knowledge) with that measured by the MSS (measured). The MFM
models the magnetic field in the Inertial frame based on ephemeris data and is converted to vehi-
cle frame using the commanded quaternion. The MSS data is available in vehicle frame using the
sensor alignments. The magnetic field is generically referenced as B when no frame is assumed.

The desired magnetic field unit vector in inertial frame is obtained from the MFM based on the
vehicle ephemeris and transformed into the vehicle frame:

b̂D = RCI b̂I (5)

where RCI is the Direction Cosine Matrix (DCM) from the Inertial to command vehicle frame based
on the command quaternion and b̂D is the desired magnetic field vector in the vehicle frame. The
MSS measurement, b̂M , in the vehicle frame is obtained from the MSS measurements normalized
in FSW as denoted by the overhat.

The misalignment between the command (desired, knowledge) frame and the true vehicle frame
is defined here by a rotation, φ, about an eigenaxis, ê (see Fig. 3). This misalignment of the two
reference frames will result in a perceived misalignment between b̂D (desired, MFM, knowledge
magnetic field vector) and b̂M (measured, MSS magnetic field vector). The 2-axis attitude error
normal to B, γe⊥ , can be estimated from the cross product of the desired and measured vectors. In
the following discussion all of the b̂ vectors are unit vectors along B.

γ = sin−1 ‖b̂D × b̂M‖ (6)

This provides a measure of the attitude error normal to B, but there is no visibility directly into
the attitude error parallel to B. When there is no gyro plane error, γ is an accurate measurement of
the total attitude error only when B is normal to ĝx. As the angle between B and ĝx approaches zero,
γ also approaches zero. When B and ĝx are aligned, b̂D and b̂M are also aligned (since the error is
about ĝx), and γ affords no visibility into the attitude error. However, in an error nulling system the
magnitude of the error estimate is not as important as the direction. Therefore, Eq. 6 may be used
effectively to null the ĝx error when there is no gyro plane error.

Now consider the case where there is only a gyro plane error, e, and no ĝx error. When B is
aligned with the gyro plane error, the ĝx attitude error estimated using Eq. 6 will be zero.

When B lies in the plane formed by ĝx and e (which is in the gyro plane), Eq. 6 will erroneously
indicate a ĝx error. While this erroneous ĝx error estimate does not get very large as B approaches
ĝx, a very large ĝx maneuver is required to null out this small error estimate. So a very large ĝx

maneuver is performed to null out a purely gyro plane error, and this results in a large attitude error
about B that is not visible in Eq. 6.

As mentioned earlier, this is not a concern when there is no error in the gyro plane, e.g. after a
successful OBAD. However, ĝx errors can be rotated into the gyro plane during a maneuver. This
can result in significant ĝx attitude errors if only Eq. 6 is used to estimate attitude error.
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Figure 3 Effect of attitude error on the desired and measured magnetic field vectors

Since only 2-axis attitude information can be derived from comparison of the desired and mea-
sured magnetic field, another method was developed to estimate the third component of attitude
information from the rate of change of the B field.

Figure 4 Attitude error in B frame

Consider an orthogonal reference frame formed by b̂D, ˙̂
bD, and b̂D × ˙̂

bD (see Fig. 4). Assuming
small angles, the 3-axis attitude error, δê, is

δê = λ(ê⊥Ḃ · b̂D)b̂D + γêb×b (7)

where êb×b ≡ ê⊥ is defined by a unit vector along b̂D × b̂M , and ê⊥ḃ is the projection of ê in the
plane normal to ḃD. Define α = λ(ê⊥ḃ · b̂D).
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The second term in Equation 7, attitude error normal to B, is

γêb×b =

(
arctan

[
‖b̂D × b̂M‖

b̂D · b̂M

]) [
‖b̂D × b̂M‖
b̂D × b̂M

]
(8)

which produces the same result as Eq. 6. This leaves the first term in Equation 7, the attitude error
about B, to be determined.

