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ABSTRACT

A new method is presented in this paper to localize air leakthe International Space Station based on the spacecraft
attitude and rate behavior produced by a mass expulsior fifrthe leaking air. Thrust arising from the leak generates a
disturbance torque, which is estimated using an unscertedvith a dynamical model (including external disturbasc
such as aerodynamic drag and gravity-gradient). The lezdtitm can be found by estimating the moment arm of the
estimated disturbance torque, assuming that leak is cdusedly one hole. Knowledge of the leak thrust magnitude
and its resulting disturbance torque are needed to estithatenoment arm. The leak thrust direction is assumed to
be perpendicular to the structure surface and its magnigidetermined using a Kalman filter with a nozzle dynamics
model. There may be multiple leak locations for a given respobut the actual geometric structure of the space station
eliminates many of the possible solutions. Numerical tesHow that the leak localization method is very efficienewh
used with the conventional sequential hatch closure opairfiduction sensor system. A user friendly computer code ha
been developed to find the leak location with the proposedthodet

INTRODUCTION bris that can severely damage the station. This damage

. . . . . may threaten the safety of the crew if the pressurized wall
The International Space Station (ISS) is orbiting in ot 5 moqule is perforated, which may result in significant
a 51.6 inclination near-circular Low-Earth-Orbit (LEO) 4ir g5, Collisions with other objects are another possibl

with an altitude between 370 and 460 km, and is expectedy ,qe of o leak, as occurred in the Russian Space Station

to have a minimum operational lifetime of 15 years. Be-wmir in 1997. To protect the 1SS from the impact damages,

cause of the large structure, long lifetime and orbit chary ;o5 debris shields have been designed. Heavy shields
acteristics, the ISS may be subject to impacts of hyper zre placed in the forward facing area which is likely to be
velocity particles such as micro-meteorites and space de-
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hit frequently, and fewer shields are used in the nadimigci location of the leak. A leak hole on the surface of a pres-
and aft ared. surized module can be modeled as a short nozzle with the
Perforations in a pressurized module will result in a rapidleaking air as the propellant. We assume that the line of
temperature and pressure decrease. Therefore fast deterraction of the vent thrust is perpendicular to the cross sec-
nation of the extent and location of the leak is needed tdion area of the leak hole. This assumption is reasonable
maintain the operational status in order to provide safaty f due to the relatively thin skin of each module. Based on the
the crew. The first indication of a leak in the ISS is the de-nozzle dynamics, an extended Kalman filter (EKF) algo-
pressurization of a module. The leak size can be calculatetithm is used to estimate the vent thrust magnitude with the
by measuring the internal pressure and its depressunizatignternal pressure measurements. The venting torque is esti
rate. Based on the extent of leak it is possible to calculaténated by the Unscented Filter (UF) developed by Julier and
the “reserve time” left until a crew evacuation is required. Uhlman?® The advantages of the UF are: 1) it captures the
Depending on the reserve time operational decisions mugtosterior mean and covariance of a random variable accu-
be made, including: 1) whether or not to perform a leakrately to the second-order Taylor series expansion for any
isolation to patch the leak, or 2) evacuate the ISS. Leakonlinearity by choosing a minimal set of sample points
localization should be performed first to find the leakingand propagating them through the original nonlinear sys-
module. Then the exact location within the leaking moduletem, 2) it is derivative-free when the filter equations are
for repair purposes can be determined. already expressed in discrete forms, i.e. no Jacobian and
Conventional methods to locate air leaks on the ISS inHessian calculations need to be evaluated for the computa-

