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ABSTRACT

This paper presents a new method to localize air
leaks on the International Space Station based on the
spacecraft attitude and rate behavior produced by a
mass expulsion force of the leaking air. Thrust arising
from the leak generates a disturbance torque, which
is estimated using a real-time predictive filter with
a dynamical model (including external disturbances
such as aerodynamic drag and gravity-gradient). The
leak location can be found by estimating the moment
arm of the estimated disturbance torque, assuming
that leak is caused by only one hole. Knowledge of
the leak thrust magnitude and its resulting distur-
bance torque are needed to estimate the moment arm.
The leak thrust direction is assumed to be perpen-
dicular to the structure surface and its magnitude is
determined using a Kalman filter with a nozzle dynam-
ics model. There may be multiple leak locations for
a given response, but the actual geometric structure
of the space station eliminates many of the possible
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solutions. Numerical results show that the leak local-
ization method is very efficient when used with the
conventional sequential hatch closure or airflow induc-
tion sensor system.

INTRODUCTION

The International Space Station (ISS) is orbiting
in a 51.6° inclination near-circular Low-Earth-Orbit
(LEO) with an altitude between 370 and 460 km, and
is expected to have a minimum operational lifetime
of 15 years. Because of the large structure, long life-
time and orbit characteristics, the ISS may be subject
to impacts of hyper velocity particles such as micro-
meteorites and space debris that can severely damage
the station. This damage may threaten the safety of
the crew if the pressurized wall of a module is perfo-
rated, which may result in significant air loss. Col-
lisions with other objects are another possible cause
of a leak, as occurred in the Russian Space Station
Mir in 1997. To protect the ISS from the impact dam-
ages, various debris shields have been designed. Heavy
shields are placed in the forward facing area which is
likely to be hit frequently, and fewer shields are used
in the nadir-facing and aft area.’

Perforations in a pressurized module will result in
a rapid temperature and pressure decrease. Therefore
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fast determination of the extent and location of the
leak is needed to maintain the operational status in or-
der to provide safety for the crew. The first indication
of a leak in the ISS is the depressurization of a mod-
ule. The leak size can be calculated by measuring the
internal pressure and its depressurization rate. Based
on the extent of leak it is possible to calculate the “re-
serve time” left until a crew evacuation is required.
Depending on the reserve time operational decisions
must be made, including: 1) whether or not to per-
form a leak isolation to patch the leak, or 2) evacuate
the ISS. Leak localization should be performed first
to find the leaking module. Then the exact location
within the leaking module for repair purposes can be
determined.

Conventional methods to locate air leaks on the ISS
include the sequential module leak isolation process
for the US segment (prior to assembly stage 10A)
and the airflow induction sensor system for the Rus-
sian segment. The sequential module leak isolation
process involves having the crew close hatches sequen-
tially while monitoring the pressure difference across
each hatch. A drawback of this process is very small
pressure differences can keep a closed hatch from be-
ing open again, which significantly reduces the reserve
time and can pose an immediate risk to the crew.
Thus, safety dictates that the hatches be closed in an
order that will never trap a crew member away from
the escape vehicle. This may significantly inhibit the
leak isolation process if the leaking module is not lo-
cated within the first few hatch closures.

The airflow induction sensor system employs hot-
wire anenometers situated in hatchways to measure
the air flow direction and its rate. The hot-wire
anenometer operates by air passing across a wire with
a current running through it to maintain a constant
temperature in the wire. These devices are installed at
all hatchways of the Russian segments. However, the
airflow induction sensor system designed for the ISS
has several limitations for the following reasons. The
sensors are not mounted at all hatchways of the US seg-
ment (only at Node-2 and Node-3 of the US segment).
Therefore the sequential module isolation process is
still needed to determine which module leaks in the
US segments. Since the sensors are very sensitive to
the air circulation inside, the venting system and the
movement of the crew must be stopped for several min-
utes, which may waste time in an emergency situation.
Because these sensors are situated in hatchways, the
location of the leak within the suspected leaking mod-
ule cannot be found for repair purposes without using
other inspection processes (this is also true for the se-
quential isolation process). Therefore a more efficient
localization system is needed to locate the leaks.

The new method presented in this paper uses the
attitude response of the ISS caused by the leak reac-
tion force of the air flowing through a perforated hole.