In the attitude error estimation used here, we are interested only in the difference in direction,
rather than the difference in magnitudes, between the model and measured magnetic fields. There-
fore, we use the unitized magnetic field vectors b̂D and b̂MSS .

Assuming b̂
I
D = b̂

I
true, then, from equation 5 we get

b̂M = RV I [RCI ]T b̂
I
D (9)

The relative rate of change of the frames can then be expressed through the kinematic relationship:

˙̂
bM = RV I [RCI ]T ˙̂

bI
D − ω × b̂M (10)

where ˙̂
bM is the rate of change of b̂M with respect to the vehicle frame, ˙̂

bD is the rate of change of
b̂D with respect to the inertial frame, and ω is the angular rate of the vehicle frame with respect to
the inertial frame. For small attitude errors

RV I [RCI ]T ∼= I3×3 + δθ× (11)

where IN×M is an N × M identity matrix and × denotes the skew symmetric matrix form of the
attitude error vector, δê ∼= δθ.

Additionally, ω × b̂M , can be separated into component vectors:

ω × b̂M = ωBE × b̂M + δωx × b̂M (12)

where ωBE is the best estimate rate and δωx is the unknown error in the ĝx rate. Equation 10 can
then be expressed as:

ḂM − ḂD + ωBE × b̂M = −δω(Gx × b̂M ) + δθḂD (13)

To simplify the subsequent resolution of Equation 13, the following substitutions are made

v ≡ ˙̂
bM − ˙̂

bD + ωBE × b̂M (14)

u ≡ ĝx × b̂M

‖ĝx × b̂M‖ (15)

Substituting equations 14 and 15 in 13, we get

v = −(δωx‖ĝx × b̂M‖)u + δ	θ × ˙̂
bD (16)

Then, taking the cross product of u and Eq. 16 , setting the product equal to the vectors and using a
triple product vector identity to expand the δθ term, produces

s ≡ u × v = (u · ˙̂
bD)δθ − (u · δθ) ˙̂

bD (17)
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Then, cross multiplying s by ˙̂
bD will zero the second right hand term and cross multiplying ḃD by

s × ḃD will produce the projections of s and δ	θ in the plane normal to ḃD

˙̂
bD × (s × ˙̂

bD) = (u · ˙̂
bD)δ	θ⊥ ˙̂

bD
(18)

Finally, using a vector identity to expand the left hand side of Eq. 18, dot multiplying it with b̂D

to find the error component along b̂D and zeroing the b̂D · ˙̂
bD term (since b̂D is normal to ˙̂

bD )
produces:

αê‖ ≡ αb̂D =
s · b̂D

u · ˙̂
bD

b̂D (19)

Finally, the 3-axis attitude error, δê , from Eq. 6 and 19 is

δθ ∼= δê = αb̂D + γêb×b (20)

The attitude equation has been developed. The next subsection addresses the filtering required to
reduce noise in the magnetic field direction and back-differenced rate.

3.3 Magfield Processing

The 3-axis attitude error estimate (Eq. 20) is calculated in the Magnetic field processing module
at 1 Hz. The MFM data is available at 1 Hz, MSS data at 10 Hz, and the command quaternion and
rate estimate at 40 Hz.

The MSS data from both MSS units is input at 10 Hz and processed by FSW to compensate for
Magnetic Torque System (MTS) effects, static magnetic field effects and MSS to vehicle misalign-
ments. The MTS compensation algorithm had already been implemented on-orbit.

The attitude error estimation requires b̂M and b̂D at 1 Hz. The b̂M in Eq. 6 is created from the
10 Hz, MTS-compensated MSS data by first unitizing it, then filtering it through the Butterworth
filter (10 Hz), unitizing it again and finally sampling it at 1 Hz. The b̂D in Eq. 6 is created from the
unitized, inertial frame, 1 Hz MFM data by first transforming it to the command frame then filtering
it through the Butterworth filter (1 Hz) and finally unitizing it again. The MFM data is filtered here
to introduce a system lag in the data to match the lag introduced by other filters elsewhere.