clude the sequential module leak isolation process for th&ion which enable the UF to be applied to any complex dy-
US segment (prior to assembly stage 10A) and the airhamical system and to non-differentiable functién¥he
flow induction sensor system for the Russian segment. Thgent torque, which is not explicitly modeled in the attitude
sequential module leak isolation process involves havinglynamics, shows up as a residual disturbance torque when
the crew close hatches sequentially while monitoring theéhe spacecraft angular rate measurement undergoes a filter-
pressure difference across each hatch. A drawback of thi§g process. In the disturbance torque estimation algorith
process is very small pressure differences can keep a closdle filter state vector is augmented to include the unknown
hatch from being open again, which significantly reducegarameters as additional states, resulting in a total of six
the reserve time and can pose an immediate risk to the cretates, where three states are for the total angular momen-
Thus, safety dictates that the hatches be closed in an ord8m of the spacecraft and the remaining three states are for
that will never trap a crew member away from the escapdhe 3-axis components of the disturbance torque. But prob-
vehicle. This may significantly inhibit the leak isolation lems arise when the unmodeled dynamics (besides the vent
process if the leaking module is not located within the firsttorque) dominate the residual torque.
few hatch closures. Among the external disturbances, the aerodynamic
The airflow induction sensor system employs hot-wiretorque is known to have large uncertainties in its pararaeter
anenometers situated in hatchways to measure the air flolut has relatively less effects on the residual disturbance
direction and its rate. The hot-wire anenometer operates biprque estimation results compared to the uncertainties in
air passing across a wire with a current running through ithe inertia components of the ISS. Therefore parameter es-
to maintain a constant temperature in the wire. These ddimation methods is employed to estimate the six inertia
vices are installed at all hatchways of the Russian segmentsomponents when we know that there is not a venting leak
However, the airflow induction sensor system designed fofcting on the spacecraft. The UF algorithm is employed to
the ISS has several limitations for the following reasonsestimate the inertia in real time. It is shown that the com-
The sensors are not mounted at all hatchways of the Uglete inertia parameters are unobservable when the space
segment (only at Node-2 and Node-3 of the US segmenttation attitude is in its torque equilibrium attitude (TEA
Therefore the sequential module isolation process is stilWhich is the nominal ISS operational attitude. But the in-
needed to determine which module leaks in the US segertia observability can be strengthened with the presence
ments. Since the sensors are very sensitive to the air circ@f attitude maneuvers. Problems in estimating uncertain
lation inside, the venting system and the movement of thénertia and external disturbance torque for the ISS are in-
crew must be stopped for several minutes, which may wasteestigated in several papers such as Refs. 5 and 6. In
time in an emergency situation. Because these sensors dref. 7, small sinusoidal probing signals are used to enhance
situated in hatchways, the location of the leak within thethe observability of the inertia by causing attitude motion
suspected leaking module cannot be found for repair purabout the TEA. Also in Ref. 6, the estimation algorithm
poses without using other inspection processes (thisas aldo determine the mass and aerodynamic torque properties
true for the sequential isolation process). Therefore amorof the ISS in Low-Earth Orbit (LEO) based on the least-
efficient localization system is needed to locate the leaks. square method has been derived with the use of an indirect
The new method presented in this paper uses the attituddaptive control algorithm to enhance the observability of
response of the 1SS caused by the leak reaction force of tHé€ unknown parameters. This method uses a smoothing
air flowing through a perforated hole. The vent thrust canmethod to estimate the unmeasured angular acceleration.
yield a strong reaction torque depending on the size and The possible locations of the air leak are then calculated
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using the estimated vent torque, vent thrust magnitude,
and the actual geometric structure of the pressurized seg-
ments. 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 atti
tude response. To reduce the number of possible solutions,
conventional methods are combined with the new leak lo-
calization method. This approach reduces the number of
possible solutions, so that fewer hatch closures are redjuir
to uniquely determine the leak location. Advantages of the Fig.1 Air Flow Through Leak Hole
attitude response method include:

1. No other devices are needed besides pressure gauges ) ]
to measure the air pressure, and spacecraft attitude and ra¢hereC; is the " column of the coordinate transforma-
Sensors. tion matrix from the LVLH orbital reference frame to the

2. Relatively fast leak localization can be achieved com0dy reference frame, andis the time-varying orbital fre-
pared to the conventional leak localization method pro-duency calculated from orbital elements of the spacecraft.
posed for the ISS. The aerodynamic torquéV 4,4 iS modelled such that

3. The new method not only determines the possibléhe drag force and the center of pressure location are func-
leaking modules but also determines the possible locationdons of the attitude of the spacecraft:
of the leak hole within those modules. This may be criti- 1
cal to allow for repairs rather than sealing off a module or Nirag = —ipazﬁCDS [pcp X Cl(q)] (4)
performing a station evacuation.

The remainder of paper is organized as follows. Firstyhereuv, is the magnitude of the atmospheric velocity with
a summary of the attitude dynamics for the ISS is givenrespect to the spacecraft, which can be approximated as the
Next, using the isentropic nozzle theory, the vent thrustircular orbital speed. The atmospheric dengityis cal-
is calculated using the isentropic and isothermal air deculated using Marshall Engineering Thermosphere (MET)
pressurization models. Then a brief explanation on UF isnodel which accounts the seasonal and diurnal heating ef-
given with the derivations of disturbance torque estinmatio fects of the Earth’s atmosphere. The drag coefficiéntis
Then we describe the steps to locate leak once we know thgssumed to be constant for a given orientation of the space-
disturbance torque and the thrust due to a leak. Finally nucraft. Also, S is the attitude dependent frontal area angl
merical simulations for the leak localization are presénte s the attitude dependent center of pressure location. The
with conclusions. attitude dependent aerodynamic parameters are calculated

with the method developed in 8, where the reference area

SPACECRAFT ATTITUDE DYNAMICS and the center of pressure are calculated for any orientatio

The dynamic equations of rotational motion of a rigid py defining interpolation functions. The projected area and
spacecraftina LEO environment are given by Euler's equathe center of pressure for the three orthogonal body refer-

tion: ence axes of the ISS are given in 1 for each assembly stage.
H-— [J7'(H — h)] x H + Narag + Ngrav + dyent The vent torque is modelled by

@)
whereH is the total angular momentum of the spacecraft dvent = Tvent X Fuent ®)
satisfying

wherer,.,; is the moment arm of a vent torque from the
H=Juwth 2) center of mass of the spacecraft to a Ieakqlocation, and

and J is the inertia matrix,N 4,4, IS the aerodynamic f .. is a vent thrust. The vent torque is unknown and

torque,IN 4,4, is the gravity gradient torqué, is the angu-  will be estimated by treating it as a state in the real-time

lar momentum of the control moment gyroscopes (CMGs)jilter algorithm.

