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Abstract—In this paper we present a new method to local-5 PARAMETER ESTIMATION
ize air leaks on the International Space Station based on the
spacecraft attitude and rate behavior produced by a mass ex-
pulsion force of the leaking air. Thrust arising from thekea / NUMERICAL SIMULATION
generates a disturbance torque, which is estimated using& EXPERIMENTAL VALIDATION
real-time filter with a dynamical model (including external g
disturbances such as aerodynamic drag and gravity-gtadien
The leak location can be found by estimating the moment:©
arm of the estimated disturbance torque, assuming thaideak
caused by only one hole. Knowledge of the leak thrust mag- 1. INTRODUCTION

nitude and its resulting disturbance torque are neededito esThe International Space Station (ISS) is orbiting in a 51.6
mate the moment arm. The leak thrust direction is assumejhclination near-circular Low-Earth-Orbit (LEO) with af-a

to be perpendicular to the structure surface and its magmitu titude between 370 and 460 km, and is expected to have a
is determined using a Kalman filter with a nozzle dynamicsminimum operational lifetime of 15 years. Because of the
model. There may be multiple leak locations for a given re-arge structure, long lifetime and orbit characteristitk fhe
sponse, but the actual geometric structure of the spaderstat |SS may be subject to impacts of hyper velocity particleisuc
eliminates many of the possible solutions. Numerical tssul as micro-meteorites and space debris that can severely dam-
show that the leak localization method is very efficient Whenage the station. This damage may threaten the safety of the
used with the conventional sequential hatch closure ooairfl  crew if the pressurized wall of a module is perforated, which
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induction sensor system. may result in significant air loss. Collisions with otheretts
are another possible cause of a leak, as occurred in the Rus-
TABLE OF CONTENTS sian Space Station Mir in 1997. To protect the ISS from the
impact damages, various debris shields have been designed.
1  INTRODUCTION Heavy shields are placed in the forward facing area which is
likely to be hit frequently, and fewer shields are used in the
2 PRELIMINARIES : .
nadir-facing and aft area [2].
3 ESTIMATION OF VENT THRUST MAGNITUDE
4 UNSCENTEDFILTER Perforations in a pressurized module will result in a rapid

temperature and pressure decrease. Therefore fast determi
0-7803-7651-X/03/$17.0@z00 ece nation _of the extent and Iocathn of the leak is needed to
IEEEAC paper # 1391 maintain the operational status in order to provide safety f



the crew. The first indication of a leak in the ISS is the de-area of the leak hole. This assumption is reasonable due to
pressurization of a module. The leak size can be calculatetthe relatively thin skin of each module. Based on the noz-
by measuring the internal pressure and its depressunizatiazle dynamics, an extended Kalman filter (EKF) algorithm is
rate. Based on the extent of leak it is possible to calculateised to estimate the vent thrust magnitude with the internal
the “reserve time” left until a crew evacuation is required. pressure measurements. The venting torque is estimated by
Depending on the reserve time operational decisions must tbe Unscented Filter (UF) developed by Julier and Uhlman
made, including: 1) whether or not to perform a leak isolatio [3]. Since the external attitude-dependent disturbancpito
to patch the leak, or 2) evacuate the ISS. Leak localizatiorfgravity-gradient and aerodynamic torque) are functiohs o
should be performed first to find the leaking module. Thenthe attitude of the spacecraft, a new attitude filtering appin
the exact location within the leaking module for repair pur-called the Unscented Quaternion Estimator (USQUE) devel-
poses can be determined. oped by Crassidis and Markley [4] is employed. The advan-
tages of the UF are: 1) it captures the posterior mean and co-
Conventional methods to locate air leaks on the ISS include@ariance of a random variable accurately to the secondrorde
the sequential module leak isolation process for the US segFaylor series expansion for any nonlinearity by choosing a
ment (prior to assembly stage 10A) and the airflow induc-minimal set of sample points and propagating them through
tion sensor system for the Russian segment. The sequentidde original nonlinear system, 2) it is derivative-free, ino
module leak isolation process involves having the creweclos Jacobian and Hessian calculations need to be evaluated for
hatches sequentially while monitoring the pressure difiee  the computation which enable the UF to be applied to any
across each hatch. A drawback of this process is very smatlomplex dynamical system and to non-differentiable func-
pressure differences can keep a closed hatch from being opéions [5]. The vent torque, which is not explicitly modeled
again, which significantly reduces the reserve time and cain the attitude dynamics, shows up as a residual disturbance
pose an immediate risk to the crew. Thus, safety dictatés thaorque when the spacecraft angular rate measurement under-
the hatches be closed in an order that will never trap a crewgoes a filtering process. In the disturbance torque estimati
member away from the escape vehicle. This may significanthalgorithm, the filter state vector is augmented to include th
inhibit the leak isolation process if the leaking moduled n unknown parameters as additional states, resulting inad tot
located within the first few hatch closures. of six states, where three states are for the angular rate or
angular momentum of the spacecraft and the remaining three
The airflow induction sensor system employs hot-wirestates are for the 3-axis components of the disturbancedorq
anenometers situated in hatchways to measure the air floBut problems arise when the unmodeled dynamics (besides
direction and its rate. The hot-wire anenometer operates bthe vent torque) dominate the residual torque.
air passing across a wire with a current running through it to
maintain a constant temperature in the wire. These deviceSmong the external disturbances, the gravity-gradierjuer
are installed at all hatchways of the Russian segments. Howsan be treated as a well-known quantity if the inertia of the
ever, the airflow induction sensor system designed for tBe IS spacecraft is well known, whereas the aerodynamic torque
has several limitations for the following reasons. The eexs has large uncertainties in its parameters. Also, problems m
are not mounted at all hatchways of the US segment (only adrise in the accuracy of the vent torque estimates when sig-
Node-2 and Node-3 of the US segment). Therefore the saiificant inertia modeling errors of the spacecraft are prese
guential module isolation process is still needed to detegm Therefore parameter estimation methods should be employed
which module leaks in the US segments. Since the sensors at@ estimate these uncertainties when we know that there is
very sensitive to the air circulation inside, the ventingteyn  not a venting leak acting on the spacecraft. A real-time pa-
and the movement of the crew must be stopped for severameter estimation algorithm to estimate the inertia amd th
minutes, which may waste time in an emergency situationaerodynamic torque is developed in this paper by employing
Because these sensors are situated in hatchways, thefocatithe UF approach. But the parameter estimation performance
of the leak within the suspected leaking module cannot b&lepends heavily on the observability of the parameters-of in
found for repair purposes without using other inspectian pr terest. Therefore some simple observability tests are done
cesses (this is also true for the sequential isolation ps)ce to measure the relative observability of the unknown param-
Therefore a more efficient localization system is needed t@ters. It is shown that the complete inertia parameters are
locate the leaks. unobservable when the space station attitude is in its érqu
equilibrium attitude (TEA), which is the nominal ISS opera-
The new method presented in this paper uses the attitude réenal attitude. But the inertia observability can be sty
sponse of the ISS caused by the leak reaction force of thened with the presence of attitude maneuvers. Problems in
air flowing through a perforated hole. The vent thrust canestimating uncertain inertia and external disturbancquer
yield a strong reaction torque depending on the size and Idfor the ISS are investigated in several papers such as Bgfs. [
cation of the leak. A leak hole on the surface of a pres-and [7]. In Ref. [8], small sinusoidal probing signals aredis
surized module can be modeled as a short nozzle with th® enhance the observability of the inertia by causinguatét
leaking air as the propellant. We assume that the line of aomotion about the TEA. Also in Ref. [7], the estimation algo-
tion of the vent thrust is perpendicular to the cross sectionmithm to determine the mass and aerodynamic torque proper-



ties of the ISS in Low-Earth Orbit (LEO) based on the least-where the vector pat; 5 is
square method has been derived with the use of an indirect

adaptive control algorithm to enhance the observabilitef gl 9

unknown parameters. This method uses a smoothing method qi3 = |q2| =msin <—) (2
to estimate the unmeasured angular acceleration. a3