2

The leak force can yield a strong reaction torque de-
pending on the size and location of the leak. A leak
hole on the surface of a pressurized module can be
modelled as a short nozzle with the leaking air as the
propellant. We assume that the line of action of the
leak force is perpendicular to the cross section area of
the leak hole. This assumption is reasonable due to
the relatively thin skin of each module. Based on the
nozzle dynamics, an extended Kalman filter algorithm
is used to estimate the leak force magnitude with the
internal pressure measurements. The leak torque is es-
timated by a predictive filter? using attitude and rate
measurements. Advantages of the predictive filter in-
clude: model errors are estimated as part of the filter
solution, and online implementation of the estimation
algorithm is possible. In this research, the leak torque
is treated as a model error and is estimated by filter-
ing the attitude and rate measurements. The possible
locations of the air leak are then calculated using the
estimated leak torque, leak force magnitude, and the
actual geometric structure of the pressurized segments.
For simplicity, the disturbance torque caused by the
pressure of the impingement of the leaking air plume
on nearby surfaces is neglected. Also, we assume that
the leak is caused by a single leak hole.

There may be single or multiple leak locations that
produce the same attitude response. To reduce the
number of possible solutions, conventional methods
are combined with the new leak localization method.
This approach reduces the number of possible solu-
tions, so that fewer hatch closures are required to
uniquely determine the leak location. Advantages of
the attitude response method include:

1. No other devices are needed besides pressure
gauges to measure the air pressure, and spacecraft
attitude and rate sensors.

2. Relatively fast leak localization can be achieved
compared to the conventional leak localization
method proposed for the ISS.

3. The new method not only determines the possible
leaking modules but also determines the possible
locations of the leak hole within those modules.
This may be critical to allow for repairs rather
than sealing off a module or performing a station
evacuation.

The remainder of paper is organized as follows.
First, the characteristics of the leaking air are shown
using isentropic and isothermal nozzle models. Then
the Kalman filter is derived for the calculation of the
leak force magnitude. Next a summary of the attitude
kinematics and dynamics for the ISS is given. Then a
derivation is shown for the leak torque estimate using
the predictive filter. Finally numerical simulations are
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PRESSURIZED
MODULE

Fig. 1 Air Flow Through Leak Hole

presented and an example of the shuttle airlock de-
pressurization effect on the ISS is shown using actual
data.

LEAK FORCE

A leak hole perforated on the surface of a pressur-
ized module will behave like a short length nozzle.
The dynamic properties of the air flow through the
leak hole are analyzed using one dimensional isen-
tropic and isothermal nozzle dynamic models. Fig. 1
shows the diagram of the air flow through the leak hole
on the pressurized module, where 7" and 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 inside of the pressurized module, respectively,
Frrak is the leak force, and Pg is the back pressure.
The mass flow rate in a leak hole is given by?

AP
RT*

(1)

where A is the area of the hole, R is the ideal gas con-
stant (287 N-m/Kg-K), and v* is the exhaust velocity
of the air satisfying

v* = \/yRT* (2)

where  is the specific heat ratio, with v = 1.4 for an
ideal gas. The mass flow rate 7 can be expressed as a
function of the air inside the pressurized module. This
is accomplished by substituting the following expres-
sions into Eqn. (1):

Py
-7 ()
v+1
()
v+1

. AP\~ ( 2 >2€$”1>
= — 2
VRT \1+~

The actual mass flow rate can be calculated by multi-
plying 1 in Eqn. (1) by the discharge coefficient Cp.

m:

(3a)
(3b)

yielding

(4)

3

Using the thrust equation the leak force magnitude is
given by

|Freak| = Cprmw”™ + (P* — P,)A (5)

where P, is the ambient pressure which is approxi-
mately zero for the vacuum of space. Substituting
Eqns. (1), (2) and (3) into Eqn. (5), and simplifying
yields

|Frepakx| = AP (Cpy +1) (L> o (6)

v+1
Note that the magnitude of the leak force is propor-
tional to the pressure inside the module and to the
area of the leak hole. This expression is very useful
since the leak force magnitude is a direct function of
the internal pressure P, which can be measured by a
pressure sensor. For the calculation of the hole area A
the following approach is used. The indication of an
air leak in a pressurized module is the depressurization
of the air. The air inside the module follows the ideal
gas law, given by

mRT
P=— 7
where V' is the volume of the air. Differentiating

Eqn. (7) with respect to time and using 7 from
Eqn. (4) gives a depress rate model. Two kinds of
depressurization process models are used, depending
on the temperature characteristics of the air. For an
isentropic air model, where P and T is related by

p =t
TTO(PO)

the depressurization rate P is

(8)