The best estimate rate, ωBE available at 40 hz, is sampled at 1 Hz and filtered through the But-
terworth filter (1 Hz). The nth sample of ˙̂

bM is

˙̂
bM (n) = b̂M (n) − b̂M (n − 1) (21)

and, based on the fact that bI
D is 1 Hz data, the nth sample of ˙̂

bI
D is

˙̂
bI

D(n) = b̂
I
D(n) − b̂

I
D(n − 1) (22)

˙̂
bD is obtained by transforming ˙̂

bI
D to the command frame, and filtering it through the Butterworth

filter (1 Hz).

Unfortunately, Eq. 19 is singular when ĝx lies in the plane formed by b̂D and ˙̂
bD. Therefore, α

is zeroed if u · ˙̂
bD is less than a database threshold, (3.16 × 10−4). Also, α is limited to 5 degrees

in magnitude. The 3-axis attitude error is transformed from the vehicle frame to the GOT frame.
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3.4 Controller

The ĝx controller operates at 1 Hz and requires only the ĝx axis attitude error as input. The ĝx

attitude error is limited. The limited attitude error is prefiltered with a first order filter. The output
of the prefilter is also limited.

The filtered and limited ĝx error is fed to the PID controller. In the rate path, it is first filtered
through a Lead-Lag filter to produce the rate error. The controller is processed at 1Hz, but is sampled
at 40Hz to be combined with the gyro plane controller.

3.5 On Orbit Performance

The TGS modes were tested on-orbit in late-2004. During the On Orbit Test (OOT) an extremely
poor magnetic field alignment scenario was set up to stress the worst case performance of M2G.
Note that HST has multiple safe tests and modes to protect the vehicle should M2G ever exceed the
10 degree requirement. During the OOT the magnetic field was aligned to the gyroless axis during a
period of low magnetic field rate and magnitude. Three gyros were enabled during the test, though
the third was used for post test performance evaluation only. The peak attitude error during the OOT
was 8 degrees.

TGS went operational in August 2005 and remains the current control mode. At the transition
from M2G to T2G the OBAD can provide a measure of the current vehicle error, hence providing a
window into M2G performance. To date there have been over 12,000 OBADs at the transition from
M2G to T2G. All have been less than 8 degrees. Also HST has not encountered a safe mode entry
due to an M2G attitude excursion.

4 M1G MODE

With only one gyro available the method evoked in M2G mode provides insufficient accuracy.
Described in section 4.1 is the design of the Universal Kalman Filter (UKF) for estimating the
attitude quaternion and the three-axis rate of the HST. The UKF design allows for the processing
of measurements from the MSS, the Coarse Sun Sensor (CSS), and the RIG. The UKF tuning is
addressed in Section 4.2 and the OOT performance is presented in Section 4.3.

4.1 Universal Kalman Filter

The UKF design is based on that of the Multiplicative Extended Kalman Filter (MEKF) described
by F. L. Markley.2 The filter estimates the vehicle inertial quaternion and the three axis rate in the
vehicle frame as well as three measurement bias states. The estimates are used to compute the
attitude and rate errors that are used for feedback control.

The essence of a Kalman Filter (KF) is the use of vehicle dynamics to ”filter” the measurements
to provide a better estimate of the desired states. The term ”extended” corresponds to the extension
of what is a linear filter to a nonlinear system like the HST and its measurements. The term ”multi-
plicative” refers to the method in which the attitude quaternion is updated, i.e., through a quaternion
multiplication of an attitude error quaternion and the previous quaternion estimate. It differs from
the ”additive” method in which the attitude error quaternion is added to the previous estimate to
compute the updated quaternion.
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The extended Kalman filter described in this document is a combined continuous-discrete filter.
The time-update portion is considered continuous in that the system is described with time deriva-
tives of the states. The measurement update portion is considered discrete in that the measurements
are sampled at a given frequency and processed at discrete times.

