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Abstract: Nonlinear estimation based on both extended Kalar@hunscented filtering are investigated to gauge t
performance tradeoff among attitude and angulaerastimation accuracy, robustness to uncertaifaingionditions,
and computational workload. This investigation bagn motivated by an experimental setup in Lab$iKRE,
where a 3-axis, air-suspended table has been imstnied as a testbed for designing and testingteflisa attitude
control systems. The experimental setup motivdedniodelling of a similar testbed for evaluatihg feasibility of
nonlinear estimation algorithms for low-cost satellattitude control systems. The simulated testteglects the
actual mass unbalance and corresponding pendulffastelue to gravity torque. Simulation of a refeze direction
by a Sun sensor is accomplished by measuring ta Wertical via specific force measurements byaa pf
accelerometers. A 3D magnetometer measures on lthangquired additional reference direction, naynitle local
geomagnetic field, to be compared with the outpatnoexternal, horizontally aligned, ground-fixed Bnagnetometer.
The actuator suite is composed of a momentum vitnearimuth control about the local vertical and abzzles for
bang-bang torquing to within 0,5° relative to tloedl horizontal plane. An extended Kalman filtes lieeen designed
and tuned to estimate the angular rate vector, Eafgles, and momentum wheel speed. Inertia matrpertainty in
off-diagonal entries, and momentum wheel dynanmasgawith friction, electromechanical parameterada
saturation levels have been considered to valitteattitude estimator. Accurate estimates have loéained within
tens of seconds.
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1. INTRODUCTION

In this work a 3-degree-of-freedom, air-suspenddutketis modelled after the satellite simulatiortlied in LabSim
at INPE. The testbed has two pneumatic actuatandgging torque about the X and Y, orthogonal, iaf# table-fixed
axes, and a reaction wheel for the orthogonal & agntrol. The sensor set consists of two acceletenrs and two
magnetometers, one being fixed to the table whetbasother remains fixed externally to the testb&te
accelerometers are used to estimate the locatakend hence determine the table deviation witpeet to the local
horizontal plane, and the magnetometers providesirel azimuth direction about the Z axis. The psepof an
attitude control system should be to align thegafith the horizontal plane and point it to a degiazimuth direction.

Due to the process nonlinearity, two nonlinearnestors have been designed: the Extended Kalmaar FEKF),
and the Unscented Kalman Filter (UKF). State feelhader the assumption of linearized dynamicsldeen used.
Notice that the main focus here is on investigatind comparing performances attained by the EKFRUH(SIE.

Simulations of both estimators have been conduatetitheir respective performances compared witheatsto
estimation accuracy and computational load.

2. SYSTEM MODEL

This section describes the mathematical models faedontrol law design and to simulate closed-laititude
estimation and control of the air-suspended table.

2.1.Coordinate Frames
Three coordinate frames have been used to derivelaquate model. The first one is the body-fixedrdimate

frame, or {X,, Yy, Zp}, which is attached to the table with the Z axéendicular to the table plane and points upward.
The second coordinate frame is the reference framelXy, Y4, Zg, which is in alignment with the external
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magnetometer axes. Bothandd frames are shown in Fig. 1. The rotation sequdérasebeen parameterized by Euler
anglegy ,6 and ¢, respectively about body axes, 2y, and X, thus rotating a vector representation from the

reference frame basis to the body frame one. Nhatiehtere the inertial coordinate frame neglect$hEarotation rate.
The reference frame has been useful for compaliagotilt-in magnetometer measurements with resjetiie

external magnetometer data. Additionally, a horiabooordinate frame, or {X Yy, Z.}, has resulted from rotating the

body-fixed, table coordinate frame with Euler asgle and—-6about X, and Y, axes, respectively. The resulting

horizontal frame is rotated by angfe about the local upward vertical with respect t® desired reference frame. This
is also shown in Fig. 1.

Z4=2Z,
.E Table A< External
Xg

Magnetometer (M2) Xh
Figure 1. Table frame (left), desired reference frme (middle) and horizontal frame (right).
2.2.Sensors

The air-suspended table relies on three sensomsttitrde estimation: two accelerometers and ongnet@meter.
The accelerometers are used to estimate the lectidal, and thus align the table with the horizbrbordinate frame.
Data from the built-in magnetometer, called M1, bagn compared with the output of the external retmneter,
called M2, to determine the error with respecti® teference azimuth direction about the localicalct

The two accelerometers measure the Asp,, ), and Y, (Asp, ,) components of gravity’s reaction specific force

in the body-fixed, table coordinate frame, as in Eq

Asp,, 0 - 981sin(@)
Asp, =| Asp,, |=D5| 0 |=| 98L1cos@)sin(@) (1)
Asp, 3 981 981.cosf) cos@)

whereDg is the direction cosine matrix (DCM) that transferan vector representation from the reference framtae

table coordinate frame. Accelerometer bias and ureagent noise have not been considered in Eq. tlthby have
been added to validate the closed-loop controlthaeestimators.