P = —k AP (9a)
~+1
WETH i (2 \0
Ifl = v ]:)027 5 1 CD (Qb)
3y—-1
kQ = 727 (9C)

For an isothermal process, T is treated as a constant
in Eqn. (7). Therefore the depressurization rate P can
be derived as

P = —k3APO (10&)

14y

A /RTO’)/ 2 2(v=1)
ko = _— AP, 10b
3 % 154 0Cp (10b)

where the subscript 0 stands for the initial value and,
k1, ko and k3 are constants. Now, we can calculate the
hole area A by measuring the internal pressure P and
its depress rate P.

Comparisons between the isentropic and isothermal
gas model are shown in Figs. 2 and 3, using the ISS
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Fig. 3 Leak Force Magnitude

assembly Stage 16A with a leak hole radius of 0.3
inch. From Fig. 2, the isentropic gas model gives
a faster pressure drop in the internal pressure than
the isothermal gas model. Therefore the reserve time
tres, which is a measure of the time it takes for the
current pressure P to reach the minimum habitable
pressure P,,;, ~ 490 mmHg, is shorter using the isen-
tropic gas model than using the isothermal gas model.
The reserve time t,.s can be obtained by integrating
Eqn. (9b) for the isentropic process and Eqn. (10a)
for the isothermal process. The reserve time for the
isentropic process is

1—
(PnLin)? 1
tres - 2(7+11) (11)
—-1A 2 e
Ty VRTY (m) Cp

where the internal temperature T can be substituted

by P from Eqn. (8). From Fig. 3 the leak force magni-
tude is larger using the isothermal gas model, meaning
the isothermal gas model produces a greater torque
than the isentropic gas model. If the leak area hole size
is small then the isothermal model can be used (since
the temperature will remain fairly constant), otherwise
the isentropic model should be used.

Estimation of Leak Force Magnitude

Since the actual internal pressure measurements are
corrupted by noise, the Kalman filter* is used to es-
timate the hole area which is needed to calculate the
magnitude of leak force. The state equations for the
depressurization process have the following form

x(t) = £[x(t),t] + n(t) (12)
where the state x(t) = [P(t), A(t)]T and

— ko
(0. = | 7] (13)

for an isentropic process model, and
el = |5 (14)

for isothermal process model. The vector n = |1y, 727

is the process noise vector, where 7; and 7o are Gaus-
sian white-noise processes with

E{nit)} =0
E{ni(t)n;(t)} = Qids i (t —t')

with 4, j = 1, 2. The matrix Q; has the following form

(15a)
(15b)

2
_|oi O
=[5 4 (19
where the terms 0? and 03 are the variances of 7; and
N2, respectively. The internal pressure measurement is
modelled as

Ek = hk [X(tk)] + Uk,
hi [x(tx)] = Py,
where m is the number of measurements and vy, is the

measurement noise which satisfies a discrete Gaussian
white-noise process with

k=1,2,....,m
k=1,2,....,m

(17a)
(17b)

E{v} =0 (18a)
E{vpvi } = Ryl pr (18b)
The propagation of the state satisfies
k(1) = FIR(1), 1 (192)
2 = hy [X(tk)] (19Db)

where X(t) = [P(t), A(t)]T is the state estimate vector.
The error covariance propagation matrix P satisfies

P(t) = F [%(t), (] P(t) + P(O)F [%(1),1]" +Q  (20)
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where F [X(t),t] is given by

Fx(t),1] = %((?)’ﬂ - (21a)
:[—klkggiﬁkz—l —kloﬁkz] (211)

for an isentropic process, and
Fx(t),t] = afa[i((?)’t] B (22a)
:[_’BSA —13115] (22b)

for an isothermal process.
The state estimate and error covariance updates are
given by
)A(z = )ACI: + Ky, [Zk — hk(fcl;)]
Pl = [I—Kka(fc,;)} P

(23a)
(23b)
where the superscript (+) stands for the updated value
and (—) stands for the a priori value. The Kalman gain
matrix is given by
_ - Ny . -1
Kk = Pk Hk(Xk )T [Hk(xk )Pk Hk(Xk )T + Rk}

(24)
where Hy (%) is the measurement sensitivity matrix,
given by

=[1 0]

(25)

Thus with the use of the internal pressure measure-
ments the extended Kalman filter algorithm can be
used to estimate the leak hole area. Then the mag-
nitude of leak force can be calculated by substituting
the estimated values of P and A into Eqn. (6).