Figure 5 RGS Transitions

The design of a Kalman filter is discussed
much in the literature. A good reference is by
Gelb.3 It involves modeling the system and
the measurements in terms of the states that are
to be estimated and characterizing the expected
model uncertainties. The Kalman filter involves
two major stages: a measurement update and a
time update as shown in Figure 5. The system
model is used in the time update for predicting
states between measurements. The measure-
ment model is used for updating the predicted states with the measurements. The typical nomen-
clature is that ”+” indicates the states after the measurement update, and the ”-” indicates the states
after the time update and before the measurement update. In the figure, 	x denotes the vector of
states, P denotes the error covariance matrix of the states, and the subscript k represents the mea-
surement sampling intervals. The sampling time is one second. The equations presented are the
minimum required for UKF, however their full derivation is omitted for compactness.

When estimating the quaternion, its unity constraint has to be maintained. This constraint is
handled by the method of MEKF which essentially estimates the 4-dimensional unit quaternion by
actually estimating a 3-component attitude error, a , about a reference unit quaternion, qref . So the
true quaternion can be represented as

q = q̃e(a) ⊗ qref (23)

where q̃e is the error quaternion approximated by

q̃e =
(
[a/2]2 + 1

)−1/2
[

a/2
1

]
(24)

and the ⊗ represents quaternion multiplication. Note that the quaternion convention followed is
that the first three elements represent the vector component, q̄, and the fourth element is the scalar
component, q4.

4.1.1 Measurement Update The measurements considered are single axis rates from the RIG,
the unit magnetic field vector, b̂V , and unit Sun vector , ŝV , both in the vehicle frame (denoted with
subscript V ) as derived from the MSS and CSS, respectively. Note the CSS is not always available,
even during day, due lack of vehicle to coverage.

In general, the vector measurements are a function of the inertial quaternion, qref . The measure-
ment equations for the unit vectors are

b̂V = R(q)b̂I + νMSS (25)

ŝV = R(qb)R
(q)ŝI + νCSS (26)
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where R(q) and R(qb) denotes the DCM from inertial to vehicle frame and from vehicle to CSS
bias frames, respectively. The measurement noise parameter ν is sensor dependant. The DCM is
formed from the quaternion as

R(q) = (q2
4 − q̄′q̄)I3×3 + 2q̄q̄′ − 2q4q̄

×; (27)

where × denotes the skew symmetric matrix operation.

The measurement bias is to account for low-frequency errors due to uncalibrated errors like
albedo. Note that a CSS measurement actually consists of delta angles of the sun from the boresight
which are converted to a unit vector in the CSS frame and then transformed into the vehicle frame.
Only when the sun is in the linear range of the CSS and in the monitor cell is the measurement used
in the Kalman filter. The MSS unit vector measurement, unlike CSS, is available and used at all
times provided that the orbit ephemeris is accurate.

The albedo errors on the CSS can be included in the measurement model as a function of the
attitude relative to Earth and the local solar time of the vehicle. However, the approach taken in this
design is to model it as a first-order Gauss Markov process and include it as states to be estimated:

ȧb = ab/τ + wb (28)

where τ is the correlation time constant of the measurement bias state, and wb is the noise repre-
senting how well the model approximates the low-frequency errors. The correlation time constant
can be selected to be the time constant of the autocorrelation function of the true measurement error.
For CSS, a value of 400 seconds provides a good fit of the model to the simulated errors.

The gyro measurement model is straightforward. The equation for a single gyro is given by

ωG = TGV ωV I + ωD + νG (29)

where TGV is the non-orthogonal transformation from the vehicle frame to the gyro axis, ωD is the
gyro drift which is available from a separate drift update procedure during science operation, and
νG is the gyro noise.

