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Abstract

This paper describes a Recursive Least Square (RLS) procedure for use in orhit to estimate the inertia matrix (moments and
products of inertia parameters) of a sadlite. To facilitate this, one atitude axis is disturbed using a reection whed whilst the
other two axes are controlled to keep their respective angular rates smdl. Within a fraction of an orbit three components of the
inertia matrix can be accurately determined. This procedure is then repeated for the other two axes to obtain al nine eements of
the inertiamatrix.

The procedure is designed to prevent the build up of momentum in the reaction whedls whilst keeping the attitude disturbance
to the satellite within acceptable limits. It can dso overcome potential errors introduced by unmodeled externa disturbance
torques and attitude sensor noise. The results of Smulations are presented to demongrate the performance of the technique.

The paper dso describes an RLS procedure which can be used to estimate the thruster coefficients for thrust levels and
alignment of the cold gas thrusters used for attitude control on UoSAT-12. A generd on-line method is presented which uses a
three axis reaction whed system to accurately determine the reationship between the commanded and actud torque produced by
the thrugters.  The cdibration agorithm is designed to be robust againgt externa disturbance torques, inertia matrix modelling
errors and attitude sensor noise.  The results of both smulations and successful in-orbit tests are presented, illustrating the
effectiveness of the technique.

sadlitess The sadlite uses a 3-axis reaction whed

. Introduction

The recent, tendency is to build smdler, lighter and
cheaper spacecraft. The present generation of spacecraft
require accurate dtitude control to provide pointing
cgpabilities.  On-line cdibration of the atitude control
hardware is often necessary to sdtisfy this high accuracy
ADCS requirement.  If these systems are not properly
cdibrated in-orbit, a sgnificant atitude control error can
result.

UOSAT-12 is a low-cost 320 kg minisatellite built by
Surrey Saelite Technology Ltd. It is a technology
demongtrator for high performance attitude control and orbit
maintenance for a future congtdlation of earth observation
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configuration and a cold gas thruster system to enable precise
and fast contral of its attitude. Magnetorquer coils assist the
wheds mainly for momentum dumping. Ten cold-gas
thrusters can be used in various combinations for both attitude
and orbit control and a dngle N,O resstojet is used
exclusvely for orbit maintenance.

One of the key features of Surrey’s low-cost approach to
satdlite engineering is the replacement of tight performance
requirements and expensive ground cdlibration campaigns with
in-orbit cdibration and adaptation. This has been gpplied
extensvely to the UoSAT-12 attitude control system, for
estimation of the moments of inertiaand for cdibration of the
satellite’ sthrusters. In this paper, we present two novel RLS
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methods to identify the spacecraft inertia matrix and the
thrugter coefficientsin-orhit.

Modding

Dynamic Equations
The dynamic model of an Earth-pointing satellite using 3-
axis reaction wheds as internd torque actuators and

megnetorquers and thrusters as externd torque actudors, is

given by:

IwIB = NT +NM +NGG +ND
-w,” (Iwg+h)+N,

@

where w, I, h, N, N_, N,, N, ad N, ae
respectively the inertidly referenced body angular velocity
vector, moment of inertia of pacecreft, three-axis reaction
whed angular momentum vector, applied torque vector by 3-
axis magnetorquers, applied torque vector by 3-axis thrugers,
applied torque vector by 3-axis reection wheds, externd
disturbance torque vector including the torques due to the
aerodynamic and solar forces, and gravity gradient torque
vector.

Theinertiamatrix is defined as,
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Kinematic Equations

The attitude of a satdllite can be presented by means of a
quaternion® . The use of a quaternion in describing the
orientation of a rigid body lends itsdf well to on board
caculation sSnce no trigonometric relations or singularities
(which arise using Euler angles) exigt in the formula, and it can
easly betransferred to the orhit-referenced coordinate system.
The parameterization of the quaternion vector is

. F . F
q,° exos'n(?) q,° eyosm(E)
3
F F (
° e sin(— ° cos(—
q,° e, (2) a, 8(2)

where e_,e,, ,€, ae the components of the Euler vector in

orbit-referenced coordinates and F is the rotation angle
around the Euler vector. The kinematics can be updated by
the following vector set of differentia equations:

o1
q=-Wi @

with,
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is the orbit-referenced angular body rate vector. The
transformation meatrix to transform any vector from orhital to
body-referenced coordinates can be written as:

éTn Ty Tlsg

u
= é'zn Tzz Tzsl] (6)

gr31 T32 T33 H

T

Asauming that the satdlite is 3-axis stabilized in a circular
orbit then,

w,=wl+Tw, @)
where,
w,=[0 -w, 0

isan dmost congtant orhital angular rate vector.