andd,..; is the torque due to a vent. Other environmen-

tal effects such as solar radiation and Earth’s albedo are VENT THRUST

neglected. The effects caused by solar arrays rotations A leak hol ‘ q h ‘ f ized

are omitted since they have little effects on the attitude eak hole perforated on the surface of a pressurize

dynamics but note that the resultant aerodynamic torquegwd_lJIe wil btghavi tlr|1ke a ?IhorttrI]engtm r:r? zzlle.k'lr']hle dy-
produced by the arrays rotations may be significant. hamic properties ot the air fiow through the leak hole are

The gravity-gradient torque for a circular orbiting space-analyzed using one dimensional isentropic and isothermal
craft is given by nozzle dynamic models. Fig. 1 shows the diagram of the

air flow through the leak hole on the pressurized module,
Ngrap = 3n2C3 x J Cs 3) whereT™ and P* are the temperature and pressure of the
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air in the leak hole, respectively; and P are the temper- o ‘ ‘ ‘ _ Hole Radius : 0.3 (in)
ature and pressure of the inside of the pressurized moduli
respectively,F,..; is the vent thrust, an@z is the back 10 1
pressure. The mass flow rate in a leak hole is giveéh by

AP*v*
6
RT* ©)
whereA is the area of the hol&; is the ideal gas constant

(287 N-m/Kg-K), andv* is the exhaust velocity of the air
satisfying
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~
:

v* = /RT* (7)

where~ is the specific heat ratio, with = 1.4 for an ideal
gas. The mass flow rate can be expressed as a function of 2f
the air inside the pressurized module. This is accomplishe:

w
T

Isentropic

by substituting the following expressions into Eq. (6): o o5 A1 Mis 2z 25 3 a5 4 45 S
t_ =9657 1o = 13101 Time (sec) x10

2 -1
(’y+ 1) (8a) Fig. 2 Internal Pressure

* 2 .
=T (m) (8D) " the depressurization rafeis
yielding P=—kAP" (14a)
IRE i1
. AP\ ( 2 ) o WRITyy pimr (2 )00
o= — = 9 hi=———h" (= ¢
VRT \1+7 © vt <7 + 1> ’

The actual mass flow rate can be calculated by multiplying ky = 3y -1 (14c)
m in Eq. (6) by the discharge coefficiefit,. Using the 2y
thrust equation the vent thrust magnitude is given by

(14b)

For an isothermal proces§; is treated as a constant in

|Fyent| = Cprw* + (P* — P,)A (10)  EQq. (12). Therefore the depressurization rBtean be de-
where P, is the ambient pressure which is approximately”ved as
zero for the vacuum of space. Substituting Egs. (6), (7) and P e kAP 15
(8) into Eq. (10), and simplifying yields 3 APy . (15a)
2 \7T oy = Y07 ( 2 )w—n o (15b)
|Fvem‘/‘ = AP (CD’Y + 1) (ﬁ) (11) v 1+ Y

Note that the magnitude of the vent thrust is proportional’VNere the subscrigitstands for the initial value and; , k»

to the pressure inside the module and to the area of th@Ndks are constants. Now, we can calculate the hole area
leak hole. This expression is very useful since the venti Py measuring the internal pressufend its depress rate
thrust magnitude is a direct function of the internal pressu P . ) . .

P, which can be measured by a pressure sensor. For the Comparisons between the isentropic and isothermal gas
calculation of the hole ared the following approach is Model are shown in Figs. 2 and 3, using the ISS assembly
used. The indication of an air leak in a pressurized module>tage 16A with a leak hole radius @8 inch. From Fig. 2,

is the depressurization of the air. The air inside the moduldh€ isentropic gas model gives a faster pressure drop in the

follows the ideal gas law, given by internal pressure than the isothermal gas model. Therefore
the reserve time, .., which is a measure of the time it takes
P= mRT (12) for the current pressur® to reach the minimum habitable
Vv pressureP,,;, ~ 490 mmHg, is shorter using the isen-

whereV is the volume of the air. Differentiating Eq. (12) tropic gas model than using the isothermal gas model. The
with respect to time and using; from Eqg. (9) gives a de- reserve time,.., can be obtained by integrating Eq. (14b)
press rate model. Two kinds of depressurization procesfor the isentropic process and Eq. (15a) for the isothermal
models are used, depending on the temperature charactgrocess. The reserve time for the isentropic process is
istics of the air. For an isentropic air model, whéteand

T is related by (Py},p,m ) = 1
P ’YT_l tres = (’y+l) (16)
= — —1A 2 2(v—1
reh (P0> (13) Ty VRTY (m) Cp
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. Hole Radius : 0.3 (in) where the terms? ando? are the variances of; andns,
T respectively. The internal pressure measurement is mod-

] elled as

1 Zr = hy [:c(tk)] 4o, k=1,2,....,m (22a)

7 hk [m(tk)] :Pk, k= ]., 2, NN 11 (22b)