The possible locations of the air leak are then calculated usand the scalar pa, is

ing the estimated vent torque, vent thrust magnitude, aed th 0

actual geometric structure of the pressurized segments. Fo 44 = COS <) 3

simplicity, the disturbance torque caused by the pressure o

the impingement of the leaking air plume on nearby surfacesvheren is a unit vector indicating the principal rotation axis
is neglected. Also, we assume that the leak is caused by and@ is the principal rotation angle. The quaternion compo-
single leak hole. There may be single or multiple leak locamnents satisfy the following normalization constraint

tions that produce the same attitude response. To reduce the . s o s o

number of possible solutions, conventional methods are com eq=qg+tatatag=1 4)
bined with the new leak localization method. This approac
reduces the number of possible solutions, so that fewehhat
closures are required to uniquely determine the leak lopati 1
Advantages of the attitude response method include: 9= 59 (w)q ()

r;The guaternion kinematic equations of motion are given by

1. No other devices are needed besides pressure gauges/{Berew is the angular velocity ant is defined as
measure the air pressure, and spacecraft attitude ancerate s

sors. —[wx] : w
9](7) = (6)
2. Relatively fast leak localization can be achieved comgar T
to the conventional leak localization method proposedHer t g
ISS. where[w x| represents the skew-symmetric matrix, defined
b
3. The new method not only determines the possible Ieak—y 0 —ws w
ing modules but also determines the possible locationseof th wx]=| w3 0 —w @)
leak hole within those modules. This may be critical to allow Wy w 0

for repairs rather than sealing off a module or performing a

station evacuation. . ) . )
If the attitude quaterniog represents the orientation of the

The remainder of paper is organized as follows. First, a sumP0dy reference frame with respect to the Local-Vertical-
mary of the attitude kinematics and dynamics for the ISS-ocal-Horizontal (LVLH) orbital reference frame then the-v
is given. Next, using the isentropic nozzle theory, the venfOCity Vectorw = wpy, is given by

thrust is calculated using the isentropic and isothermalexi
pressurization models. Then derivations are shown for the
estimations of vent thrust, attitude and vent torque. Bmnal \yhere, ; is the angular velocity with respect to an inertial
numerical simulations for the leak localization are présén ¢, e . 'is theit column of the coordinate transformation
and an example of the shuttle airlock depressurizatiortefe 4ty from the LVLH orbital reference frame to the body ref-
on the ISS is shown using actual data. erence frame, and is the orbital frequency of the spacecraft
[10].

wp/r = wp/n +nCa(q) (8)

2. PRELIMINARIES
Spacecraft Attitude Kinematics Spacecraft Attitude Dynamics

In this section the attitude kinematics and dynamics of§& | The dynamic equations of rotational motion of a rigid space-
in the presence of external disturbances in LEO are derivedraft in a LEO environment are given by Euler's equation:
For the attitude kinematics, the quaternion is used to §peci
the attitude of the ISS [9]. The quaternion is defined as

- [‘]71 (H - h)] X H+Ndrag+Ng7’m)+dvent (9)

whereH is the total angular momentum of the spacecraft sat-

isfying
H=Jw+h (20)
andJ is the inertia matrix/V 444 iS the aerodynamic torque,
_ lays 1 N 40 is the gravity gradient torqué, is the angular momen-
= q4 (1) tum of the control moment gyroscopes (CMGSs), ahd,; is



Vent Thrust

A leak hole perforated on the surface of a pressurized module
will behave like a short length nozzle. The dynamic proper-

ties of the air flow through the leak hole are analyzed using

one dimensional isentropic and isothermal nozzle dynamic
models. Fig. 1 shows the diagram of the air flow through the

leak hole on the pressurized module, wh&rfeand P* are

the temperature and pressure of the air in the leak hole, re-
spectively,T and P are the temperature and pressure of the

isentropic Nozzle inside of the pressurized module, respectivdly,.,; is the
vent thrust, andPg is the back pressure. The mass flow rate
Figure 1. Air Flow Through Leak Hole in a leak hole is given by [11]
AP*v*
n=— 14
mn RT™ (14)

the torque due to a vent. Other environmental effects such here A is th f the holeR is the ideal
as solar radiation and Earth’s albedo are neglected. The e}- ere Is the area of t e ho & Is the idea gas constant

; . . 287 N-m/Kg-K), andv* is the exhaust velocity of the air
fects caused by solar arrays rotations are omitted singe th Satisfyin
have little effects on the attitude dynamics but note thairéa 9
sultant ae_rodynamic torques produced by the arrays rogtio v* = \/YRT* (15)
may be significant.

where~ is the specific heat ratio, with = 1.4 for an ideal

The gravity-gradient torque for a circular orbiting spaedic  gas. The mass flow raie can be expressed as a function of

is given by the air inside the pressurized module. This is accomplished
by substituting the following expressions into Eq. (14):
N yrav = 3n*C3(q) x J C3(q) (12) ) N\
. . pP*=P (—) (16a)
The aerodynamic torquéN 4., is modelled such that the v+1

drag force and the center of pressure location are functions . 2
of the attitude of the spacecraft: = v+ 1 (16b)
1, yielding
Nirsy = =308 [pey < Cala)] (12 TR
m=— To an
whereuw,, is the magnitude of the atmospheric velocity with VRT T

respect to the spacecraft, which can be approximated as tfée actual mass flow rate can be calculated by multiplying
circular orbital speed. The atmospheric dengityis cal- N Eq. (14) by the discharge coefficiefit,. Using the thrust
culated using Marshall Engineering Thermosphere (MET)eduation the vent thrust magnitude is given by

model which accounts the seasonal and diurnal heating ef- _ - .

fects of the Earth’s atmosphere. The drag coeffic@ptis | Fuent| = Cpmuv” + (P7 = Pu)A (18)
assumed to be constant for a given orientation of the spacgyhereP, is the ambient pressure which is approximately zero

craft. Also, S is the attitude dependent frontal area gng  for the vacuum of space. Substituting Egs. (14), (15) an}l (16
is the attitude dependent center of pressure location. ¥he anto Eq. (18), and simplifying yields

titude dependent aerodynamic parameters are calculatld wi

the method developed in [10], where the reference area and 2 -1

the center of pressure are calculated for any orientation by |Fuent| = AP (Cpy +1) v+1 (19)
defining interpolation functions. The projected area ar& th

center of pressure for the three orthogonal body referencote that the magnitude of the vent thrust is proportional to
axes of the ISS are given in [1] for each assembly stage. the pressure inside the module and to the area of the leak hole

This expression is very useful since the vent thrust madaitu
The vent torque is modelled by is a direct function of the internal pressufe which can be
measured by a pressure sensor. For the calculation of the hol
(13) areaA the following approach is used. The indication of an
air leak in a pressurized module is the depressurizatioheof t

wherer,,,, is the moment arm of a vent torque from the cen-air. The air inside the module follows the ideal gas law, give
ter of mass of the spacecraft to a leak location, Ayg,, is a by

vent thrust. The vent torque is unknown and will be estimated mRT
by treating it as a state in the real-time filter algorithm. P=— (20)

dvent = Tyent X Fvent
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Figure2. Internal Pressure Figure 3. Vent Thrust Magnitude

i o o _ trs Can be obtained by integrating Eq. (22b) for the isen-
whereV is the volume of the air. Differentiating Eq. (20) with tropic process and Eq. (23a) for the isothermal process. The

respect to time and using from Eq. (17) gives a depress (aserve time for the isentropic process is
rate model. Two kinds of depressurization process models

are used, depending on the temperature characteristibe of t (P,,,,m ) = 1
air. For an isentropic air model, whefeandT is related by tres = £ o (24)
-14 2(6v-1
Py VAT () O
v
T =T (Fo) (21)  where the internal temperatuf® can be substituted by
from Eqg. (21). From Fig. 3 the vent thrust magnitude is
the depressurization rafeis larger using the isothermal gas model, meaning thg isother_-
mal gas model produces a greater torque than the isentropic
P = —k AP* (22a) gas model. If the leak area hole size is small then the isother

mal model can be used (since the temperature will remain

fairly constant), otherwise the isentropic model should be

Y41
VRTo~ 1= 2 \ 1D
ki = L‘;WPOM ( ) Ch (22b)

y+1 used.
3y—1
e = =5 (22¢) 3. ESTIMATION OF VENT THRUST MAGNITUDE

Since the actual internal pressure measurements are texrup
by noise, the Kalman filter is used to estimate the hole area
which is needed to calculate the magnitude of vent thrust wit