Error Quaternion

Whenever quaternions are used directly in the atitude
control laws, it is convenient to define the error quaternion as
the difference between the current quaernion and the
commanded quaternion. It can be represented by:

@m l;l é Ase A, -0, -0 Uéqi U
e, u e ue, u
§q29|;| — §_ q3c q4c qlc - q2<: @éqZ |;| (8)
G U €0, -q. g - g, U, u
e u e ue u
é:]4el:| e qlc q2<: q3c q4c 0&4 G

where g are the components of the error quaternion, ¢, the
components of the commanded quaternion and g, the
components of the current orbit-referenced quaternion.

[1. Controller Design
In this section, we present two feedback control laws thet
ae usd to sisfy the requirements of the edtimation
agorithms during estimation of the inertia matrix and thruster
paameters. The satdllite is assumed to have a rigid bodly.
The angular velocity vector of the satellite (w ) is measured

or edimated accurately. Its attitude (q) is estimated or

messured via the quaternion (4). Consequently, the dtate
vector of the satellite (wS and q) is accuratdly known
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though subject to sensor noise. The control laws use this state
vector to control the satellite’ s attitude.

The Quaternion feedback Controller

A standard quaternion PD feedback controller consists of
linear error-quaternion feedback, with linear and nonlinear
body-rate feedback terms to compensate for the gyroscopic
coupling torques. The control torque vector is represented as

N, =w, " (lw,+h)- Dwg- Kq, ©

where D and K ae 3 3congtant gain matrices to be
properly determined according to Wie? and N, the

applied torque vector of 3-axis reaction wheds or thrusters.

The Bang-Bang feedback Controller

A Bang-Bang nonlinear contraller is implemented usng a
PD feedback method to control a two level switching control
law. The switching function is determined by using a linear
feedback equation and a hyseress band and can be
summarized by the following equation:

e=K g, +K,wg

N _i-N_ fore3e_, ,witheincreasing
wit _{N foref -e_, ,with edecreasing

max

(10)
where K, and K | ae controller gains, e is the control

erorand e_, isthe error hysteresis band. This error band is

tuned to adjust the leve of the whed momentum indirectly
(and the error quaternion). When reducing the error band the
torque output switches a a higher frequency and the whed
momentum build-up is reduced. An increase in the error band
hes the opposite effect. The controller gains K | and K

adjust the dope of the switching function, this aso controls
the stability of the non-linear limit cycle and the magnitude of
the error quaternion.

[1. InertiaMatrix Identification

In this section, we present a new method for identifying
the spacecraft inetiamatrix. The way the cdlibration torqueis
generated depends on the specific actuators ingtdled on the
spacecraft.  UoSAT-12, for example, has three reaction
wheds.  Using accurae whed speed measurements and
knowledge of the whed moment of inertia the reaction
wheds' torques are accuradly known and can be used to
edtimate the inertia matrix (moments and products of inertia
parameters) in-orbit. This is done by disturbing a specific
attitude axis using areaction whed Bang-Bang controller. The
other two axes are controlled using a quaternion feedback
controller to control their reaction whedls to keep their
respective angular rates small.
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This procedure is then repeated for the other two axes to
obtain dl nine dements of the inertia matrix. Figure 1
summarizes the generd in-orbit inertia matrix estimation
scheme using reection whed actuators. A known disturbance
torque N, (k) is applied to the spacecraft at time k as a
result of the Bang-Bang contral law, using the third whed.
This torque together with unknown externd disturbance
torques N (k) and the output from the two-wheel controller
N,,.,(k) ectsonthe satdlite. Thein-orbit moment of inertia

cdibration procedure (below the dotted line in Fig. 1) usesthe
known disturbance torque N, (k) , the output from the two

whed controller N, (k) and the resulting satellite state to

w12

cdculate the cdibration torque N (k). This cdibration
torque is used in the measurement equation
N_(k) = f (I,w Vi,,N,,,h,N ) 11

for the RLS dgorithm to estimate the inertia matrix I viaa
suitable high pass filter (see paragraph on high pass filter

design).
: jwm(k)
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Fig. 1 On-orbit inertiamatrix estimation block diagram

Reduced Equations of mation

This novd moment of inertia (MOI) edtimation agorithm
depends on the idea that when disturbing one axis using the
corresponding whed, the principd moment of inertia can
eadly be etimated. By keeping the angular rate disturbances
in the other two axes close to zero usng the quaernion
feedback controllers and combining the dynamic equations of
these two axes we can estimate the products of inertia.