1 wherem is the number of measurements ands the mea-
surement noise which satisfies a discrete Gaussian white-
noise process with

Isothermal

Leak Force (N)

E {vk} =0 (23a)

E{vpvr } = Rl pr (23b)
o ]

Isentropic The propagation of the state satisfies
2 L L L L L L L L L &:<t) = f [i(t)7 t] (24a)
0 0.5 1 15 2 Timez.f()sec) 3 35 4 4.5 Xlof 2]{; — hk- [:i:(tk)] (24b)
Fig.3 Vent Thrust Magnitude wherez(t) = [P(t), A(t)]T is the state estimate vector.
The error covariance propagation matfsatisfies
~ ~ ~ T
where the internal temperatufecan be substituted by P(t) = F[2(t),t]P(t) + POF[x(),t] +Q (25)

from Eq. (13). From Fig. 3 the vent thrust magnitude is\yheref [2(t), ¢] is given by
larger using the isothermal gas model, meaning the isother-
mal gas model produces a greater torque than the isen-
tropic gas model. If the leak area hole size is small then
the isothermal model can be used (since the temperature P -
will remain fairly constant), otherwise the isentropic nebd _ {‘klI@AP T kP 2} (26b)
should be used. 0 0

for an isentropic process, and

Fla),q= 22201

(1) (26a)

T=T

VENT THRUST ESTIMATION

Since the actual internal pressure measurements are cor- Fla(t),t] = w (27a)
rupted by noise, the Kalman filter is used to estimate the Ox(t) _
hole area which is needed to calculate the magnitude of kA —J P
. . 3 1
vent thrust with Eq. (11). The state equations for the de- = { 0 0 } (27b)
pressurization process have the following form
for an isothermal process.
z(t) = flz(t),t] + n(t) a7 The state estimate and error covariance updates are given
by
— T
where the state:(t) = [P(t), A(t)]* and & = s + Ko B — b)) (282)
F L)1) = [—klglpkj (18) Py = I - KpHy ()] Py (28b)
where the superscriptH) stands for the updated value and
for an isentropic process model, and (—) stands for the a priori value. The Kalman gain matrix
is given by
flett).f = { k%AP} (19) Ky = Py Hi(&;)7 [Hi(y )Py Hi(@)™ + Re]
(29)

for isothermal process model. The vecipr= [n;, 72]7 where Hi(27) is the measurement sensitivity matrix,
is the process noise vector, whereandn, are Gaussian 9gIven by

white-noise processes with  ohg((ty))

Hy(z,) =
E{n(®)}=0 (20a) g Ox(te) | . (30)
E{ni(t)n; (")} = Qids ;(t —t') (20D) =[1 0
with i, j = 1, 2. The matrixQ; has the following form Thus with t.he use of the internal pressure measurements the
EKF algorithm can be used to estimate the leak hole area.
o? 0 Then the magnitude of vent thryst can be calculated by sub-
Q= 0 o3 (21) stituting the estimated values £fand A into Eq. (11).
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UNSCENTED FILTER The set oRL(= 4n) o points are computed as follows:

An unscented filtering approach is considered here as an
alternative to the EKF for the attitude and angular rate esti o, (i) = £,/(L + A) [P¢], wherei=1,2,...,L
mation of the ISS. The Unscented Filter (UF) has first been (39)
proposed by Julier and Uhlman in 3. Unlike the EKF, thewhere ) is the weighting factor which scales the distribu-
UF captures the posterior mean and covariance of a ranion of the points. The vecto{/(Z + ) [Py], represents
dom variable accurately to the second-order Taylor seriegh ~ojumn of the matrix square-roqf(L + A) [PZ]. The

expansion for any nonlinearity by choosing a minimal setmatrix square-root can be calculated directly by a lower tri
of sample points and propagating them through the Ori@zngular Cholesky factorization method.

inal nonlinear system. Also it is derivative-free, i.e. no Theseo, (i) points translate the meatf as
Jacobian and Hessian calculations need to be evaluated for

the computation. Therefore it can be easily applied to any x (0) =%, x (i) =& + o (i) (40)
complex dynamical system and to non-differentiable func-

tions* A detailed description of the error performance of wherez{ is an augmented state defined as

the UF over EKF can be found in Refs. 3, 4 and 10. The

general formulation of the UF in discrete-time is described 28 = Tk , 0= Ty (41)
here. Wy, 0,
Let the discrete-time nonlinear system and observation

The transformed set of points are propagated to+ 1 for
each of the L + 1 points by

model be

Tp41 = .f (wka Ug, W, k) (31&) . N .
G = (@esr tsss b+ 1)+ vss (31h)  Xk+1 (0) = F(xx (0),up, k),  xpe1 () = F (X (lzﬂ)k,k)

wherex;,,; andy; ., is ann dimensional state vector The predicted mean is

and observation vector respectivefy,and h are the non- ) L 25

linear models,u;, is a deterministic input. The vectors F = Y AXF 41 (0) + 5 inﬂ (i) (43)
wy, andvy4, are zero-mean Gaussian process and mea- + P

surement noise with covarianc€s. and R, respectively. _ _

Using a numerical integration scheme, a continuous-timévherex is a vector of the firsi elements ofy®. The
system model can always be expressed in the discrete-timfFedicted covariance is

model. In the EKF problems arise because the predictions 1

are approximated simply as functions of the previous state,, | =T {/\ [Xii1 (0) = &1 ] [xFir (0) — &y
estimates:

]T

1<, . e
"2'1;+1 = E[f (zp up, k)] ~ f (@run k) (32) +§ Z [Xﬁﬂ (1) — $k+1] [Xk+1 (1) — ka+1]T}
Gu = Elh (@ un k)] ~ b (@, u k) (33) - (44)

But if the estimated state is nearby the true value, then thgpe predicted observation is calculated as
filter usually has a good convergence.