With the measurement bias state included, the MEKF consists of the following nine states

x =

⎡
⎣ a

ω
ab

⎤
⎦ (30)

The measurement update consists of computing the Kalman filter gain matrix and updating the
state estimates and their error covariance matrix. The gain matrix is given by

Kk = Pk(−)YT
k

[
YkPk(−)YT

k + R
]−1

(31)

where Pk(−) is the 9 × 9 covariance matrix propagated to the measurement epoch in the previous
time update, Yk is the measurement sensitivity matrix evaluated using the states propagated to the
measurement epoch, and R is the constant measurement noise covariance.

The gain matrix is used to update the state estimate as follows:

xk(+) = xk(−) + Kk [zk − y(xk(−), tk)] (32)
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where zk is the actual measurement and yk is the predicted measurement based on the propagated
states. The difference given in the square brackets is called the measurement innovations. In steady-
state, the innovations are expected to be within some range. This expectation is the basis for an
innovations check to eliminate measurements with gross errors before they are used in the Kalman
filter and corrupt its estimates.

The sensitivity matrix is comprised of the sensitivities of each measurement to the state. The
approximations of the individual measurement sensitivities are provided below

YMSS =
[

[R(qref )b̂I ]× 03×3 03×3

]
(33)

YCSS =
[

[R(q(ab))R(qref )ŝI ]× 03×3 [R(q(a))R(qref )ŝI ]×
]

(34)

YGY RO =
[

01×3 TGV 01×3

]
(35)

where 0N×M is a N × M matrix of zeros.

The error covariance associated with this measurement update is also computed as follows:

Pk(+) = [I9×9 − KkYk] Pk(−) [I9×9 − KkYk]
T + KkRKT

k (36)

This formulation is called Joseph’s algorithm and is preferred over the simpler version to maintain
symmetry and positive definiteness of the covariance matrix.

All elements required for the measurement update have been addressed. The next subsection
describes the reset operation the occurs after each measurement update.

4.1.2 Reset Operation After each measurement update a reset operation is performed to move
information from the attitude error state to the reference quaternion. The reference quaternion is
accumulated with

qref (+) =
q̃e(ak(+)) ⊗ qref (−)
‖q̃e(ak(+)) ⊗ qref (−)‖ (37)

The reference velocity is set to the updated state, and the attitude error state is reset to zero. The
attitude error state used for the time update will be null since the information is contained in the
reference quaternion.

4.1.3 Time Update Though not required, the UKF performs a time update at the same rate as
the measurement update. The state time derivative,

f =

⎡
⎣ ω − ωREF − 1

2(ω + ωREF )×a

I−1(−ω×Iω + h×ω + G(a) − ḣ + M(a) + A(a))
−ab/τ

⎤
⎦ (38)

where I is the inertia matrix which can be time-varying due to the solar array position changes, h is
the RWA angular momentum, M is the commanded torque to the magnetic torquers computed from
the magnetic moment commands to the torquer bars and the MSS-measured magnetic field, A is the
expected aerodynamic torque computed from a model with vehicle velocity vector and solar array
position, and G is the gravity gradient term given by

G(a) =
3μ

R3
o

r̂(a)×Ir̂(a) (39)
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r̂(a) = R(q̃e(a))R(qref )r̂I (40)

where Ro is the magnitude of the orbit radius, r̂
I is the unit radius vector in inertial frame, and μ is

the universal gravitational constant. The states are propagated with Euler integration as

xk+1(−) = xk(+) + f(xk(+), tk)Δt (41)

Note the expected attitude error state will be null after the propagation. Furthermore, the time-
updated reference angular velocity is equal to the time-update angular velocity.