A problem for nadir pointing satellites is that the inertia
angular rate in the Y-axis (pitch) is non-zero and equd to the
orbitd rate. It istherefore recommended first to disturb the Y -
axis and control the X and Z-axes, keeping the angular ratesin
these axes close to zero. Thiswill reduce the cross coupling in
the dynamic equations between the Y-axis and the other two
axes, S0 that the products of inertia terms when estimating

l,.l, ad I, ae negligible. The second step will be to

disturb the X or Z-axis and to control the remaining two axes.

The dynamic modd of an Earth-pointing satellite using 3-
axis reection wheds as internd torque actuators, and

14™ AIAA/USU Conference on Small Sadlites



magnetorquers as externd torque actuaors, is givenin (1). It
is clear from these dynamic equations that it is better to
edimate the principle moment of inertia terms by disturbing
the satdllite using a smdl level of reaction whed torque and
momentum. This decreases the effect of the products of
inertiain the dynamic equations, but ensures sufficient torque
and momentum to counteract the influence of unknown
externd disturbance torques® . Conversdy, when estimating
the products of inertiait is better to disturb the satellite using
full reaction whed torque and momentum in order to increase
the influence of the products of inetia in the dynamic
equations.

The presence of externd disturbance torques tends to
cause whed momentum drift. Therefore, management of
reaction whed momentum is required in order to counteract
the influence of persstent externd disturbance torques. On
UOSAT-12 an externd torque using magnetorquers is applied
for whee momentum management. This aso ensures that the
satellite angular rate valuesin the two controlled axes are kept
cose to zero. Furthemore, smdl angular rates in the
controlled axes will decrease the effect of cross-coupling and
result in improved estimates of the products of inertia.

Case Study: Disturb Y-axisand Control X and Z axes

Neglecting smdl terms, the reduced dynamic equations of
motion (1) describe the effect of disturbing the Y-axis using
the reaction whed Bang-Bang controller (10) and controlling
the X and Z axes using quaternion feedback reection whed
controllers (9), (with momentum dumping) and can be written
asthus:

|><><V'V><:Nnu+|XyWy+\AfylyZ+V\ém_Wyhz_ h< (123
Iyyv'vy :NW-V\éh( +V\(<hz- hy (12—b)
I W, = Nn1z+|yz\ivy'vvjlxy'\’\§hy+vvyhx' hZ (12-c)

Two separate RLS estimations are needed for each axis One
to estimate the principle moment of inertia |, and the other

to estimate the products of inertia 1, and | ,.

For thefirst of these rewrite (12-b) in theform

N, (k) = 1 W, (13
where, N, (K) is the cdibration torque required to estimate
I, andisgiven by:

N, (k) = N,, - wh, +wh, - h, (14)

Equation (13) acts as the measurement equation for the RLS
edimationto estimate |,,. The error to be minimized can be

written as.

e, (k) = N, (k) - T,W, (k) (15)
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Where IAyy isthe esimated inertia parameter.

For the second RLSto estimate | ,, and |, adding (12-8) and
(12-c) and rearranging gives.

Nop (K) = T, (W - W) + 1, (W, +wf) (16)
where, N, (k) isthe cdibration torque given by:

Ng, (K) = W, + 1\, - N - N, -

nme

17

- h,(w, - w)- w(h - h)+h +h,

and [, I can beobtained from aninitial estimate.

Equation (16) dso acts as the measurement equation for the
RLS edimation to edimate |,, andl,. The eror to be

minimized can bewritten as.
e, (K) =N, (K) - T (W - Wo)- T,(W +wf)  (18)

in practice, both error equations (15) and (18) are high pass
filtered to remove the effects of low frequency disturbance
torques. This procedure is then repested for the other two
axes to obtain dl nine dements of the inertia matrix. The
results of the estimated products of inertia from any two-axes
can then be compared to ensure that the values of the products
of inertiaare estimated correctly.

RL S Implementation

The inertia matrix identification can now be formulated as
folows Given the measurement equations (13) and (16)
estimate the mean values of the inertia matrix | . A RLS
cdibration dgorithm based on red time parameter estimation
is proposed for improved convergence and accurecy. The
dgorithm is a recursive implementation of the least squares
minimization technique and is appropriate because of the
amog time invariant nature of the inertia parameters (2). The
error to be minimized can be written as a standard least square
parameter estimation problem:

e (k) =y,(k)-j ".q,(K) (19
Theleast squares cost function to be minimized istaken as

1
I=2a1 e (K (20)

The forgetting factor | isacongant (I £1) which defines
the smoothing of the estimates by introducing a time varying
weighting of data. The full RLS dgorithm will be given as,
Compute the regression vector j (k) and the residud
e (k) from(19)
Compute the update gain vector
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K (k) =P (k- Dj (K[ +j T (k)P (k- Dj (k)]