ISS ATTITUDE DYNAMICS MODEL

In this section the attitude kinematics and dynamics
of the ISS in the presence of external disturbances in
LEO are derived. For the attitude kinematics, the
quaternion is used to specify the attitude of the ISS.%
The quaternion is defined as

da
where the vector part qp3 is
q1 0
Qi3 = |¢2| =nsin (§> (27)
a3
and the scalar part q4 is
0
g4 = COS (§> (28)

5

where n is a unit vector indicating the principal ro-
tation axis and 6 is the principal rotation angle. The
quaternion components satisfy the following normal-
ization constraint

a’q=¢qi +q5+45+qi=1 (29)

The quaternion kinematic equations of motion are
given by
o1
a=50wa (30)

where w is the angular velocity and €2 is defined as

where [wX] represents the skew-symmetric matrix, de-
fined by

0 —Wws3 (%))
[wx]=| wg 0 —w (32a)
—W?2 w1 0

If the attitude quaternion q represents the orienta-
tion of the body reference frame with respect to the
Local-Vertical-Local-Horizontal (LVLH) orbital refer-
ence frame then the velocity vector w = wp/y, is given
by
(33)

where wp, v is the angular velocity with respect to an
inertial frame, C; is the i*" column of the coordinate
transformation matrix from the LVLH orbital refer-
ence frame to the body reference frame, and n is the
orbital frequency of the spacecraft.®

The dynamic equations of rotational motion of a
rigid spacecraft in a LEO environment are given by
Euler’s equation:

wp/, =wp/n +nCa(q)

H=—[J'(H-h)|xH+Nprac+Ngrav+drpak

(34)
where H is the total angular momentum of the space-
craft satisfying

H=Jw+h (35)

and J is the inertia matrix, N pr 4 is the aerodynamic
torque, Ngray is the gravity gradient torque, h is the
angular momentum of the control moment gyroscopes
(CMGs), and dgpak is the leak torque. Other envi-
ronmental effects such as solar radiation and Earth’s
albedo are neglected. Also the effects caused by in-
ternal moving parts such as solar array rotations are
omitted for simplicity at this point (solar array mod-
els will be included in future studies since the resultant
torques produced by the arrays may be significant).

The gravity-gradient torque for a circular orbiting
spacecraft is given by

Ngrav = 3n°C3(q) x J Cs(q) (36)
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The aerodynamic torque N pgrag is modelled such that
the drag force and the center of pressure location are
functions of the attitude of the spacecraft:

1
Nprac = —iﬂaszDS [pep X C1(q)] (37)

where v, is the magnitude of the atmospheric velocity
with respect to the spacecraft, which can be approxi-
mated as the circular orbital speed. The atmospheric
density p, is assumed constant, which is not com-
pletely true because of the diurnal heating effect of
the Earth’s atmosphere. The drag coefficient Cp is
assumed to be constant for a given orientation of the
spacecraft. Also, S is the attitude dependent frontal
area and p,, is the attitude dependent center of pres-
sure location. A method to determine the attitude
dependent aerodynamic parameters has been devel-
oped in Ref. [6], where the reference area and the
center of pressure are calculated for any orientation by
defining interpolation functions. The projected area
and the center of pressure for the three orthogonal
body reference axes of the ISS are given in Ref. [7] for
each assembly stage.
The leak torque is modelled by

dreax = Rripax X Freax (38)

where Rppax is the moment arm of a leak torque
from the center of mass of the spacecraft to a leak
location, and Fypak is a leak force. The leak torque
is unknown and will be estimated by treating it as a
model error in the predictive filter, explained in the
next section.