The final part of the time update is updating the error covariance matrix. The error covariance
matrix at time k + 1 is related to the error covariance at time k as follows

Pk+1(−) = ΦkPk(+)ΦT
k + Q (42)

where Φk is the state transition matrix relating the states at time k + 1 to the states at time k and is
approximated to first order in the sampling period by

Φk ≈ I9×9 + F(xk(+), tk)Δt (43)

where F is the state sensitivity matrix. The state sensitivity matrix is

F =
∂f

∂x
=

⎡
⎢⎣ −ω×

ref I3×3 03×3

I−1 3μ
R3 [r̂×v I − [Ir̂v]×] I−1[[Iω]× + h× − ω×I] 03×3

03×3 03×3 −βI3×3

⎤
⎥⎦ (44)

Note that Q is a diagonal matrix whose dimension is the same as the number of states and constant.
While this choice of the process noise is not optimal, it is sufficient for performance required by the
M1G mode.

In addition to the nine states, the reference states are propagated by the following equations

q̇ref (−)k+1 =
1
2

[
ωref (−)k

0

]
⊗ qref (−)k (45)

where the reference angular velocity has been updated with the state.

The wheel angular momentum is computed from the measured wheel speeds multiplied by the
wheel inertias and then converted to the vehicle frame. The time rate of change of the wheel angular
momentum is computed from the back-difference of this wheel angular momentum. The wheel
speeds are sampled at 1 Hz. The commanded torque to the MTS is computed from the commanded
magnetic dipole moments of each torquer bar converted to the vehicle frame and cross-multiplied
by the measured magnetic field measurement from the MSS. All unique aspects of the Kalman filter
have been addressed. Next the on-orbit performance and tuning are discussed.

4.2 Universal Kalman Filter Tuning and Background Testing

The UKF implementation assigns fixed values to process noise and measurement noise covari-
ances. Preliminary values were established to 3-sigma bound anticipated sensor and dynamics
model errors and were then refined based upon simulations. On April 17, 2007, the HST flight
software implementation of the tuned UKF was activated on-orbit to assess estimation performance
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under HST flight conditions. The HST remained under TGS control during the 9.5 months of UKF
estimation monitoring, so the UKF estimation was completely independant of the active vehicle
pointing control.

Figure 6 shows histograms of peak hourly root-sum-squared errors in the UKF attitude and
rate estimation from a portion of the in-flight assessment period. This data set contains 321 non-
contiguous hours in a UKF input configuration of MSS, CSS, and one gyro. The vehicle was under
F2G control for all of the hours shown, so true vehicle pointing was known and stable to the level
of single milliarcseconds.

(a) Peak Attitude Errors (b) Peak Rate Errors

Figure 6 UKF Error During Background Monitoring

The UKF estimation performance was largely as expected, but attitude errors that exceeded design
goals did infrequently occur. Analysis of these cases indicated that the error was driven by Earth
albedo corrupting the CSS measured Sun vector. Re-processing the flight sensor telemetry through
a UKF simulator confirmed that increasing the CSS bias states process noise by a factor of 5 would
cause the bias states to absorb the Sun vector error in Earth albedo cases with minimal impact to
other cases. This UKF parameter change was uplinked to the vehicle on December 20, 2007, and in
subsequent trending large-error outlier cases were not observed.

4.3 M1G On Orbit Test

The OGS family of control modes was tested on-orbit from January 29 to January 31, 2008. The
OGS testing dovetailed with on-orbit testing of the new UKF-based Kalman Filter Sun Point (KFSP)
safemode; an inclusive graphical test timeline is shown in Figure 7. The UKF was in the MSS, CSS,
and one gyro input configuration for the OGS test activities.