For an isothermal procesd, is treated as a constant in
Eq. (20). Therefore the depressurization r&tean be de-

fived as Eq. (19). The state equations for the depressurizatioregsoc
P = —kyAP, (23a) have the following form
o VETR (2 N o) w(t) = f[2(t).1] + n(t) (25)
TV L+y b where the state:(t) = [P(t), A(t)]* and
where the subscrigi stands for the initial value and;, k2 Flo(t), 1] = [—klAsz] (26)
andks are constants. Now, we can calculate the hole drea ’ 0

by measuring the internal pressufeand its depress rate. for an isentropic process model, and
Comparisons between the isentropic and isothermal gas —ksAP
model are shown in Figs. 2 and 3, using the ISS assembly Fl=(t).1] = [ 0 ]
Stage 16A with a leak hole radius 0f3 inch. From Fig. 2,

the isentropic gas model gives a faster pressure drop im¢he i for isothermal process model. The vectpr= [n;, ne|" is
ternal pressure than the isothermal gas model. Therefere tihe process noise vector, whereands), are Gaussian white-
reserve time, ..., which is a measure of the time it takes for Noise processes with
the current pressur® to re_ach the min@mum hgbitable.pres- E{n(t)}=0 (28a)
sureP,,;, ~ 490 mmHg, is shorter using the isentropic gas , ,

model than using the isothermal gas model. The reserve time E{n:()n; (')} = Qidi (¢ — 1) (28D)

(27)



with ¢, 7 = 1, 2. The matrix@; has the following form where H (&™) is the measurement sensitivity matrix, given

2 by
_ |oi 0 29
@ [0 ag} (29) . Ohw(=(t))
@) = a0 a0 (39)
where the terms? and 3 are the variances of; and s, =
respectively. The internal pressure measurement is neztiell = [1 0]

as Thus with the use of the internal pressure measurements the

. EKF algorithm can be used to estimate the leak hole area.
.= hg [x(ty)] +ve, k=1,2,..., 30a )
Z = hi [2(tr)] + vk mn (30a) Then the magnitude of vent thrust can be calculated by sub-

hile(te)] = Py, k=1,2,....m (30b) stituting the estimated values #fand A into Eq. (19).

wherem is the number of measurements andis the mea-

surement noise which satisfies a discrete Gaussian white- 4. UNSCENTEDFILTER

noise process with An unscented filtering approach is considered here as an alte
native to the EKF for the attitude and angular rate estimatio

E{v} =0 (31a)  of the ISS. The Unscented Filter (UF) has first been proposed
E {vpvr} = RO (31b) by Julier and Uhiman in [3]. Unlike the EKF, the UF cap-

tures the posterior mean and covariance of a random variable
accurately to the second-order Taylor series expansicanfpr

The propagation of the state satisfies nonlinearity by choosing a minimal set of sample points and
_ propagating them through the original nonlinear systersoAl
z(t) = flz(t),t] (32a) itis derivative-free, i.e. no Jacobian and Hessian calimria
2 = hy, [2(te)] (32b)  need to be evaluated for the computation. Therefore it can

be easily applied to any complex dynamical system and to

whered(t) = [P(t), A(t”T is the state estimate vector. The Non-differentiable functions [5]. A detailed descriptioh
error covariance propagation matfxsatisfies the error performance of the UF over EKF can be found in

Refs. [3], [5] and [12]. The general formulation of the UF in
P(t) = F[&(t),t] P(t) + P(t)F [fi(t),t]T +Q (33) discrete-time is described here.

whereF [&(t), t] is given by Let the discrete-time nonlinear system and observatioretnod
be
0 t),t
Fla(t),t] = % (34a) Tp1 = f (g, up, k) + wy (39a)
o lz=z A i1 = b (Trr1, upr1, b+ 1) + vpg (39b)
o 7k1]€2APk271 7]431Pk2 34b i . .
= 0 0 (34b) wherex;,, andy, ,, is ann dimensional state vector and

observation vector respectively, and h are the nonlinear
for an isentropic process, and models,uy;, is a deterministic input, anady,, and vy, are
zero mean Gaussian process and measurement noise, respec-

R of [x(t),1] tively. The process noisa;, and measurement noisg are
Flz(t),t] = “omll) (358)  assumed to be uncorrelated with covariances
T=T
_ {—kzgfl —klf’} (35h) E [wiw]] = 65Q (j) (40a)
o0 E [vv]] = 5,,R (j) (40b)
for an isothermal process. E [wiv]] =0,V i,j (40c)

. . . Note that using a numerical integration scheme, a contisuou
The state estimate and error covariance updates are given bé/ : .
ystem model can always be expressed in the discrete form
&t =& + K, [Zk _ hk(ﬁs_)] (36a) equations. ]n the EK.F, problems ar!se because the prenlsi;ctio
koo Tk R are approximated simply as functions of the previous state
Py = [I - KiHy(z,)] Py, (36b)  estimates:

where the superscriptH) stands for the updated value and 2, = Elf (zr,ur, k)] = f (T, u, k) (41)
(_—) stands for the a priori value. The Kalman gain matrix is Gr1 = Elh(zpue k)] ~ (@ ur k) (42)
given by
. But if the estimated state is nearby the true value, then the
Ky =Py, Hy(&;)" [Hi(&y )Py He(2;,)" + Re] ~ (37) filter usually has a good convergence.



The UF state and error covariance updates are given as

&) =&, + Ko (43)

vk = — G = P — h (B, un, ) (44)
Pl =P  — KxPYUK} (45)

Ky =P (P)™ (46)

wherewvy, is the innovation and®." is the covariance oby,.

The filter gain isK;, and P, is the cross-correlation matrix
betweent, andy, . The set oRn o-points are computed as

follows:

o1 (i) = £1/(n+ ) [Pe+ Qil;, wherei =1,2,...n
(47)

where is the weighting factor which scales the distribution

of the points. The vectoy/(n + \) [P, + Qy]; represents™

column of the matrix square-rogt (n + \) [P + Q). The
matrix square-root can be calculated directly by a lower tri

angular Cholesky factorization method.

Theseo, (i) points translate the meat) as
X (i) = & + 0% (i) (48)

The transformed set of points are propagated fo+ 1 for
each of then + 1 points by

Xk+1 (0) = f (xx (0) ,ug, k)
Xit1 (1) = f (xy (@), ur, k) (49)

The predicted mean is

2n

L 1 1 .