Both magnetometers have been assumed to be Idoatedh way that the local magnetic field vectopiiactically
the same at both locations. Otherwise, compariag tiespective measurements would not be feasiil&rdcking the
reference azimuth direction and the accuracy wisémating Euler angley would be degraded.

The magnetometer on board the air-suspended talfieutoa vector measuremell?,, which called for
representation in the horizontal coordinate framieat has been done with the estimated Euler anq}laﬂdé to
approximate the DCIVDQ, asin Eq. 2.

M2, =D5.M2, )

One can compareMl, andM2,to approximate the desired Euler angle which is the angle about the local
vertical that the horizontal frame must be rotatetie in alignment with the reference frame, thietdyng Eq. 3:

S|n((//) = Mld,Z'MZh,l - Mld,l'MZh,Z (3)

where Mxg ,is the y-th component of the unit-norm measuremesttor produced by the x-th magnetometer.

Therefore, the sensor suite described here allonthé measurement of the three Euler angles thater the reference
coordinate frame to table frame.

2.3.Actuators

A set of three actuators is used to control thesaspended table about its three axes: two pnecmettiiators for
the X, and Y, axes, and one reaction wheel fgr Zhe pneumatic actuators are controlled by a puidéh modulation
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(PWM) signal that determine the on-off duty cycalditive white noise has been included in the actuanodel to
account for the small turbulence at the nozzlesnvtbequing the table. Three parameters are caflethfsuch a model:
the torque magnitude that is applied on the taplehk nozzles when the actuator is on, the frequefiche PWM
carrier, and the actuator noise variance.

The reaction wheel was modelled as in Sidi (1991)s model has included wheel motor dynamics, curesad
voltage limits, viscous friction, and the maximunmgalar rate limit. Zero-crossing dead-band has lsksrarded from
this model because it can be easily avoided bynaisguthat the reaction wheel can be initializedhwibn-zero angular
rate, hence becoming a biased momentum wheel, acld a@n initial condition does not affect the resulfhe
corresponding block diagram can be seen at Figh2rel ., is the wheel inertia)  ;is the table inertia around thg Z

axis,K,, K, , R,andB are electromechanical wheel paramefgss the commanded torque, amds the real torque.
The wheel angular rate with respect to the air-sndpd table can be measured by an embedded taendméte
device. This measurementds,.and it is composed o&),}"’g plus white-noise.

.E Angular Rate

Cuarent
Limit

Limit

Figure 2. Reaction wheel block diagram.
2.4.Dynamic system model

The dynamic system model was adapted from Sidi{)L99
The table inertia matrix without the reaction whggj, and the reaction wheel inertia matrix,,, both

represented in the body-fixed table coordinate &bpare shown in Egs. 4.

I mbl I mb 12 l mbp 13 IWb,]. l wp 12 I wh 13

Lmp = Tmp2z Tmp2  Imp2s Lwp = Twp21  lwp2 lwpo2s (4)
Imb,3,l Imb,3,2 Im,b,3 IWb,S,l IWb,3,2 le,S

The table angular rate vector with respect to tiegtial frame represented in thecoordinate frame)gi , and the

reaction wheel angular rate vector with respecthéotable represented in the same coordinate fraﬁ?eare shown in
Eqgs. 5:

of =lcy o, o] err=p o wef (5)

Based on a Newtonian approach, the dynamic modepigsented in the table coordinate frdnas in Eq. 6:

. bi -1
b} lmbs tlwps  Tmpaztlwpaz  Tmpas 0
b | bi
‘Ul?,z = Tmp21tlwp2r Tmp2tlwpz  Imp2s| (Flwp{ O |—op XHp+Tepy+Tg4p) (6)
250 I | +1 | Us
3 mb,31 wp,31 mb,3,2 wh,32 m,b,3

I w,b,3

whereT , is the disturbance torqug,, is the control torque output by the pneumatic aosaand shown in Eq. 7,

H, is the total angular momentum of the table andrélaetion wheel as in Eq. 8, andis the actual torque acting on

the reaction wheel as shown at Fig. 2. Unbalanogue due to gravity has been disconsidered sineads$tbed is
assumed to have undergone a balancing procedatigmothe mass center with the table air bearing.