(21)
Where, P, is defined as the covariance matrix of the parameter
vector q, (K)

Update the parameter vector

q,(k) =g (k- +K (K)e(K) )
Update the covariance matrix

P.(K) =[1 - K, (K)j T(K)]P (k- /1 (23

Addition Error Processing

The above generd RLS procedure is further modified by
processing the error to remove low frequency components and
outlying values. To improve the robusiness of the RLS
agorithm, the error can be modified by a non-linear saturation
function (see Steyn ? ) asfollows:

& (k)

f{e.(k)}=—l+b|e(k)|

(4

The congtant b is defined such that the function is ill linear
for norma values of e (k) , while decreasing the influence of

large outliers.

High passfilter design

Low frequency (eg. Aerodynamic) disturbance torques
influence the satdlite sates (angular rate, quaternion) which
are used by the attitude controller to control the satellite with
corresponding reection whed torque and momentum. Al
these disturbance terms form part of the RLS error but can be
filtered out using a second order Butterworth high pass filter
during MOI cdibration. Thisis the best location for the high
pass filter because the eror contains dl the parameters
affected by the low frequency disturbance torques (reection
whed torque, whed momentum, angular rate and angular
accderation).

V. Thruster Coefficients I dentification

Following anideaof Wiktor * , anovel RLS dgorithm can
be used to cdibrate the cold gas thrusters in-orbit during
norma misson conditions, when the satelite is stabilised.
This method requires knowledge of a cdibration or known
disturbance torque (generated using reaction whed actuators
on UoSAT-12) whilst the attitude is controlled using the gas
thrusters.
The n thrusters are controlled by n commands in vector T

from the attitude controller. The resultant torque N | exerted
on the spacecraft from this st of thruster commandsis

N, = AT, (25)
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where N is a 3" 1vector, and A the 3" n thruster

configuration matrix which contains the informeation about the
output direction and magnitude of each thrugter. The god of
the thruster cdibration is to identify these 3" n coefficients
in spite of sensor noise and external disturbance torques.

Calibration Techniques

Unknown DT arreresrrespopspeony | NI €3
N,(K) Disturbance : v (k)
known [
Disturbance Sgzereit
— Attitude
A Dynamics Thuster T.K) Ak N _ (k)
Attitude Controller > k)
Control . Attitude Controller
Sygem
Thruster
Cdlibratior]
System —>1 c"firzriieon > Measurment Equation RLS A
\ > N (k) [P NR=AKTE EHETED

Fig. 2 On-orbit thrugter cdibration block diagram

Figure 2 summarises the generd in-orbit thruster cdibration
scheme. A known disturbance torque N, (k) is applied to

the spacecraft using reaction wheels controlled by a Bang-
Bang control law (10), whilst the attitude contraller (9) sends
commends T_(k) to the thrusters (generating torques

N, (k) ) to compensate for both this known and aso any
unknown externd disturbance torques N (k) .

The in-orbit thruster calibration procedure (below the dotted
linein Fig. 2) uses the known disturbance torque N, (k) and

the resulting measured satellite state to calculate the calibration
torque N (k) acting on the satellite. This ceibration torque

isequd to the sum of the known and the unknown disturbance
torques and can be obtained by rearranging equation (1) thus

N =Iw,+w,  (lw,+h)- N, (26)

90 that it dso includes the effects of measurement noise in
esimating the state. If the satdlite attitude is maintained, this
torque is being exactly cancelled by the thruster torque given
by (25), so to estimate A , rewrite (25) as a State estimation
problem with the measurement equation

N_=AT +n @7

where n is the effect of measurement noise plus the externd

disturbance torques and A isthe estimated vaue of the true
thrugter coefficient matrix A .

The objective of the thruster cdibration procedure is to

edimate the mean value A of the true thruster coefficient
matrix A which should not change with time, so they can be
modeled by the state equation
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a;(k+1) =a,(k) (28
where a; is an element of the estimated thruster coefficient

marix A . The thruster calibration problem can now be
formulated using (27) and (28) as an RLS cdibration dgorithm
based on red time parameter estimation.

V. Simulation Results
In this section, we present smulation results to identify both
the thruster parameters and the spacecraft inertia parameters.
Smulations were peformed usng MATLAB and
SIMULINK. The RLS agorithms were implemented using a
full smulation of the satelite dynamics, sensors and
environmental moddls. The UoSAT-12 satdllitein a LEO was
used as an example during these smulations to test the new
dgorithms. The parameters used during the smulation are
summarized in Table 1. The estimation agorithms were run
both with and without aerodynamic disturbance torque.
During the smulation a set of three thrusters pairs were used
to test the thruster agorithm to identify the 3" 3 cdlibration

matrix A .