L {AXkJrl 0)+35 > X (Z)} (50)
=1

and the predicted covariance is
_ 1 . . T
Py Y {)‘ (X1 (0) = &1 ] Xy (0) — ]
1 T
*5 Z [Xk+1 (i) — 531;1] [Xk+1 (i) — @Zﬂ] }
=1
(51)

The predicted observation is calculated as

2n

- 1 :

Yre1 = 00 {)‘7k+1 (0) + 3 Z’Yk+1 (l)} (52)
i=1

Y1 (1) = B (Xpy1 (1), upy1, k4 1) (53)
The output covariance is given by

vy T

1 . o
Py DY {>‘ [7k+1 (0) — yk—i—l] hkﬂ (0) = yk-+1}

+% Z (Vi1 () = Gppn ] [Yiaa (1) — g,;l]T}

(54)

then the innovation covariance is given by

Pty = Bl + B (59)

Finally the cross correlation matrix is

| T

Py Y {A [Xhs1 (0) = 251 ] [Vigs (0) = Gy

2n
+% Z (X1 (1) = g ] [Yaga (0) — ’Q;;H]T}
- (56)

The filter gain, the state and error covariance update is then
computed using Eqgs. (43) and (46). The weightan be
chosen a3 = 3 —n if the stater is assumed to belong to the
Gaussian distribution [13]. Although can be either positive

or negative, negative values may lead to a nonpositive semi-
definite covariance matrix. In this case a modified form of the
state covariance can be used [12], given by

— 2n . "
k+1 = m St X (1) = &4

. " T

X [Xk—t—l (i) — mk+1] (57)

Note that in higher-order systems the computational load of
the UF may be comparable to that of the EKF (especially if
complex Jacobian computations need to be performed) but
studies to date [4], [5], [12] and [13] indicate we can expect
an improved filter performance.

Attitude Estimation Using USQUE Approach

The main topic in this section is a new attitude filtering ap-
proach called the Unscented Quaternion Estimator (USQUE)
developed by Crassidis and Markley [4]. Many of the conven-
tional attitude estimation methods process the attitudeae
data by employing the EKF method (see [14]). In the method
derived in Ref. [14], the attitude propagation is done bygsi

the attitude and the angular rate data from the gyros mea-
surement. The biases in the gyroscopes are estimated during
the attitude filtering process by treating them as augmented
filter states. However the angular rate is not treated as a fil-
ter state but the angular rate measurement noise appears as
a process noise in the filter equations. This approach avoids
the use of the complex attitude dynamics, which may be sub-
ject to large uncertainties. The attitude is representetjus
singularity-free quaternion whose kinematics equatios da
bilinear form. But a singularity arises in the filter covania
matrix because the four components of the quaternion gatisf
the normalization constraint. To avoid the difficulty of neim
ically maintaining this singularity, the four componentste
quaternion are replaced by three-component error vector fo
the state error covariance propagation. This approach has a
good convergence when the true attitude trajectory is iear t
estimate state since it uses the linearized attitude kitiesna
equation.

On the other hand, the USQUE algorithm does not need
any linearization procedure when deriving the filter equai



since the state undergoes the unscented transform proceskeredq, (k + 1) is the unit quaternion which represents a
(see [13]). But this algorithm is not directly suited to beds perturbation in attitude corresponding to the Gaussias@en
with the quaternion since its estimated value is derived usnoise satisfying Eq. (40b).

ing an average sum of the quaternions. Instead, a modified

method employing the combination of the quaternion withThe gyroscope measurement out@us modeled as [16]

the generalized Rodrigues parameters is used [4]. This at- _

titude estimation method uses the inertial quaternionHer t w=wt+b+mn (64a)
state propagation and employs the generalized Rodrigues pa b= 75 (64Db)
rameters to calculate the mean, the state error covariante a

the cross-correlation matrix with a vector output sensoa-me Wherew is the true spacecraft angular ratg, andn, are
surement. This algorithm is modified in this paper to incerpo Zero-mean Gaussian white-noise processtaisca gyro bias
rate the sensor output measurement represented by the-quat@Tor. The post-update estimatessoandb are given by

nion which represents the orientation of the body frame with o bt (65a)
respect to LVLH frame. A comparison of the USQUE and “r =@ k
the conventional method [14] will be discussed at the end by, = bl (65b)
by showing numerical simulation results. The USQUE al-

gorithm derivation explained here is based on Ref. [4]. The quaternion can then be propagated in discrete-form with

(4]

The attitude kinematics of the ISS can be expressed in terms Qi1 = (@) @) (66)
of the quaternion by substituting Egs. (5) into (8) giving where
Qo) =
q= %Q (wp/n +nC2(q)) q (58) <w’i)+ -
cos(0.51@ A0 Tsxs — [y x| b

whereq is the attitude quaternion expressing the orientation A +T .
of the body frame with respect to the orbital LVLH frame. ¥ cos(0.5[lwy ||At)
For notational convenience let us define the angular rateeof t (67)

body frame with respect to LVLH a8 = wg,n + nC2(q). A - T .
But note that the circular orbital frequeney,is awell-known ~ Where, = sin(0.5[|wy [[At)w; /||w; || andAtis the sam-
quantity which can be easily calculated for a circular orbit Pling interval of the gyro measurement.

The error quaternion in this paper is defined as [14] ) ) )
In the USQUE algorithm, the state is defined as

bg=q®q ' =C@)C(G ) (59) -
1 & =0 = | P (68
where(' is the direction cosine matrix arfgl " is the inverse b,

quaternion of the estimated values defined as . ) ] S
Therefore, a 3-dimensional attitude representation isipos
i1 [_(113] ble making the 6-dimensional covariance matrix nonsingu-

du ©0)  jar. The 120-points can be calculated using Eq. (47) with
A = —3 since the six-component state errors are assumed to

The error quaternion can be represented by [4] follow the Gaussian distribution. Then by adding these 12
o-points to the mean value obtained in Eq. (68) gives the 12
Sp=Ff 0q:3 (61) tr_an;latedxk(i) points around the mean value (see Eg. (48)),

a+9qs yielding

wheredp is a generalized Rodrigues parameters [1g],,
anddqy are the vector part and scalar partgf respectively,
a is a parameter from O to 1, arfdis a scale factor. Note that
for a Gibbs vectorg = 0 andf = 1, but whenf = 2(a+ 1), wherex/ andx! are the Rodrigues and gyro bias part of the
||p|| is equal to the rotational angle about the Euler axis. Thestate vector, respectively. Note that the mean value is also

(i) = [ ﬁgz; ] wherei = 0,1,2,....12  (69)

inverse transform fronp to g can be written as [4] included in Eq. (69). These scattered points are then con-
verted to an error quaternion for the propagatiorkte 1.
—al||6p]|? + f/f2 + (1 — a?)||5p]|2 The conversion of from thg,(7) points to the error quater-
0qs = 72 1 [1op]|? (622)  njon is done using Eq. (62a) and (62b) for eagh point.
Saen — 1 Saa)s 62b Then the resulting 13 error quaternions are converted to the
Q13 = [ (@ + 0q4)0p 62b)  current quaternion estimates by
The sensor output measurement model is given by a0 =g (70a)
At , ~+t .
Gk +1) = oq,(k+1) @ q(k + 1) (63) q; (i) =éqf (i) ® g wherei=1,2,...,12  (70b)



Then these quaternions are propagatgdtd using Eq. (71)

as ~
11 (1) = Q (0 (1) 44 (0) 7 <
where the estimated angular rate satisfies
Wy (i) = @ — b (i) wherei =0,1,...,12  (72)
The reason whyp is not propagated directly using its kine- ;5
w

matic equation is that the quaternion kinematics equatén h
a closed-form solution, as given in Eq. (71), and also it is
computationally more efficient [4]. Then &t} 1 the propa-
gated quaternion is reconverted to a error quaternion using —~
-
wherei =0,1,...,12 =
(73)
Next, the 13x}, , (i) points are again calculated by convert-
ing the error quaternion intép, and then the state covari-
ance is calculated using Eq. (51). Since the measurement is
a quaternion, the mean of the observatiort at 1 is calcu-
lated again by the Rodrigues parameters as was done for tt
calculation of the mean attitude state. For this purpose, th=
following output error quaternion should be calculatedfirs <

—
=

5(11;-1-1 (Z) = ‘All;+1 (Z)® [[II;+1 (0)] -

0qii1 = Aiy1 ® (@51 (0)] (74)

Thendg,,,, is converted to a Rodrigues parameter and the=
output and the cross-correlation covariance are calallze o~
ing Egs. (54) and (56). The filter gain is obtained using g
Eq. (46).