The UF state and error covariance updates are given as 1 1 2L
X - Y1 = T M i1 (0) + B Z'Yk+1 (4) (45)
T, =2, + Kyv (34) i=1
vp =Gy — G = U — h (2, ur, k) (35)  where
Pl =P, — Ky PP K} (36)

Vi+1 (Z) =h (Xi—&-l (Z) y Uk+1, k+ 1) (46)

The output covariance is given by

Ky =P (P)™" (37)

wherewy, is the innovation and”’* is the covariance of
vg. The filter gain isK), and P;” is the cross-correlation P 1 N 0) — di- 0 —g- 17
matrix betweerg,, andg, . One of the way to deal withthe ~k+1 — 1 1 { ['Vk:+1 (0) - yk+1] [’Yk+1 (0) — ka]

process noise is to augment the covariance matrix'vith 1 2L .
+§ Z Vi1 ) = ] [Visr () = Ty }
=1

P-‘r prw
P = - k 38
k l:(Pk )T QK:| ( ) (47)
whereP; is the correlation between the state and the prothen the innovation covariance is given by
cess noise. The assumption is made here that the measure-
ment noisew is purely addictive unlike the process noise. Py = P,ﬂl + Riy1 (48)
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Finally the cross correlation matrix is 150 ‘ ‘

,g 100~ 1
. 1 ; . . T Z 50| [ A 1
P T {/\ (X1 (0) = &) [Viar (0) = Gy ;j . i
2L -50 L L L L L
1 . o i o T 2.071 2.0715 2.072 2.0725 2.073 2.0735 2.?74
"‘5 Z [X£+1 (i) — ‘I’k+1] hk+1 (i) — yk+1] } : : : : : x10
=1 —~ 100 : :
E —
(49) Z |
N
1S -100F g

The filter gain, the state and error covariance update is the ‘ ‘ ‘ ‘
Computed us'ng Eqs. (34) and (37). The Welgman be 2.071 2.0715 2.072 2.0725 2.073 2.0735 X120.?74
chosen as\ = 3 — L if the statex is assumed to belong ‘ ‘ ‘ ‘ ‘
to the Gaussian distributior. Although X\ can be either
positive or negative, the negative values may lead to a no
positive semi-definite covariance matrix.

The UF is used in attitude, vent torque, and inertia ma-
trix estimation in our leak localization algorithm. For the
attitude estimation, the Unscented Quaternion Estimator Frig. 4 Vent Torque Estimate Using UF with True Value
(USQUE) developed by Crassidis and Markley has been
implemented. For further details on USQUE, refer Ref. 12.

DISTURBANCE TORQUE ESTIMATION é

The vent torque, which is not explicity modeled in
the attitude dynamics, shows up as a residual disturbancg  _l ‘ ‘ ‘ ‘ ‘
torque when the spacecraft angular rate measurement u ° ' ’ ’ ) ° °
dergoes a filtering process. In the disturbance torque € | ‘ ‘ ‘ ‘ ‘ ]
fcimation algorithm, the filter state vector |s augmented to?: ,f‘wmy\m\,,-wm’MW»Mﬁ;‘@WWwu‘wkwvw,%»_,wwwmwM, A
include the unknown parameters as additional states, rex | ’ F

d3 (Nm)

2
2071 2.0715 2.072 2.0725 2.073 2.0735 2.074

time (sec) e

|
1 k:\
A YA AR A
il

-1l

=)

=)

sulting in a total of 6 filter states, where 3 states are for theg  _,L. ‘ ‘ ‘ ‘ ‘
angular rate or angular momentum of the spacecraft an_ ' ’ ’ ! ° °
the rest 3 states are for the 3-axis components of the di§ R |
turbance torque. Note that the_ attltude_ quaternion, wisich = o M A A m‘r”'ﬂ.WW/MAf’h\*rfW‘MWMWWWW'»”*"‘»
needed to determine the gravity-gradient and aerodynami= |, : i

torque in the disturbance torque estimation algorithmsise & .