Tc,b = Tc,b,l ch,z OT (7)
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— bi wb
Hyp = (Imp +1wp) @p +1yp0p (8)

The table angular rate vectm'f;i relates to the attitude kinematics given by théeEangleg/ , 6, and ¢ time
derivatives according to Egs. 9:

@ = af, +sin@ tan@)af, + cos@) tan@afs

0=cos@ g, —sin@af)s 9)
_Sin@ pi , COS@ i
Y= c0s6) by + c0s6) b

Hence, the complete model has been constructed Esjs. 6, 8, 9, and the reaction wheel model seé&igi 2.
3. MODEL STATE AND MEASUREMENT VECTORS

Analyzing the model equations in the previous segta vector state with seven real components éas defined:
the three Euler angles that rotate from the refardrame to the body-fixed table frame, the thremmonents of the
angular rate vector of the table with respect ®ittertial frame, and the reaction wheel speed retipect to the table.
Static friction torque in the vicinity of the ream wheel zero speed yields a steady-state poimingr about the Zb

axis. Therefore, the integral of such pointing ersiown in Eq. 10, has been selected to augmerstéte vector as the
eighth state component as seen in Eq. 11.

t
£= [ Wer W)Ut~ £=0e ~0) (10

x=lp 6w o oy oy W (11)

The reference state is given by Eq. 12. Thus, tigraller should align the table with the local izontal plane,
and likewise the on-board magnetometer measuremnemponents with those of the external magnetometer.

Xet =[0 0 0 0 0 00 0 (12)

Recalling Eg. 3, the measurement vector concatemateelerometers, magnetometers and tachometeaslatdq.
13.

T
Asp,; Asp
[‘ 9,8il 98i2 M13,M2p, - M1y M2, e (13)

4. CONTROL STRATEGY

The main focus is to investigate and compare thdéopeance of two nonlinear estimators. Consequerdly
straightforward control technique based on statelfack has been used. Firstly, the system haslineanized around

Xef - As @ result, the horizontal plane dynamics gigrstate componentg, 8, «f;and «f', has become decoupled

from the vertical dynamics embedded in the remairdtate components. Such decoupling allowed fordésagn of
two separate state feedback control laws for thiezdiotal and vertical dynamics, respectively. Thiw closed-loop
poles in Egs. 14 have been located to avoid aatsataration while still yielding an acceptabletlgeg time.

Phorizontal = [_1 -1 -15 - 1'5] Pvertical = [_ 02+j02 -02-j02 - 0’15] (14)

Additionally, each horizontal axis control is tudheff when the corresponding Euler angle error ni@tess than
0,25°, and the control is switched back on whes #hnior is higher than 0,5°. This avoids high-freagy switching in
actuators when the system is near the reference.

5. ESTIMATORS

Given the nonlinear model, an Extended Kalman IF{lEKF) and an Unscented Kalman Filter (UKF) haeer
compared to gauge the performance in terms of atm accuracy and computational load. This sedtiescribes
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details about the implementation of both estimatdhe filters assumed a set of model simplificadiofihe disturbance
torques have been considered nonexistent, theanmdtrices of table and reaction wheel consideliedonal, i.e.,
without inertia products, and the reaction wheelalyics have been neglected, iTg.= u; .

5.1. Extended Kalman Filter (EKF)

The EKF performs the linearization of the dynamiegliation about the updated state estimate arlchdzization
of the measurement equation about the propagatdd sttimate (Ristic et. al, 2007). The model dynanand
measurement equation, omitting model and measurtemoése, can be written as in Egs. 15:

x=f(x,u) y=h(x) (15)

whereu is a vector containing commanded torques for batbumatic actuators and the reaction wheel fans a

function concatenating Egs. 4 to 10 consideringafewementioned simplifications. The EKF has beaplémented
using the continuous-discrete approach. As a restdte estimate propagation method has been adisbeg by
integrating the model dynamics between measuregssnples usin@k_ﬂk_1 as the initial condition, as in Eq. 16:

~ ~ ty
Xik-1 = X-1k-1 +.[t f (x,u)dt (16)
k-1

The error estimation covariance is propagated &Jirl7 using,_y, as the initial condition:
Ty

Pik-1 = Piotpea * L (¢ L UPE®) +P)J ¢ (x,u)" +Q(B)dt 17
k-1

where J; (x,u) is the Jacobian matrix of the functibf) at the poin{x,u) , andQ is the model noise covariance matrix.