LEAK TORQUE ESTIMATION

In this section a nonlinear predictive filter is de-
rived to estimate the leak torque. It is assumed that
measurements of attitude (q), angular rate (@) and
CMG momentum (h) are available. The leak torque
is treated as a to-be-determined model error using
the available measurements in the predictive filter (see
Ref. [8] for a detail derivation of the predictive filter).
The state equations for the filter are

a= 50 [ (B-n) £ ncu@] =t (o 1)
(39a)
i [ )

+Nprac +Ngrav +drear (39Db)

= f, (& H)

where the hat denotes the estimated value. The output
estimate equation is given by

where the lowest order of the time derivative in which
aLEAK first appears is 2 for §; and 1 for y5. Note
that
§o = J (H - h) _ (41)
Using the notation of Ref. [9] and performing the
filter derivation with Eqns. (39a), (39b) and (40), gives
the following equation for the leak torque estimate:

drparx = — {SE()]"AA)RTA(AL)SE ()] + W}
x SRO]TAA)R™ {z2[%(1)] — (L + At) + (1)}

(42)
where %(t) = [@7, HT]”, At is the sampling interval,
y =g’ @"]7, and

1 | At Laxa O4x3
A= 43
: (43)
O34 2AtI3x3

where Z(q) is defined as

qalzxs + [Qi3 x]

E@) =i (45a)
—OI1T3
3= |a, a2 a3]" (45b)
Also, the matrix R is given by
02 44 O4x3
R=|eeeiii. (46)
O34 02 I3x3

where the scalars o} and o2 are the variances of the

measurement error processes of q and @, respectively.
The vector z in Eqn. (42) is given by

Zg
z=|... (47)
Zy
1 Of Ofs
Zg = At fq + §At2 (861 fq + 8:[:(; fﬁ) (48&)
ZI:I = At fH (48b)

Therefore, given a state estimate at time ¢, Eqn. (42)
is used to process the measurement y at time ¢+ At to
find dpax (t) to be used in [t, t+At] to propagate the
state estimate to time ¢ using Eqns. (39a), (39b) and
(40). The weighting matrix W serves to weight the rel-
ative importance between the propagated model and
measured quantities. If this matrix is set to zero, then
no weight is placed on minimizing the model correc-
tions so that a memoryless estimator is given.
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LEAK LOCALIZATION

Once a leak torque dypax is estimated by the pre-
dictive filter, the next step involves determining the
position vector Rpgak, which is the moment arm of
the leak torque satisfying

dreax = Rreparx X Freak (49)
In the above equation, the leak torque dpgpax and
the magnitude of F 1 pax are known by the estimation
algorithms. The overall steps for locating a leak on
the ISS are as follows:

1. Model the 3 dimensional geometric surfaces of the
pressurized parts of the spacecraft.

2. Estimate the leak torque and magnitude of the
leak force.

3. Slice the 3-D surfaces of the pressurized modules
with a plane perpendicular to the direction of the
leak torque so that this plane comprises the center
of mass of the spacecraft. From the fundamental
definition of torque, a torque about the center of
mass of a rigid body is perpendicular to the plane
comprising the vectors Rppax and Frpax. So,
Rriearx, Freax and the center of mass are all
in the same plane normal to the direction of the
leak torque. Denote this plane by 7. The inter-
section between the plane 7 and the surface of the
spacecraft produces contours.

4. With the assumption that the leak force is normal
to the tangent plane of the partial section on the
ISS surface where the leak occurs, calculate the
gradient vectors (direction normal vectors) of the
points that make up the sliced contours obtained
in Step 3.

5. Multiply the magnitude of the leak force esti-
mated in Step 1 with all gradient vectors calcu-
lated in Step 4.

6. Since the position and gradient vectors of all the
points making the sliced contours are known, cal-
culate the resulting torque at each point on the
contours.

7. From the torques obtained for each point in Step
6, select the torques that are closest to the esti-
mated torque (within an error bound) and check
their points on the contours.

The actual geometric structure of the station elimi-
nates many of the possible solutions; however, multiple
solutions may still exist. In this case further assump-
tions can be made, such as the probability of impacts
by the debris or small meteorites is low on the aft and
nadir facing surfaces since these surfaces are shaded by
other structures. Also, the leak localization method

7

il

Fig. 4 ISS Assembly Stage 16A, Ref. [7]

based on the attitude response may be combined with
the conventional leak localization methods. For ex-
ample, if the solution shows two leaks situated at two
different modules then only one hatch closure between
any of these modules is needed to check which one
of the two modules leaks. Furthermore, visual in-
spections by the crew may narrow the possible leak
solutions.