0 1 2 3 4 5 6

timated separately by the USQUE method described in thi .
. : . : i o time (hr)
previous section. In this section the disturbance estonati
algorithm using the UF approach is shown. Fig. 5 Disturbance Torque Estimation Error Using UF
The state system model for the torque estimation filter
H _ T
with 2 = [H, dyen]” can be expressed as vent torqued,,...; is treated as a random walk process. The
: tput measurement model is
[ H.d,., gyroscope ou
EARLE=IREY ~
vent d » Yven d Yy = w + 1
= JYH-h)+n (52)

{ ~J Y (H —h)x H+L+dyen: } N [ Ny }
03x1 N4 Unlike the EKF, the UF approach does not need any
(50)  derivation of the Jacobian and the sensitivity matrices. Fo
. . he UF ly th iginal li i

whered,.,: is the vent disturbance torqueg,; andn, the UF we need only the originat nontinear e.qua'gon and
. . . measurement model. In the disturbance estimation algo-

are zero-mean Gaussian process noises which correspon :
roughly to the possible range of the disturbance variaIionsrI m, the UF approach may be especially more robust than
gnly P 9 the EKF because the initial conditions for the angular rate

The quantityL is the external disturbance torque vector components may be fairly accurate within the uncertainties

which can be expressed as of the gyroscope, but the initial guess of the disturbance
L= Narag + Ngraw (51) torlque, which is not measured, may be far from the true
value.

The quantityL is treated as a deterministic input in the  Numerical simulations for the UF cases are performed
filter equations. Also the CMG control inpht should be  with the angular rate noise standard deviation2df x

low pass filtered because of the presence of high-frequenck0—* °/sec ¢; = 4 x 1075 rad/sec) and the sampling
noise when measuring the CMG wheel speed. Note that thigequency of 1 Hz for the ISS assembly stage UF1. Itis as-
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sumed that the spacecraft attitude is maintaining the TEAand J;; is theij™" inertia matrix element. The spacecraft
when suddenly after 5.7556 hr (20720 sec) a vent torqués assumed to be rotating in an Earth-pointing mode with
of 66.07 Nm is applied in each body axis of the spacecrafta constant attitude angular rate= 0.0011 rad/sec. We
The disturbance torque estimate results after the vent agan see from Egs. (53) that among the six inertia compo-
shown in Fig. 4, where the dashed lines correspond to thaents, only the products of inertids, /13 and.J;2) show
true values. We can see that the vent torque estimates conp due to the presence of the gravity-gradient torque. But
verge to the true values around 10 seconds after the leakote that the control input and the aerodynamic torque
When an air leak occurs, the state covariance of the fil«,.,., have small values with the same order of magnitude.
ter is reset to a large value to incorporate the variation ofTherefore, exact knowledge of the aerodynamic and con-
the disturbance torque at the instant when leak occurs (rdrol input torque are needed to directly calculate the pebdu
member that we know when leak occurs by sensing the aiof inertias, which is not feasible in a real world.

depress inside the crew cabin). In this way the filter con- A numerical test is done with the batch least-square
verges much faster than that of the filter algorithm withoutmethod to check the observability conditions in the LVLH
a covariance reset. The estimation errors for each compdixed attitude mode. The assumptions are: 1) perfect mea-
nent of the disturbance torque are shown in Fig. 5 with theilsurements of the attitude, angular rate, control input bad t

3o-bound lines. angular acceleration are available, 2) perfect knowledge o
the aerodynamic torque, 3) no other disturbances besides
INERTIA ESTIMATION aerodynamic and gravity-gradient torque are present. The

For the ISS, the uncertainty in the aerodynamic torquesolution of the least-square method for the estimation®f th
may affect the vent torque estimation results if they havenertia matrix is as follows:
the same order of magnitude with the torque due to a leak.
But the major uncertainty in the residual torque estimation
is likely caused by the inaccurate ISS inertia mass coMyhereg; is a 6-dimensional vector containing the elements
ponents. For the ISS, the inertia of each configuration is)f the inertia matrix as
pre-calculated on ground with CAD tools. But these values
may not be precise since the ISS is made up of multiple & =J =[Ji1 Jop Js3 Jos J13 J1a]" (55)
complex rigid bodies interconnected to each other and un- - .
dergoes several configuration changes during its lifetime. and theH and thej are quantities known from the mea-

Therefore, online parameter estimation method may pSurements a_nd the control_ Inputs. _Not_e that a linear
employed to estimate these slowly changing inertia in reglParametrization of the equations of motion is needed to use

time when we know that there is no venting leak acting onthe batch least-square method. The Euler equations can be

the spacecraft. But the parameter estimation performanclgqearly parameterized with respect to the unknown inertia

depends heavily on the observability of the parameters 0?omponents as

interest. Usually in tr(;e(;)iram;ter estimati(rJ]n rﬁ)roblem, thfe U+ Taero = Jw+wxJw—3n2Cs x JC;
state vector is extended by adjoining it with the vector o . 9

= [D D: —3n°D3(C3)]|Jd
unknown parameters, as we have done for the vent torque ) [D1(@) + Ds(w) — 3n"D3(C3)]1
estimation algorithm. In this section, we use the least- y= HJ (56)
square approach to analyze the relative observabilityef th

ISS inertia components. The quantityH™ H should be strictly positive definite

‘When the ISS attitude is near the LVLH, the inertia ma- gin e ts inverse appears in Eq. (54) to solve the unknown
trix are unobservable even though there are some slight att

o . . ; barametersi'. In practice, we requirdi” H to be well-
tude variations due to the time varying aerodynamic torquéqqitioned, a useful measure of the condition of a matrix

Assuming that the aerodynamic parameters are known, the yhe condition number. The condition number varies from
inertia matrix observability in an ideal LVLH fixed mode 1 ¢ 4 orthogonal matrix to infinity for a singular matrix.

can be shown from the following equations: From a numerical simulation, when all six components of

@ =(H"H)'H"y (54)

where the matrice®; and D5 are defined as in 6.