For the calculation of the discrete process noise maiin
Eq. (47), an expression for thig(¢t) propagation equation is £
needed, although the quaternion is propagated insteath FroO;
Refs. [4] and [17], the propagation for ti@(¢) whenf = =
2(a + 1) can be expressed approximately as

Sp(t) = —a(t) x op(t) + dw(t) — %w(t) « op(t)

1 1 1
g7 wlt)-op(0]3n(0) + (17~ § ) Bp(0) 3w dwlt)
(75)
Then after some manipulations, the discrete covariance m@
trix @ can be obtained [4] 2
oy
(@)
Qn= 2| (o~ §O3AL) I3 0305 (76) &
2 033 0313x3 5
wheres? ando? are the power spectral density of the noiseg

covariancen,; andn,, respectively.

attitud

Computer simulations for both USQUE and EKF are per-
formed. The simulation parameters of the attitude sensc
noise standard deviation (s5°, the gyroscope true rate bias
is [2.0626, 4.1253, 6.1879]7 °/hr, the gyro rate output stan-
dard deviation i.3 x 10~* °/sec, measurement sampling
rate of 1 Hz, and a small initial attitude estimate error and
initial bias estimate of°/hr for each axis. Note that the true
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Figure 6. UF and EKF Attitude Estimation Errors



rate bias assumed in this simulation is not equivalent tb tha
of the actual gyroscopes mounted on the ISS, but is chosen
only to illustrate the performance of the USQUE algorithm.
The USQUE attitude estimation errors for roll, pitch and yaw o sl 2om 2o 2om 2o 2om
are shown in Fig. 4 with their 3-error bounds. We can see ‘ ‘ ‘ ‘ ‘
from the figure that the attitude estimates are withir? Gds

roll, pitch and yaw of their true values. In Fig. 5, the bias
estimates using USQUE are plotted with their 8onfidence
bounds. The superior performance of USQUE over the con-
ventional EKF approach is not so obvious when the initial
attitude estimate error is small (both filters have equivale
performances). But if there is large uncertainties in thigain T
estimates then the USQUE algorithm yields much better re- ' ' time (sec) e

sults compared to the conventional EKF method as shown in_, . ) .

Fig. 6, where the initial attitude errors of re used for each  F19ure7. VentTorque Estimate Using UF with True Value
axis with the same rate bias as the previous case (values cor-
responding to the USQUE algorithm is plotted in wider solid
line). We can see that the USQUE algorithm converges faster
than the EKF method. Therefore in the presence of large un-
certainties in the initial conditions, the USQUE algoritlign
more optimal than the conventional EKF approach.

di (Nm)

dy (Nm)

dz (Nm)

Lo
- N ]

= L

Residual Disturbance Torque Estimation st s e Ao

Lo
N B o kN

The vent torque, which is not explicitly modeled in the at- o 1 2 3 r 5 s
titude dynamics, shows up as a residual disturbance torque
when the spacecraft angular rate measurement undergoes a
filtering process. In the disturbance torque estimatiow-alg
rithm, the filter state vector is augmented to include the un- £ L L L
known parameters as additional states, resulting in a ¢étal time (hr)
6 filter states, where 3 states are for the angular rate or anFigureS. Disturbance Torque Estimation Error Using UF
gular momentum of the spacecraft and the rest 3 states are

for the 3-axis components of the disturbance torque. Note

that the attitude quaternion, which is needed to deternhiae t

i
|

R e T L

Lo
N B o kN

errd, (Nm) errq, (Nm)errg, (Nm)

I I
4 5 6

filtered because of the presence of high-frequency noisawhe

gravity-gradient and aerodynamic torque in the disturbanc )
torque estimation algorithm, is estimated separately ley thmeasuring the CMG wheel speed. Note that the vent torque
d,ent IS treated as a random walk process. The gyroscope

USQUE method described in the previous subsection. In thi%ut Ut measurement model is
subsection the disturbance estimation algorithm usingJthe P

approach is shown. 7 = wtmn

_ g1 _
The state system model for the torque estimation filter with = JO(H-h)+m (79)

x = [H, d,cn:)T can be expressed as

H | [ fu(H, dyen) Ny pnlike the EKF, t_he UF approach_dqes not _need any deriva-

d | Fu(H dyens) Ny tion of the Jacobian and the sensitivity matrices. For the UF
we need only the original nonlinear equation and measure-

_ [ TV (H -h)x H+L+dyen: } [ Ny } ment model. In the disturbance estimation algorithm, the UF

vent

approach may be especially more robust than the EKF be-
cause the initial conditions for the angular rate compaonent
may be fairly accurate within the uncertainties of the gyro-
where d,.,,; is the vent disturbance torquey;; and n, scope, but the initial guess of the disturbance torque, lmisic
are zero-mean Gaussian process noises which correspondt measured, may be far from the true value.
roughly to the possible range of the disturbance variations
The quantity L is the external disturbance torque vector Numerical simulations for the UF cases are performed with
which can be expressed as the angular rate noise standard deviatioR.8fx 10~ °/sec
. (01 = 4 x 1079 rad/sec) and the sampling frequency of 1 Hz

L = Narag + Ngrav (78) for the ISS assembly stage UF1. It is assumed that the space-
The quantityL is treated as a deterministic input in the filter craft attitude is maintaining the TEA when suddenly after
equations. Also the CMG control inphtshould be low pass 5.7556 hr (20720 sec) a vent torque of 66.07 Nm is applied

03x1 P

(77)
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in Qach body axis of the spacecraft. The_dlst_urbance torque Jip = %(u;; — Tuero3) (80)
estimate results after the vent are shown in Fig. 7, where the n

dashed lines correspond to the true values. We can see thahere the constant angular rate= [0 —n 0] and the con-

the vent torque estimates converge to the true values arourgant attitude quaterniap= [0 0 0 1]7 are substituted in the

10 seconds after the leak. When an air leak occurs, the statetational Euler equations of motion. The quantitigs,, ;
covariance of the filter is reset to a large value to incorfgora andu; are thei™™ component of the aerodynamic torque and
the variation of the disturbance torque at the instantwbak |  the control torque input, respectively, adg is thei;™ in-
occurs (remember that we know when leak occurs by sensingrtia matrix element. The spacecraft is assumed to be rotat-
the air depress inside the crew cabin). In this way the filteing in an Earth-pointing mode with a constant attitude an-
converges much faster than that of the filter algorithm with-gular raten = 0.0011 rad/sec. We can see from Egs. (80)
out a covariance reset. The estimation errors for each compehat among the six inertia components, only the products of
nent of the disturbance torque are shown in Fig. 8 with theiinertia (J»3, J13 and J;2) show up due to the presence of

3o-bound lines. the gravity-gradient torque. But note that the control inpu
and the aerodynamic torque..,., have small values with the
5. PARAMETER ESTIMATION same order of magnitude. Therefore, exact knowledge of the

Parameter estimation is a process of extracting informatioaerc’dynamIC and control input torque are needed to directly

about a system from measured input and output data. I:Ocralculate the product of inertias, which is not feasible inal

the ISS, the uncertainty in the aerodynamic torque may af\_/vorld.

fect the vent torque estimation results if they have the sam

order of magnitude. Also, uncertainties in the inertia timatr i numerical test is done with the batch least-square method

components may contribute to the residual disturbance to %(P check the observability pondmons in the LVLH fixed at-
titude mode. The assumptions are: 1) perfect measurements

certain degree when the spacecraft attitude is under aaeele fthe attitud | t trol inout and th
tion due to a large vent torque. For the ISS, the inertia param0 € attitude, angular rate, control input and the angaiar

eters for each configuration is pre-calculated on the groun&eler.atlon are available, 2) perfect knowledge of the aerod .
with CAD tools. But these values may not be precise sincd12mic torque, 3) no other disturbances besides aerodynamic
and gravity-gradient torque are present. The solution ef th

the ISS is made up of multiple rigid bodies interconnected t L T
each other and undergoes several configuration changes dcﬂﬁ_ast-square method for the estimation of the inertia miri

ing its lifetime. Also the calculated atmosphere densitthwi as follows: . T 1 7T ~