NUMERICAL SIMULATION

A numerical algorithm coded in MATLAB has been
developed to test the performance of the leak localiza-
tion method for various situations. For the simulation,
the ISS assembly Stage 16A with the nominal Earth-
pointing operation mode is considered. Fig. 4 shows
the configuration of the ISS. A MATLAB 3-D sur-
face model of the pressurized segment of the ISS Stage
16A has been developed based on the data provided
in Ref. [7]. The isentropic depressurization process of
the air inside the ISS is assumed, with a true leak hole
radius of 0.3 inch. The mass and aerodynamic proper-
ties of the ISS are also provided in Ref. [7]. The true
mass M and inertia J are given by

M = 469682 (kg) (50)
127908568 3141229 7709108
J=| 3141229 107362480 1345279 | (kg m)>
7709108 1345279 200432320

(51)

The centers of pressure are given by p., =
[0, —0.355, —0.927]7 m, Pepy = [—7.94, 0,—1.1]7 m
and p,,. = [1.12, 0.247, 0]" m in the Space Station
Analysis Coordinate System (SSACS) with respect to
the center of mass. The components x, y and z rep-
resent the three orthogonal axes of the ISS body fixed
frame.” The reference projected areas are S, = 967
m?2, Sy =799 m? and S, = 3525 m?.

The Global Positioning System (GPS) attitude-
sensor measurement-error standard deviation is given
by o, = 0.17 deg, and the ring-laser gyro sen-
sor measurement-error standard deviation is given by
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Fig. 5 True and Estimated Leak Torque

o, = 4x10~* deg/sec.!? The measurement-error stan-
dard deviation of the internal pressure is given by
o = 0.1 mmHg. For the depressurization of the air in-
side, the initial internal temperature and pressure are
set to Ty = 21° C and Py = 1 atm, respectively. The
back pressure is assumed to be Pg = 0 atm, and the
volume of the entire pressurized system is V' = 867.2
m?3. Finally, an inertia uncertainty of 3% is added to
the true inertia J.

Simulations are done for 100 seconds from the start
of the leak. The true and estimated leak torques (de-
termined by the predictive filter) are shown Fig. 5.
Transients are present in the predictive filter, which
are due to model inaccuracies; however, as will be
seen, the leak localization algorithm is fairly robust
even with such large transient errors. Fig. 6 shows the
estimate of the leak hole area using the Kalman filter
algorithm. The true leak hole area A is 1.8241 % 10~4
m?. As seen from this figure the Kalman filter ac-
curately estimates the leak hole area. The leak force
magnitude is then computed with the internal pressure
measurement and the estimate of the hole area.

For the first simulation a leak is assumed on a mod-
ule shown in Fig. 7. The sliced plane 7 with contours
in 3-D is shown in Fig. 8. Using the leak localization
approach a single leak has been determined for this
simulated case, depicted in Fig. 9. The estimated po-
sition is marked with a o, the true position of a leak
is marked with a % for comparison, and the center of
mass is marked with a * on the plane 7. Slicing of
the 3-D surface is performed at the end of the simu-
lation (¢ = 100 sec). If no errors are present in the
assumed model and if the assumptions made so far
are perfectly satisfied, then the closest torque yielding
the point to the estimated leak torque is the true leak
point. But because of sensor inaccuracies and mod-
elling errors in the inertia, the estimated leak torque
may deviate from the true value. Therefore, an upper
error bound should be set when selecting points that

a o N
T T
I I

Pressure (Pascal)
I
T
I

0 10 20 30 40 50 60 70 80 920 100
Time (sec)

Fig. 6 Leak Force Magnitude and Hole Area Es-
timate
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yield the torque closest to the estimated leak torque.
For the case shown in Figure 9, we conclude that the
leak occurs on the contour line labelled 8, which corre-
sponds to the Kibo JEM pressurized module. In this
simulated case, the leak location is well estimated us-
ing the new localization method.

Another simulation has been done where multiple
locations may result from the given estimated leak
torque. In this case the estimated leak locations are
spread over several modules, as shown in Fig. 10. The
locations Py, P, and P3 are possible leak candidates
(the true leak point is situated near P;). But since P
and P, are on the same module, a crew person only
needs to close one hatch between the module labelled
20 and the module labelled 19 to verify which one of
the two modules has a leak. This is accomplished by
measuring the internal pressure drop rate or using vi-
sual inspections of the estimated leak points. If the
leak hole is due to space debris or small meteorite

punctures, then the aft and nadir facing surfaces of
the ISS have little possibility to be impacted. This is
also true for locations where regions are protected by
other structures, as is the case for point P3. Therefore
this point is not a likely candidate for the leak.