1 inertia matrix are solved using the Eq. (54), the condition
Jo3 = 5 (Taero1 — ua) number of theH” H is 1.7 x 10'° resulting in the diver-
1 gence of the solution. The relative observability among the
J13 = 5 (U2 — Taero2) inertia components is analyzed using the eigenvalue and
3n eigenvector decomposition of tHé” H matrix, which is
Jio = %(ug — Tuero3) (53) shownin Fig. 6. In this figure we can see the relative ob-
n

servability of the inertia components. For example, is
where the constant angular rate = [0 —n 0]7 and  the maximum component of the eigenvector which corre-
the constant attitude quaternign= [0 0 0 1]7 are sub- sponds to the eigenvalue aroun@'°. As expected the
stituted in the rotational Euler equations of motion. Thethree products of inertia, which have their eigenvalues nea
quantitiesr,.,; andu; are thei™ component of the aero- 10~¢ are the most observable components among the el-
dynamic torque and the control torque input, respectivelyements, whereas the three moments of inertia have their
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’ ! ! ! ! ! ! In the above equation, the vent torqiie ,,; 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:
1. Model the 3 dimensional geometric surfaces of the
pressurized parts of the spacecraft.
Jas Jio | 2. Estimate the vent torque and magnitude of the vent
s o | thrust.
Joo 3. Slice the 3-D surfaces of the pressurized modules with
o ° 1 a plane perpendicular to the direction of the vent torque so
, | that this plane comprises the center of mass of the space-
Ji1 craft. From the fundamental definition of torque, a torque
i - - about the center of mass of a rigid body is perpendicular
Eigenvalues inLogio(+) to the plane comprising the vectors,,,; and F,epn:. SO,
Tvent, Froent and the center of mass are all in the same
plane normal to the direction of the vent torque. Denote
this plane byr. The intersection between the planand
magnitude neat0~'> which is 1072 smaller than those the surface of the spacecraft produces contours.
of the products of inertia. A simulation has been done to4, With the assumption that the vent thrust is normal to
estimate the product of inertia with a batch least-squarghe tangent plane of the partial section on the ISS surface
method, and the results are shown in Fig. 7 (where thevhere the leak occurs, calculate the gradient vectorsodire
results are calculated at regular instant of time with thetion normal vectors) of the points that make up the sliced
cumulative measurements). The three components corzontours obtained in Step 3.
5. Multiply the magnitude of the vent thrust estimated in
Step 1 with all gradient vectors calculated in Step 4.
6. Since the position and gradient vectors of all the points
making the sliced contours are known, calculate the result-

Component Index

0 I
-18 -16

Fig. 6 Relative Observability of Inertia

L ing torque at each point on the contours.

‘ ‘ ‘ ‘ ‘ ‘ ‘ 7. From the torques obtained for each point in Step 6, select
5\/\ | the torques that are closest to the estimated torque (within
T ' 1 an error bound) and check their points on the contours.

Co o2 oa e s 1 12 1s s The actual geometric structure of the station eliminates

T ‘ ‘ ‘ ‘ ‘ ‘ ‘ many of the possible solutions; however, multiple soluion
°r | may still exist. In this case further assumptions can be
T ' 1 made, such as the probability of impacts by the debris or
B T ¥ S T TR 2 1s small meteorites is low on the aft and nadir facing surfaces
time (orbit) since these surfaces are shaded by other structures. Also,
Fig. 7 InertiaProduct EstimatesUsing Least-SquareMethod ~ the leak localization method based on the attitude response
may be combined with the conventional leak localization
methods. For example, if the solution shows two leaks sit-
verge very fast within an orbit to its true values as expectedated at two different modules then only one hatch closure
The corresponding condition number is 16 which is muchyetween any of these modules is needed to check which one
smaller than the previous simulation case revealing tiat thof the two modules leaks. Furthermore, visual inspections
HT H is now a well-conditioned matrix. But note that the by the crew may narrow the possible leak solutions.
presence of noise in the measurements makes the products
of inertia unobservable. For the real-time estimation ef th NUMERICAL SIMULATION

inertia, the UF approach is used because of its robustness . ) ; .
PP A user-friendly design tool coded entirely in MATLAB

in the presence of large initial state uncertainty. Alse, th has b developed t timate a leak locati d
inertia estimation should be performed only when an atti- as been developed to estimate a leak location under var-

tude maneuver is present to enhance the observability Jpys conditions. The tool sup_ports several 1SS asse_njbly
the parameters. stages from 11A to UF-7 but it may need to be modified

due to the uncertainties in the future of the ISS program.
The 3-D surface models of the pressurized segment of the
LEAK LOCALIZATION ISS Stage have been developed based on the data provided
Once a vent torqué,..,,; is estimated by the real-time in Ref. 1. Figures 8 and 9 show the main Graphical User
filter, the next step involves determining the position @ect |nterfaces (GUIs) of the tool. Users can input the orbit,
Tyent, Which is the moment arm of the vent torque satisfy-the mass and the aerodynamic parameters of the ISS, and
ing choose a simulated leak location with the GUI shown in
dyent = Toent X Foent (57) Fig. 8. The resulting leak locations after the leak localiza