MET model has uncertainty of 15% (standard deviation) [18]. = H)"HY (81)
Although the center of pressure is pre-calculated with soma&vherez is a 6-dimensional vector containing the elements of
sophisticated software on the ground, its precise value mathe inertia matrix as

be inaccurate since its values is measured from the center of A T

mass of the spacecraft which itself includes uncertainBes @ =J = [Ju1 Jaz Js3 Jaz Jis o] (82)

the projected areas of the spacecraft are relatively weshin and theH and they are quantities known from the measure-

compared to ther aerodynamic parameters mentioned abovﬁ'ents and the control inputs. Note that a linear parametriza
Therefore, online parameter estimation method may be e

: . . jon of the equations of motion is needed to use the batch
ployed to estimate these slowly _changlng parameters In rea east-square method. The Euler equations can be linearly pa
time when we know that there is not a \_/entl_ng leak acting,, meterized with respect to the unknown inertia components
on the spacecraft. But the parameter estimation perforenan

depends heavily on the observability of the parameters-of in

terest. Usually in the parameter estimation problem, thest o + 7,.., = Jw+w x Jw — 3n2C5 x JC5
vector is extended by adjoining it with the vector of unknown — [Di(@) + D3(w) — 3n2Ds(C3)]J
parameters, as we have done for the vent torque estimation al N -
gorithm. In this section, online parameter estimation rodsh Y= HJ (83)

using the least-square approach are derived and the eelatiy yore the matrice®, andD; are defined as in [7].
observability of the inertia components are investigated.

. ) . ) ) The quantityd ™ H should be strictly positive definite since
When the ISS attitude is near the LVLH, the |n_ert|a m_atr_|x arejts inverse appears in Eq. (81) to solve the unknown parame-
unobservable even though there are some slight attitudle vat, 4. |n practice, we requird!” H to be well-conditioned

ations due to the time varying aerodynamic torque. ASSUmMIng, ,sef;| measure of the condition of a matrix is the condition

that the aerodynamic parameters are known, the inertia Maymper. The condition number varies from 1 for an orthog-
trix observability in an ideal LVLH fixed mode can be Shown a1 marix to infinity for a singular matrix. From a numeri-

from the following equations: cal simulation, when all six components of inertia matrig ar
Joe — 1 _ solved using the Eg. (81), the condition number of e H
T 4n2 (Tacro1 = w1) is 1.7 x 10'° resulting in the divergence of the solution. The
1 relative observability among the inertia components is-ana
Ji3 = 3?(“2 — Taero2) lyzed using the eigenvalue and eigenvector decomposifion o
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’ state uncertainty. Also, the inertia estimation should &e p
\ {23 ] formed only when an attitude maneuver is present to enhance
= the observability of the parameters.
3 s .13
= 6. LEAK LOCALIZATION
c 4 o 4
2 Jas J12 Once a vent torqud,.,,; is estimated by the real-time filter,
3 sf ° 1 the next step involves determining the position veetgs,,.,
% Jag which is the moment arm of the vent torque satisfying
@) 2 o 4
Jll dvent = Tyent X F'Usnt (84)

Eigenvélues i_riogm—(~) ) _
Figure 9. Relative Observability of Inertia In the above equation, the vent toradg.,,; and the magni-
tude of F',.,,; are known by the estimation algorithms. The
overall steps for locating a leak on the ISS are as follows:

the HT H matrix, which is shown in Fig. 9. In this figure we . ] .

can see the relative observability of the inertia compament 1. Model the 3 dimensional geometric surfaces of the pres-
For example,/y; is the maximum component of the eigen- Surized parts of the spacecraft. .

vector which corresponds to the eigenvalue arod'®. 2. Est_|mate the vent torque and magnltudg of the vent thru_st.
As expected the three products of inertia, which have theif- Slice the 3-D surfaces of the pressurized modules with
eigenvalues near0—° are the most observable components@ plan_e perpendlcula_\r to the direction of the vent torque so
among the elements, whereas the three moments of inertiBat this plane comprises the center of mass of the spatecraf
have their magnitude nea6—'5 which is 109 smaller than From the fundamental definition of torque, a torque about the
those of the products of inertia. A simulation has been don&enter of mass of a rigid body is perpendicular to the plane
to estimate the product of inertia with a batch least-squar€0MPprising the vectors,c,; and Fueni. SO, Tvents Fuent
method, and the results are shown in Fig. 10 (where the rednd the center of mass are all in the same plane normal to
sults are calculated at regular instant of time with the cumuthe direction of the vent torque. Denote this planerbyrhe

lative measurements). The three components converge VeWtersection between the planeand the surface of the space-
craft produces contours.

a0 ‘ ‘ ‘ ‘ ‘ ‘ 4. With the assumption that the vent thrust is normal to the
i ] tangent plane of the partial section on the ISS surface where
7 the leak occurs, calculate the gradient vectors (directam

mal vectors) of the points that make up the sliced contours
L1z 1 s obtained in Step 3.

‘ ‘ ‘ 5. Multiply the magnitude of the vent thrust estimated ingSte

il 1 with all gradient vectors calculated in Step 4.

] 6. Since the position and gradient vectors of all the points
E ‘ ‘ ‘ " L 16 making the sliced contours are known, calculate the regplti
s : : : : : : torque at each point on the contours.

o 1 7. From the torques obtained for each point in Step 6, select
i , , i the torques that are closest to the estimated torque (wthin
error bound) and check their points on the contours.

L
-18 -16

Jiz (kgm? Jiz (Kgm? Jog (Kg m?

time [
) ) (or@t) ) The actual geometric structure of the station eliminatesyma
Figure 10. Inertia Product Estimates Using Least-Square€qs the possible solutions: however, multiple solutions may
Method still exist. In this case further assumptions can be madg su
as the probability of impacts by the debris or small metesrit
fast within an orbit to its true values as expected. The coris low on the aft and nadir facing surfaces since these ssfac
responding condition number is 16 which is much smallerare shaded by other structures. Also, the leak localization
than the previous simulation case revealing thatAiHed is  method based on the attitude response may be combined with
now a well-conditioned matrix. But note that the presence othe conventional leak localization methods. For exampble, i
noise in the measurements makes the products of inertia utlke solution shows two leaks situated at two different meslul
observable. For the real-time estimation of the inertia, Wk  then only one hatch closure between any of these modules is
approach is preferred over the EKF since the expected errgreeded to check which one of the two modules leaks. Further-
is lower and it avoids the derivation of complicated Jacobia more, visual inspections by the crew may narrow the possible
matrices with its robustness in the presence of large Initialeak solutions.
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7. NUMERICAL SIMULATION

A numerical algorithm coded in MATLAB has been devel-
oped to test the performance of the leak localization method
for various situations. For the simulation, the ISS assgmbl
Stage 16A is considered (see Fig. 11). In this research, MAT-
LAB 3-D surface models of the pressurized segment of the
ISS Stage from 4R to UF-7 have been developed based on
the data provided in Ref. [1]. The isentropic depressunnat
process of the air inside the ISS is assumed. The mass and
aerodynamic properties of the ISS are provided in Ref. [1].
The inertiaJ is given by

2, (m)

127908568 3141229 7709108
J=| 3141229 107362480 1345279 | (kg my , o ,
7709108 1345279 200432320 Figure 13. Slicing 3-D Surface Model with Plane

(85)