Both integrations have used the Runge-Kutfaorber algorithm. The update has been based omrizieg the
measurement equation as in Eq. 18:

Yie = InKiga)- X = Xpg) (X pgq) = I Kipgea) X = I Kigea) X + (X gea) (18)
Therefore, the Kalman update step can be summaazé@uEqgs. 19:

Xk = X1 + K (Ve =h(X )
K = Pyg-adn (X kk-1)-( (X kk-1)Pigadn (X k|k—1)T +Ry) * (19)
Pk = (I -KJp(x k|k—1))-Pk|k—l

5.2. Unscented Kalman Filter (UKF)

The UKF uses the unscented transform to achievetterbestimation than the EKF if the process ishlyig
nonlinear. The unscented transform calculates afetpoints that are propagated using the nonlineareahnadd
measurement equations to estimate the mean andiame of the stochastic state vector (Ristic Bt2@04). Unlike
the EKF, it does not need computation of Jacobidesertheless, the computing@points requires a great amount of
computational effort, which makes this method slotixan the first in almost every practical situatidhe UKF has
been also used along the continuous-discrete apipri@éarkka, 2007). So, the state propagation usesimscented
integration withx,_y,_; as the initial condition, as in Egs. 20:

ty
Xigea = Xpegea jY(t)-Wmdt

ta

o(t) =|o,(t) o,(t) ... 62_na+1(t)]=[i(t) x(t) ... >‘<(t)]+,/na+;(.[onaXl L PO —,/P(t)] (20)

Y(t)=[f(61(t),u) foo(0).u) ... f(62n,4(1)U)

K 1 .
W, =[\Nm w"oL W ]T w" = Wh=——— _1<i<2n, +1
m 1 2 2n,+1 1 N, + K i 2 (na + K) a




VI Congresso Nacional de Engenharia Mecanica, 18 a 21 de Agosto 2010, Campina Grande - Paraiba

wheren, is the number of stateg; is a tuning factor in which 3 is optimal for Gaassinoise, angP(t) is the square
root matrix ofP(t) computed as the lower triangular matrix in the lebky factorization.
The covariance propagation is as in Egs. 21, whgrg_, is the initial condition (Sarkka, 2007):

f 2n,+1

Pik-1 = P J-(Q(t) +oOT +QM)dt Q)= D W™ (o; (1) ~X())- v ) ~ ¥ () W) (21)

ta i=1

The above integration uses the Runge-Kuftartler algorithm, whereas the UKF update is giveRds. 22 (Ristic
et. al, 2004):

6|<|k—1=l“k|<—n Okk-12 - ckk—l,z.na+l]:

:Ak|k—1 Ak|k—1 Ak|k—1 P K Una - kk-1 * T4/ Fkk-1
[x X X ]+ n K[O © P : —.P ]

Yk = [N(Okk-11) h(oygk-12) - h(Gy-12n,+1)

2n, +1 2n, +1

Yic= Zwim'yk,i Pk = ZVVlm-(Gk—li = Xi-)-rki =Y k)" (22)
i=1 i=1
2n,+1

Pk = zWim-(Yk,i ‘9k|k—1)-(7k,i ‘9k|k—1)T S =Ry +Py  Ky= szkSEl
i=1
)A(k|k :)A(klk—1+Kk(YK -Yx) Pk = P —K kSkK-II;
6. SIMULATIONS
6.1. Parameters
The simulations have been carried out using tabtameters from Carrara and Milani (2007), and X9di$G
IMU specification sheet. Table 1 shows the usedesl Ground-truth inertia matrices of the table egattion wheel

have included inertia products to account for é&dted assembly mass unbalance. Equation 23 shauwn#asurement
noise covariance matrix used in both filters:

R = diag(0Zcel /981 Ohoee 1981 4054 /500 07.) (23)

wherediag(.) means a diagonal matrix. The model noise covarianeesled to be separately tuned for each filter to
avoid divergence during the simulation. The selbstdues for the EKF and UKF is in Eq. 24:

Qext = 015" 8x8 Qusc = 0145" 8x8 (24)
6.2. Filter performance

Two metrics have been defined to gauge filter perémce. The first computes the rotation angle abwutEuler
axis that is related to the attitude estimatioomeat each iteration as in Eq. 25. It has been tsedcertain the attitude

estimation accuracy of each filter. The second agrgpthe norm of the angular rate vector estimatioor at each
iteration as in Eq. 26.