Jiz (kgm?  Jy3 (kg m? Jas (kg m?
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The Global Positioning System (GPS) attitude-sensor
tion estimation process will be shown on the GUI shown inmeasurement-error standard deviation is givea py= 0.5
Fig. 9. deg, and the ring-laser gyro sensor measurement-errer stan
For the simulation, the ISS assembly Stage 16A is condard deviation is given by, = 4 x 106 deg/sed?® The
sidered (see Fig. 10). The isentropic depressurization praneasurement-error standard deviation of the internat pres
cess of the air inside the ISS is assumed. The mass arwlire is given byy = 0.1 mmHg. For the depressurization
aerodynamic properties of the ISS are provided in Ref. 1of the air inside, the initial internal temperature and pres

The inertiaJ is given by sure are set td@, = 21° C andFP, = 1 atm, respectively.
The back pressure is assumed toBg = 0 atm, and
127908568 3141229 7709108 the volume of the entire pressurized system for ISS 16A
J=| 3141229 107362480 1345279 | (kg m)y is V' = 867.2 m3. Finally, an inertia uncertainty of 3% is
7709108 1345279 200432320 added to the trud.
(58) Simulations are done for 100 seconds from the start of

the leak. Figure 11 shows the estimate of the leak hole
The centers of pressure gog,, = [0, —0.355, —0.927]"  area using the Kalman filter algorithm. The true leak hole
m, p,, = [-794, 0,-11]" m and p,. = areadis1.8241 x 10-* m?. As seen from this figure the
[1.12, 0.247, 0]7 m in the Space Station Analysis Coor- Kalman filter accurately estimates the leak hole area. The
dinate System (SSACS) with respect to the center of masyent thrust magnitude is then computed with the internal
The components, y andz represent the three orthogonal pressure measurement and the estimate of the hole area.
axes of the ISS body fixed fram€The reference projected For the first simulation, a leak is assumed on a module
areas ares, = 967 m?, S, = 799 m* andS, = 3525 m?. shown in Fig. 12. The sliced planewith contours in 3-D
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is shown in Fig. 13. Using the leak localization approach
a single leak has been determined for this simulated case,
depicted in Fig. 14. The estimated position is marked with
ao, the true position of a leak is marked with«dor com-
parison, and the center of mass is marked withan the
planer. Slicing of the 3-D surface is performed at the end
of the simulation { = 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 yieldimg th
point to the estimated vent torque is the true leak point.
But because of sensor inaccuracies and modelling errors in
the inertia, the estimated vent torque may deviate from the
true value. Therefore, an upper error-bound should be set
when selecting points that yield the torque closest to the
estimated vent torque. For the case shown in Fig. 14, we
conclude that the leak occurs on the contour line labelled
8, which corresponds to the Kibo JEM pressurized module.
In this simulated case, the leak location is well estimated
using the new localization method.

Another simulation has been done where multiple loca-
tions may result from the given estimated vent torque. In
this case the estimated leak locations are spread over sev-
eral modules, as shown in Fig. 15. The locatidhs P
and P; are possible leak candidates (the true leak point is
situated neat”;). But sinceP; and P, are on the same
module, a crew person only needs to close one hatch be-
tween 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 visual inspections of the estimated leak points. If
the leak hole is due to space debris or small meteorite punc-
tures, then the aft and nadir facing surfaces of the ISS have
little possibility to be impacted. This is also true for leca
tions where regions are protected by other structures, as is
the case for poinf’;. 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. Also the ef-
fect of the disturbance torque caused by the pressure of the
impingement of the leaking air plume on nearby surfaces
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may be a critical source of disturbance when a leak occurditude and rate sensors, and relatively fast leak locatinat
Because of inherent complexities, analyzing these effectsan be achieved compared to the conventional leak local-
may be difficult. Experimental validation of the algorithm ization method proposed for the ISS. Also this localization

has been treated in Ref. 14. method not only determines the possible leaking modules
but also the possible locations of a leak hole within the sur-
CONCLUSIONS faces of the modules, which may be critical to allow for

In this paper a new leak localization method using thefepairs rather than sealing off the module or performing a

attitude response is developed for the ISS. The reactioftation evacuation.

thrust arising from a vent due to air leak are calculated us-
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Numerical results showed that the proposed leak local-
ization method determines the location of the leak rapidly
and precisely. Furthermore, actual test data from a depres-
surization of the Space Shuttle airlock indicates that the
proposed method has the potential to accurately estimate
the leak hole size and venting force magnitude.

The advantages of this localization method are: no other
devices are needed besides pressure gauges, spacecraft at-
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