Figure 3 illugrates the peformance of the RLS MOI
edimation dgorithm without aerodynamic disturbance when
disurbing the Y-axis and controlling the X and Z axes. Itis
dear from these figures that the convergence of the RLS
edimated parameters was achieved in approximately 1000
seconds in the case of the moment of inetia |, and

gpproximately 3000 seconds in the case of the products of

inetia I,, and 1,. The paameter vaidion &fter

convergence was very smal around the true vaue. Figure 5
illugtrates the performance with a non-zero mean aerodynamic
disturbance torque (see Figure 14). It is dear from this figure
that the convergence rates are somewhat dower than the case
without aerodynamic disturbance torques, Figure 3, (1 isthe
same) but that parameter convergence will ill occur.  This
dower convergence is due to the drift in the reaction whed
momentums, (compare Fgures 4 and 6) when compensating
for the externd disturbance torque and consequent build-up in
the angular rates in X and Y axes. This aso increases the
effect of cross-coupling, resulting in a dower convergence of
the estimates of the products of inertia.

Figures 7 and 8 illudrate the performance of the RLS
agorithm to esimate the thruster coefficients with and
without aerodynamic disturbancetorque. Itisclear from these
figures that the results are dmogt identical and the thruster
parameters converge to the true vaues in less than haf an
orbit.

V1. In-Orbit Results
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In this section, we present the identification of thruster
coefficientsusing red data generated on board UoSAT-12.

The thrugt arm of the roll, pitch and yaw thrusters (8 cold
gas) to the CoG of U0SAT-12 is approximately 0.44 m eech,
giving atorque of 35 milli-Nm for attitude control. The Z-axis
(yaw) control thrusters will, however, dways be fired
simultaneoudy in an opposing pair to give a pure rotation
without any trandation force, so the Z-axis thruster torque
will be 70 milli-Nm per dud pulse (see figure 13 for the
location of yaw-thrusters). A par of thrugers are
implemented to generate attitude control rotation of the
saellite around the yaw-axis, the other two axes being
controlled using reaction whed actuatorsto identify the 3” 2
coefficients of the Z-thrusters (29).

@, a,U __
_é i el,u
NT —: vop aan,Je,, H (29)

where, T,, and T_ refers to positive and negetive firing torque
respectively (nomind magnitude of 70 milli-Nm).

Figures 11 and 12 illudrate the satdllite angular rate and
whed momentum respectively during the experiment). We
observe from Figure 9 that the mean vaues of the positive
thruster coefficients converge gpproximately to 0.01,-0.087,1
while the mean vaues of the negetive thruster coefficients
converge gpproximately to 0.03,0.13,0.72 for the X, Y and Z
axes respectively.  Findly the estimated thruster coefficients
were used to identify the principle moment of inertia of the Z-
axis. We observe from Figure 10 that the mean vadue of the
principle moment of inertia |, converges to its measured

vaue with smdl variation around the measured vaue.

VI1I. Conclusions

Two nove RLS dgorithms have been presented to
identify satelite inertia matrix and thruster parameters in-
orbit. Both agorithms assume no knowledge of the thruster
parameters and only an initid guess of the inertia matrix.
Numerical smulationsillustrate the successful identification of
the thruster parameters and inertia matrix in spite of non-zero
mean disturbance torques and sensor noise. [n orbit tests have
been shown to confirm the operation of the thruster
identification technique. The RLS estimation agorithms could
be gpplied in red-time on board a LEO nadir pointing satdlite
in order to improve the attitude control performance.
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Figure 4 Reaction whed angular momentum without 015
aerodynamic disturbance
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Figure 5 Estimated inertiawith aerodynamic disturbance
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Table 1 UoSAT-12 smulation parameters
Moment of Inertia é045 - 02 -050
Tensor 1=8 02 4209 04 kg
g- 05 04 4136f
Orhitd parameters | Orbitd rate= 2p / 6000 rad/sec

Inclinationi = 65°
Orbital Period = 100 min
Sampletime lsec

Cold gasthruster | Torque output 0.035 Nm
Minimum firing-time = 20 milli-seconds

Reection whed Maximum torque =0.015 Nm
Maximum Momentum =4 Nms
Moment of inertia= 0.0077 kgm?

Maximum speed = 5000 rpm

Thruster €09 01 - 020
Cosfficients A=g015 095 005,

g0l -005 11§
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Figure 14 Aerodynamic disturbance torque
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