- 1
Oerork = acosé.trace(DZ’Lk.Dg) -2 (25)

(‘Oerror,k = \/(G)k|k - ('Ok)t (G)k|k - ("ok) (26)

where IAD%’klk andD!} are the estimated and true direction cosine nestriespectively, at instakthat rotate from the

reference coordinate frame to the table coordifratme, andu,, anda), are the estimated and true table angular rate

vector, respectively, at instakt These two metrics have been computed at eaddtidterover a large numbét of
Monte Carlo simulations. At the end, the mean daddard deviation have been computed.
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Table 1. Parameters used at simulation.

Symbol | Description | Value
General
h Sample time 001 s
I mb Table inertia_matrix, withogt the reaction wheel;, 04954/2 0495401 -0,4954.01
represented in table coordinate frame 0495401 04954/2 04954005| kgm?
| —0495401 04954005 04954
I wb Reaction wheel inertia matrix represented| if 151073/2 1510201 - 1510201
table coordinate frame _a 4 5 2
1510°.01 1510°/2 1510°.005| kgm
-1510°01 1510°005 15107
B, Local magnetic field represented in thef08729 ~ 04364 02181T 500 mGauss
reference coordinate frame ’ ' '
Sensors
Eaccol | AcCCelerometer bias 1 mg
02 Accelerometer measurement noise variance (0002 @)2 (m/ s2)?2
o2, Tachometer measurement noise variance 0005 V2
a%ag Magnetometer measurement noise variance (05 m)z (MmGausy?
Actuators
TPrax Maximum torque output by the pneumaticl N.m
actuators
0’2) Pneumatic actuator torque noise variance 01/1000 (N.m)?
fo Pneumatic actuator PWM carrier frequency | 2 Hz
™ Reaction wheel maximum angular rate 4200 rpm
max
Tw,.x | Reaction wheel maximum torque 005 N.m
Reaction wheel motor constant 0023 V/A
i csat Reaction wheel current saturation TWoax/ Ky A
Reaction wheel motor resistance 10 Q
csat Reaction wheel voltage saturation Rufcsat V
. pi Proportional gain in reaction wheel Pl controllerO 1
. pi Integral gain in reaction wheel Pl controller 2
Reaction wheel viscous friction coefficient 49107
Kyw Reaction wheeK, back-emf coefficient 1102 V.s/rad
6.3. Results

For each scenario described below, 100 Monte Gamalations have been carried out in a time intiefirean Os to
100s. The initial state vector has been kept fixed given in Eq. 27 with Sl units. For each simalatthe filter initial
estimate has been set equal to the initial stattowglus a random vector in which each componesd & random
Gaussian variable with zero mean and variance 0.1.

X, =[257/180 -307/180 207/180 37/180 - 37/180 - 27/180 0 O] [SI units] 27)

An unexpected, deterministic disturbance torque lesn applied at=45s to investigate filter behavior and
convergence. The applied torque vector is giveBgn28.

Tep=[-07 07 03] Nm (28)

The first scenario used the EKF as the estimatbe fEsults are plotted in Fig. 3. The second séeneed the
UKF and the results are shown in Fig. 4. Figurddispthe mean errors of the first and second saen&wgether. The
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mean filter algorithm simulation time in the fimpproach was 4.8136s with a standard deviationG#6E. The mean
filter algorithm simulation time in the second apach was 9.6889s with a standard deviation of AL860

Figure 6 shows that the UKF has yields more aceuaétitude estimates after the unexpected distaehalt the
first peak, the UKF error corresponded to only &4.€érror of the EKF’s. However, the correspondingnpatational
load in the UKF was 101.3% higher. In steady stiue estimation error produced by the two filter@svguite similar.
Then, a third scenario was simulated in which tK& s used during usual operation and switcheb¢ddtKF att=46s
using the updated state estimation and covariaioere the EKF. This procedure attempts to reproduceralition in
which the control system embeds a fault detectiiengnosis, and reconfiguration scheme that takds identify the
disturbance and then switch accordingly from theFBK the UKF. The mean filter algorithm simulatitme was
7.4007s with a standard deviation of 0,5088s. Binal comparison between the first and third sdesas plotted in
Fig. 6.