The centers of pressure gog,, = [0, —0.355,-0.927]" m,  is 1.8241 x 10~* m2. As seen from this figure the Kalman
Pepy = [—7.94, 0,—1.1]" mandp,,. = [1.12, 0.247, 0]" filter accurately estimates the leak hole area. The vensthru
m in the Space Station Analysis Coordinate System (SSACShagnitude is then computed with the internal pressure mea-
with respect to the center of mass. The componentsand  surement and the estimate of the hole area.
z represent the three orthogonal axes of the ISS body fixed
frame [1]. The reference projected areas gife= 967 m?, For the first simulation a leak is assumed on a module shown
S, =799 m? andS, = 3525 m?. in Fig. 13. The sliced planewith contours in 3-D is shown in
Fig. 14. Using the leak localization approach a single lesk h
The Global Positioning System (GPS) attitude-sensobeen determined for this simulated case, depicted in Fig. 15
measurement-error standard deviation is giverwpy= 0.5 The estimated position is marked withrathe true position
deg, and the ring-laser gyro sensor measurement-error staof a leak is marked with & for comparison, and the center
dard deviation is given by,, = 4 x 1076 deg/sec [19]. The of mass is marked with @on the plane-. Slicing of the 3-D
measurement-error standard deviation of the internabpres  surface is performed at the end of the simulation=( 100
is given byo = 0.1 mmHg. For the depressurization of the air sec). If no errors are present in the assumed model and if the
inside, the initial internal temperature and pressure eréos  assumptions made so far are perfectly satisfied, then tke clo
Ty = 21° C andP, = 1 atm, respectively. The back pressure est torque yielding the point to the estimated vent torque is
is assumed to b&g = 0 atm, and the volume of the entire the true leak point. But because of sensor inaccuracies and
pressurized system for ISS 16Ali5= 867.2 m?. Finally, an  modelling errors in the inertia, the estimated vent torqag m
inertia uncertainty of 3% is added to the trie deviate from the true value. Therefore, an upper error-tioun
should be set when selecting points that yield the torque clo
Simulations are done for 100 seconds from the start of thestto the estimated vent torque. For the case shown in Fig. 15
leak. Figure 12 shows the estimate of the leak hole area usve conclude that the leak occurs on the contour line labelled
ing the Kalman filter algorithm. The true leak hole aréa 8, which corresponds to the Kibo JEM pressurized module.
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Figure 16. Contours on Plane with 3 Possible Leaks
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source of disturbance when a leak occurs. Because of inher-
ent complexities, analyzing these effects may be difficult.

251
tauplane

20

il 8. EXPERIMENTAL VALIDATION

ytau

Al oy | In this chapter, we will show the effects of the air vent with
O ° the actual measurements taken from the ISS. A direct test of
the current leak localization method is not possible, big it
still useful to test the actual influence of the vent torquéhen
Nl ‘ ‘ ‘ @ ‘ ‘ ] ISS attitude for an airlock depressurization, which ocedrr
oo b during the Extravehicular Activity (EVA) when the shuttle
was docked with the ISS in February 2001. The first part
Figure 15. Contours on Plane with Possible Leak of this chapter will show the results of the disturbance tierq
estimation with the actual attitude data of the ISS in the TEA
mode taken in January 2002. Next, we will show the Space
Shuttle airlock depressurization effects on the attitudi w
the actual data taken in February 2001.

Xt

In this simulated case, the leak location is well estimated u
ing the new localization method.
Another simulation has been done where multiple IocationsD'Sturbance Estimation Test
may result from the given estimated vent torque. In this casén this section, the disturbance estimation algorithrmstest
the estimated leak locations are spread over several nmduléng the UF and the EKF are done for the actual attitude and
as shown in Fig. 16. The locatio#§, P, and P; are possi- rate data downloaded in January 2002 for the ISS assembly
ble leak candidates (the true leak point is situated fgar  stage UF1. The quality of the raw data is not ideal to check
But sinceP; and P, are on the same module, a crew personthe disturbance estimation algorithm because of the pcesen
only needs to close one hatch between the module labelleaf large measurement gaps within several portions of arbits
20 and the module labelled 19 to verify which one of the twoThese data gaps problem can be avoided if the disturbance
modules has a leak. This is accomplished by measuring thestimation algorithm operates online onboard the ISS.hall t
internal pressure drop rate or using visual inspectionsi®f t data gaps in the actual data are interpolated at 1 Hz for the
estimated leak points. If the leak hole is due to space debris estimation purpose. Figures 17 and 18 show the attitude and
small meteorite punctures, then the aft and nadir facing suthe CMG control input measurements profile of the ISS, re-
faces of the ISS have little possibility to be impacted. Thisspectively. From Fig. 17, we can see that the TEA is about
is also true for locations where regions are protected bgroth -1° for roll, -8° for pitch and -10 for yaw axis, also note that
structures, as is the case for poitt Therefore this pointis the attitude sensor noise is much smaller than the GPS atti-
not a likely candidate for the leak. tude noise standard deviation of ©.&ince the attitude were
measured by the Russian star tracker (the GPS attitude data
Initial results indicate that the leak localization methndy  were not available for the ISS assembly stage UF1). From
be sensitive to modelling errors, such as the spacecrafi magig. 18, the CMG momentum buildup does not occur in all
properties and aerodynamic parameters. Also the effebkoft three axes, meaning that the spacecraft attitude is in tihe TE
disturbance torque caused by the pressure of the impingememode. Figures 19 show the noisy angular rate measurement.
of the leaking air plume on nearby surfaces may be a criticaln the attitude dynamics model, the aerodynamic torque-is in
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the residual torque. To test the performance of the currerffigure 20.  Disturbance Torque from Finite Difference

disturbance torque estimation approach, the residualiéorqg Method

is calculated using a finite-difference method as

ar(t) =TSO m () hie) < H ()

—3n?C3(q(t)) x JC3(q(t))

(86)

where At is the sampling time which is 1 sec. In Eq. (86)
all the quantities come directly from the measurement with-
out any filtering process. The resultinty (¢) is shown in
Fig. 20 where we can clearly see the interpolated part of the
measurement data. But by looking at this figure not much
information can be obtained since the plots are too noisy to
analyze. Figure 21 is the residual torque estimated usimg th
UF approach where much of high frequency noises is filtered
out compared to Fig. 20. But since the true residual torque
is unknown, the Fast-Fourier Transform (FFT) method is em-
ployed to extract the magnitudes and their correspondiag fr
quencies fromd;(t). Figure 22 shows the comparison be-
tween the FFT of thel;(¢) and the FFT of the estimated

value,d(t), using the UF. In this figure, it is hard to discern
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Value of Disturbance Torque FFT

: : : : : : The polynomial equations can be expressed as follows:

S : d(t) = c+ ajcos(nt)+ by sin(nt) + as cos(2nt)
: +  besin(2nt) + a3 cos(3nt) + bz sin(3nt)
’ : : : ) ) ’ + a4 cos(4nt) + by sin(4nt)

= ¢+ mycos(nt + ¢1) + ma cos(2nt + ¢2)

: (———/ +  mgcos(3nt + ¢3) + mycos(4nt + ¢4) (87)

0 1 2 B 4 s s wherem; ~ my for each element= 1, 2, 3 are defined as
S mi(i) = Vai(i)? +bi()? (88)
S| ﬁﬁ , ma()) = az(@)? + ba(i)? (89)
: ‘ ‘ ‘ : ° m3(i) = +/a3(i)? + bs(i)? (90)

my(i) = Vaa(i)® + ba(i)? (91)

The estimation results ofr; ~ my4 using the KF are shown
in Figs. 23, 24 and 25. We can see that the estimate results

the two lines since they overlap perfectly each other, meanc—)]c candm, ~ mq are consistent with the results shown in

ing that the low frequency components are all extracted fromFIg' 22. Note thatn, ~ my should be multiplied by two

the noisy measurements without any significant attenuation when comparing with the results of the FFT. The quantities

their signal powers. Every component of the residual d4'sturOf second components af; andm, are not as prominent