The OGS OOT included requirements for testing the M1G Attitude Hold and Maneuver sub-
modes as well as mode transitions into and out of M1G and the other OGS modes. A minimum of
three dedicated orbits were required to test M1G Attitude Hold under benign, moderate, and severe
magnetic field conditions. Benign conditions for M1G are those that maintain greater than 30 degree
separation between the B-field and the gyroless plane and have no South Atlantic Anomaly (SAA)
passage. The SAA generally provides small magnetic field rates and magnitudes. Both conditions
would aggravate poor gyroless plane and B alignment. Moderate conditions for M1G involve B-
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Figure 7 OGS-KFSP OOT Timeline

field to gyroless plane separation less than 5 degrees at some point but have no SAA passage. Severe
conditions for M1G have B-field to gyroless plane separation less than 5 degrees at some point with
a simultaneous SAA passage. The M1G Maneuver test requirements called for at least one maneu-
ver of greater than 60 degrees about a purely gyroless axis and one maneuver of greater than 60
degrees with roughly equal ĝa − ĝn − ĝx axial distribution. Additionally, at least one maneuver in
M1G was required that would violate the M2G mode scheduling constraints on B-field to gyroless
axis separation prior to and during the maneuver. Finally, verification of proper fail-down transitions
to M1G Attitude Hold from T1G and autonomous recovery back up to T1G was required.

4.4 OOT Performance

The performance assessment of M1G was complicated by the availability of rate information from
only two gyros. Gyro 1 was active in the OGS pointing control, and gyro 2 remained powered on as
a witness but was not used by OGS. The gyroless axis was monitored in real-time using FHST and
CSS data when available, but these sensors are inherently less accurate than the gyros and are not
always available. In post-test performance assessment, a UKF implementation with inputs from both
powered gyros as well as MSS and CSS was used to produce a best-estimate of true vehicle pointing.
Figure 8 shows the angular separation between the flight UKF quaternion estimate and the vehicle
commanded quaternion, and Figure 9 shows the separation between the ground two-gyro UKF
best-estimate and the vehicle commanded quaternion. An additional snapshot measure of the error
between actual and commanded M1G pointing is provided by the sizes of correction maneuvers
performed immediately after transition from M1G to T1G on the basis of Star Tracker maps. These
maneuver sizes are shown in Figure 10. Based on all available measures of performance, it is very
likely that peak pointing error during the entire OOT was less than 3.5 degrees. All mode transitions
and control logic functions performed as expected.



310

Figure 8 UKF Estimated Quaternion to Commanded Quaternion Error

Figure 9 Ground 2-Gyro UKF Best-Estimate Quaternion to Commanded Quaternion Error

Figure 10 M1G Error Correction Maneuver Sizes
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5 CONCLUSION

The reduced gyro control modes allow science operations to continue with less than three gyros
available. This paper discussed the modes that use the MSS with the remaining gyros for control.
The MSS and two gyro mode relies on linear control design, while the MSS and one gyro mode
employ a Kalman Filter to satisfy operational requirements. All modes have been successfully
demonstrated on-orbit.
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LIST OF ACRONYMS

CSS Coarse Sun Sensor

DCM Direction Cosine Matrix

F1G FGS and One Gyro Mode

F2G FGS and Two Gyro Mode

FXG F1G and F2G

FHST Fixed Head Star Tracker

FGS Fine Guidance Sensor

FSW Flight Software

GOT Gyro Orthogonal Frame

HST Hubble Space Telescope

KF Kalman Filter

KFSP Kalman Filter Sun Point

LEO Low Earth Orbit

M1G MSS and One Gyro Mode

M2G MSS and Two Gyro Mode

MEKF Multiplicative Extended Kalman Filter

MFM Magnetic Field Model

MSS Magnetic Sensing System

MTS Magnetic Torque System
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MXG M1G and M2G

OBAD On-Board Attitude Determination

OGS One Gyro Science

OOT On Orbit Test

OTA Optical Telescope Assembly

PID Proportional, Integral, and Derivative

RGA Rate Gyro Assembly

RGS Reduced Gyro Science

RIG Rate Integrating Gyro

RSU Rate Sensing Unit

RWA Reaction Wheel Assembly

SAA South Atlantic Anomaly

SSM Support System Module

T1G FHST and One Gyro Mode

T2G FHST and Two Gyro Mode

TG Two Gyro

TXG T1G and T2G

TGS Two Gyro Science

UKF Universal Kalman Filter
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