Angle Error Ahout the Euler &xis - Extended Filter Angular Rate Yector Estimation Error Norm - Extended Filter
035 T T T 1.8 T T T

hean — hdean
——— hdean+3sigma ——— + 3slgma

0Ek- ................. ................................ -

[ - b
@ — a iy

=
o

Angle Error About the Euler Axis (rad)
Angular Rate Vector Estimation Error Morm (radfs)

=
I

02 : i

100
Time (s) Time (s)

Figure 3. Scenario 01 results — Extended Kalman Fdr.

Angle Error About the Euler Axis - Unscented Filter Angular Rate Yector Estimation Error Morm - Unscented Filter
0,18 T | | 1.4 T T T
: : Mean : hiean
——— Mean+3sigma ——— Mean+3sigma

Angle Error About the Euler Axis (rad)
Angular Rate Vector Estimation Error Norm (radfs)

_40__
Time (s) Time ()

a0 100

Figure 4. Scenario 02 results — Unscented KalmanItgr.
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7. CONCLUSIONS

Two nonlinear estimation techniques have been tigated for use in a simulated air-suspended tsiligect to a
straightforward, linearized state feedback lawdittitude control. The table uses two pneumaticaots for alignment
with the local horizontal plane, and one reactioheel for azimuth alignment. The sensors consisttvad
accelerometers to estimate the local gravity vediaction, and two magnetometers - one on boadahle, and the
other fixed to the inertial coordinate frame topde azimuth alignment about the local vertical.

The nonlinear system dynamics have been linear&gednd the desired state, thus decoupling horizarid
vertical dynamics. The state feedback control hesessfully allocated the closed-loop poles indhsired locations
for each of the decoupled dynamics.

Three scenarios have been simulated with an untegbeteterministic torque disturbance. The first ased an
Extended Kalman Filter, the second used an Unsddfaéman Filter, whereas the third used the EKE $iwdtched to
the UKF after the disturbance has been detected.

The UKF showed more accurate attitude estimatioer dhe disturbance in comparison with the EKF, thet
estimation quality of both in steady-state was eitmilar. Thus, since the UKF had a computatidoatl 101.3%
higher than the EKF, a switch from the EKF to th€FUvas proposed in case a disturbance occurs afierady-state
interval. This hybrid EKF-UKF scenario producedearor very similar to the second scenario but witomputational
load only 53.7% higher than the EKF-only approa€me should notice though that this investigatios mat
considered any fault detection and diagnosis schenmeutomatically produce the aforementioned switghSuch
scheme is definitely a factor to contribute to ¢benputational load of the hybrid approach.

The UKF exhibited a behavior less robust to parametning than the EKF. When the filter tuning paegers
were not fine tuned, numerical errors arise andokenthe positive definiteness of the estimatiororegovariance
matrix. This loss of positive definiteness caudes square root matrix computation in Eq. 22 unfdasiThe EKF
approach also exhibited divergence when its turpagameters filter were not appropriately tuned,utio the
acceptable intervals for variation of such paranseteere found to be quite large.

Finally, the UKF provided an estimation gain whempared to the EKF, and such can be an interefgatgre in
some applications. The heavier computational lcau lwe reduced with a hybrid approach as describdbe third
scenario, though it calls for the additional conapioins in a fault detection and diagnosis algorithm

Future investigation should focus on finding wagsat/oid the problem encountered regarding the Gavee
matrix square root calculation in the UKF, thus iaddto filter robustness to numerical errors inealrapplication.
Advancing further towards more recent nonlineatefihg, e.g. the particle filters, future investiga into filter
performance under disturbance occurrences seerasirantive avenue, since the computational poweerbedded
computing resources is increasing each day andrevader the usage of more sophisticated filterseal aerospace
applications.

Angle Error About the Euler Axis - Extended vs. LUnscented Filter Angular Rate Vector Estimation Error Norm - Extended vs. Unscented Filter
0.25 T T T I 1.4 T T T T

— Extended Filter : | — Extended Filter
Unscented Filter : : Unscented Filter

01k : : : o : :

Angle Error About the Euler Axis (rad)
Angular Rate Yector Estimation Error Morm (radfs)
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Time (s) Time (s
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Figure 5. Comparison between the first and secondasnarios.
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Figure 6. Comparison between the first and third senarios.
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