X . . as can be seen from the second plot of Fig. 22. Tlemed
bances constitute of a bias plus some signals whose frequen-

cies are multiples of the orbital frequency (0.00113 rad/s)m1 ~ m. can be subtracted from the overall residual torque

The bias plus signals up to 2 times of the orbital frequencyWhen a vent torque is present. But an assumption should be

are dominant forl, andds. But for d,, periodic signals with made that the spacecraft does not deviate much from the atti-

frequency up to 5 times the orbital frequency have equi\lalentude wherem, ~ m, are estimated,

magnitude compared to each other. Since the inertia uncer:- . - .
. . ; C A proposed method involves determining a residual model
tainty error has little effect on the attitude dynamics ie th . X \
; error, which includes all the aforementioned effects, giire
TEA mode, the residual torque can be thought as the aerqQ-_".. L
. . F filter when it is known that a leak does not occur. Then,
dynamic torque plus some small magnitude of unmodele

disturbances. The frequency at one-time of the orbital fre 2SSUMING thatthe residual error is small for the next offti,

. . model error is subtracted from the new estimated model error
guency is caused by the diurnal bulge of the atmosphere den- . . .
. . : . in the next orbital pass. If no leak is determined, then a new
sity, whereas the two-times of orbital frequency compoigent . : . . .
o X residual error is determined and the process continuelaunti
produced by the seasonal effects, which is latitude depgnde leak is found
and the solar arrays rotational effects. But in the ISS UF1 '
only one of two U.S. solar arrays was fully functional be@aus
one of the solar array gimbal had a mechanical problem.
The cyclic residual torque shown in Fig. 21 can be fitted toThe effects of the air vent on the attitude of the ISS assem-
the polynomials at integer multiples of the orbital freqagn  bly Stage 5A with the mated Space Shuttle (STS-98) is in-

n, by using the batch least-square or real-time Kalman filtervestigated in this subsection (see Fig. 26 adapted from [1])

C2

time (orbit)

Figure 23. Estimates ot Using KF

Airlock Depressurization
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Figure 28. CMG Angular Momentum

to maintain 345 hPa.
2. The valve is reopened with the valve diameter increased to
depressurize the airlock from 345 hPa to 0 hPa.
AIRLOCK The first plot of Fig. 29 shows the temperature measurement
and the pressure profile in the airlock. The airlock depnessu
Figure 26. ISS mated with Space Shuttle Atlantis, Stage 5Aization occurs at t = 18400 sec (note that t = 0 corresponds to
Intermediate 2 t = 2001, 045, 00 h 00 min 00 sec in GMT). The magnitude
of the thrust caused by the venting air is estimated based on
the following assumptions:
The purpose of this section is to estimate the torque and the
magnitude of the thrust caused by the air vent from the dei. Depressurization of the airlock follows an isothermal-pr
pressurization of the Space Shulttle airlock for the prdjmara
of extravehicular activity (EVA) of the crew. The actual aat
are recorded from 2001, 045, 09 h 30 min (GMT) through
2001, 045, 15 h 40 min (GMT), and airlock depressurization
started around 14 h 30 min. Because a T-shaped valve is used
(see Fig. 27), where air is vented on opposite sides of the
valve structure in the direction afz (third) body axis, the (110" ‘ x10*
net thrust should be nullified in theory. But if the expelléd a
is not uniform at both openings a net thrust may occur. In the
present case, from Fig. 28, the CMG momentum buildup oc- : : : : : : : :
curs during the pressurization process which means that the s LeL 1@ 183 184 185 18 17 18 16
net thrust is not cancelled.

P

x10"
T

P(Pascal)

=

A(M?)

»
S

Thrust(N)

0

In preparation for an EVA, two stages are needed to depres-
surize the Space Shuttle external airlock:

!
N
RS

o time(séc) ' Bt
1. The airlock is depressurized from 703 hPa to 345 hPa. ki re 29, Pressure, Hole Area and Vent Thrust Estimate
The valve is open until 345 hPa is reached and then closed
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Figure 30. Attitude in Roll, Pitch and Yaw

cess based on the internal temperature history.

2. A single straight opening valve is used (although a T-
shaped valve is used in reality).

3. No air flow decelerations occur inside the valve (dA = 0),
but the hole ared is not required to be a constant.

Only the upper bound magnitude of the vent thrust can be
given because of the assumption made in 2. We can as-
sume that the temperature inside the airlock is nearly eonst
around 18 C based on the temperature measurement taken
inside the airlock. Therefore, we can infer that the isether
mal air model is a better representation of the physics of the
air depressurization inside the airlock. Figure 29 showes th
results obtained from the EKF algorithm. The figures are re-
scaled to show the depressurization part in detail. The pres
sure data closely follows the predicted depress proces$eof t
EVA explained earlier. The estimated hole area varies be-
tweenl x 107* m? to 3 x 10~* m?, which corresponds to
0.56 cm (0.22 in) and 1 cm (0.4 in) in hole radius, respec-
tively. Note that the computed valve area does not reveal the
actual one because of the assumptions made in 2. Therefore
from the results shown in Fig. 29, only an upper bound of the
exit area of the valve can be obtained. Figures 30 shows the
attitude measurements profile of the ISS. The angular rate
measurement and its estimated value using the UF approach
are shown in Figs. 31 and 32, respectively.

The vent torque estimation results using the UF approach is
shown in Fig. 33. In this figure, we can see that negative
torques occur iml; andds, and a positive torque arisesdg.

It may be the results of the plume impingement effects of the
venting air on the nearby surfaces of the spacecraft stestu
For the analyses of the plume impingement effects, a compu-
tational fluid dynamics (CFD) method should be performed
which is outside of the scope of this paper. But we can infer
from Fig. 27 that the presence of the radiator (in the dicgcti

of the y body axis) on the left-hand side of the figure might
have impinged with the venting plume reflected by the Shuttle
bay.
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Figure 33. Disturbance Torque Estimate



Thisis notideal case to test the leak localization methodesi  ules leaks. Furthermore, visual inspections by the crew may
the external airlock of the Space Shulttle is situated indide narrow the possible leak solutions.
Space Shuttle cargo bay with the depressurization valie at i
bottom part (valve location{10.34 0.865 10.568]7 m), Numerical results showed that the proposed leak localiza-
which probably interacted with surfaces near the airlocktion method determines the location of the leak rapidly and
valve. The computation of the stream of the vent plume infprecisely. Furthermore, actual test data from a depressuri
side the shuttle cargo bay can only be performed with theion of the Space Shuttle airlock indicates that the progose
traditional computational fluid dynamics (CFD) which is out method has the potential to accurately estimate the leak hol
of scope of this paper. Furthermore the geometry of the Tsize and venting force magnitude.
shaped valve makes the analysis more complicated. However,
the obtained results are consistent with intuitive assionpt  The advantages of this localization method are: no other
devices are needed besides pressure gauges, spacecraft att
9. CONCLUSIONS tude and rate sensors, and relatively fast leak localizatam

. o . .. be achieved compared to the conventional leak localization
In this paper a new leak localization method using the altitu ; o

: ; .. method proposed for the ISS. Also this localization method
response is developed for the ISS. The reaction thrushgrisi . ; .

. . . .not only determines the possible leaking modules but akso th
from a vent due to air leak are calculated using the isertropi : : o
possible locations of a leak hole within the surfaces of the

poz_zle theory. Also, the Isentropic and |sothermal depress modules, which may be critical to allow for repairs rathenrth
ization models have been considered to describe the depres-_ . . : ;

. . Sealing off the module or performing a station evacuation.
surization process of the pressurized module. Based oa thes
models, the vent thrust magnitude is estimated by employ-
ing the KF. The UF approach is used for the purpose of esti-
mating the attitude and residual disturbance torque. The UFhis work has been supported by a grant from United Space
approach is preferred over the EKF since the expected errdklliance (contract number C00-00109). This support is
is lower and it avoids the derivation of complicated Jacobia greatly appreciated.

matrices. The superior performance of the USQUE over the
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