Initial results indicate that the leak localization
method may be sensitive to modelling errors, such
as the spacecraft mass properties and aerodynamic
parameters. These values may vary with time; es-
pecially for the aerodynamic parameters which are
coupled with orbit position and solar activity. There-
fore, a robust parameter estimation method should be
employed to exactly estimate these parameters. Sev-
eral methods have been proposed for on-line parameter
identification of the ISS.6 Also the effect of the distur-
bance torque caused by the pressure of the impinge-
ment of the leaking air plume on nearby surfaces may
be a critical source of disturbance when a leak occurs.
Because of inherent complexities, analyzing these ef-
fects may be difficult. A proposed method involves
determining a residual model error, which includes all
the aforementioned effects, using the predictive filter
when it is known that a leak does not occur. Then,
assuming that the residual error is small for the next
orbit, this model error is subtracted from the new esti-
mated model error in the next orbital pass. If no leak
is determined, then a new residual error is determined
and the process continues until a leak is found.

AIRLOCK DEPRESSURIZATION

The effects of the air vent on the attitude of the
ISS assembly Stage 5A with the mated Space Shuttle
(STS-98) is investigated in this section (see Fig. 11).
The purpose of this section is to estimate the torque
and the upper bound magnitude of the force caused
by the air vent from the depressurization of the Space
Shuttle airlock for the preparation of extravehicular
activity (EVA) of the crew. The actual data are
recorded from 2001, 045, 09h 30min (GMT) through
2001, 045, 15h 40min (GMT), and airlock depressur-
ization started around 14h 30min. Because a T-shaped
valve is used (see Fig. 12), where air is vented on oppo-
site sides of the valve structure, the net thrust should
be nullified in theory. But if the expelled air is not
uniform at both openings a net thrust may occur. In
the present case, from Fig. 13, the CMG momentum
buildup occurs during the pressurization process which
means that the net thrust is not cancelled.

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

1. The airlock is depressurized from 703 hPa to 345
hPa. The valve is open until 345 hPa is reached
and then closed to maintain 345 hPa.

2. The valve is reopened with the valve diameter in-
creased to depressurize the airlock from 345 hPa
to 0 hPa.
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Figure 14 shows the pressure and temperature mea-
surements in the airlock, where depressurization oc-
curs at t = 52240 sec (note that t = 0 corresponds
to t = 2001, 045, 00h 00min 00sec in GMT). Airlock
depressurization starts at around 52240 seconds. The
magnitude of the vent force caused by the venting air
is estimated based on the following assumptions:

1. Depressurization of the airlock follows an isother-
mal process 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 area A is not required to
be a constant.

Only the upper bound magnitude of the vent force
can be given because of the assumption made in 2.
We can assume that the temperature inside the air-
lock is nearly constant around 18° C based on Fig. 14.
Fig. 15 shows the results obtained from the Kalman
filter algorithm. The figures are re-scaled to show
the depressurization part in detail. The pressure data
closely follows the predicted depress process of the
EVA explained earlier. The estimated hole area varies
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between 1x10~% m? to 3x 10~* m?, which corresponds
to 0.56 cm (0.22 in) and 1 ¢cm (0.4 in) in hole radius,
respectively. Note that the computed valve area does
not reveal the actual one because of the assumptions
in 2. Therefore from the results shown in Fig. 15, only
an upper bound of the exit area of the valve can be
obtained. This is not ideal case for this research since
the external airlock of the Space Shuttle is situated
inside the Space Shuttle cargo bay with the depres-
surization valve at its bottom part, which probably
interacted with surfaces near the airlock valve. Fur-
thermore the geometry of the T-shaped valve makes
the analysis more complicated. However, the obtained
results are consistent with intuitive assumptions.

CONCLUSIONS

In this paper a new leak localization method using
the attitude response is developed for the International
Space Station. The leaking air through the perforated
hole on the external surface area leads to a reaction
force which results in a torque affecting the attitude
of the spacecraft. The size of the leak was calcu-
lated using estimated values from a Kalman filter of
the internal air pressure and area of the leak hole.
The resultant leak torque was estimated by a nonlin-
ear predictive filter algorithm. The actual geometric
structure of the space station eliminates many of the
possible solutions, but multiple solutions may still ex-
ist. This was overcome by combining the new method
presented in this paper with conventional methods.
Numerical results showed that the proposed leak lo-
calization method determines the location of the leak
rapidly and precisely. Furthermore, actual test data
from a depressurization of the Space Shuttle airlock
indicates that the proposed method has the potential
to accurately estimate the leak hole size and venting
force magnitude.
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