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Abstract

The model-based fault detection approach is one of the software-based supervision systems monitoring. This method has a
marked effect to detect components fault without demanding extra sensors to measure or add redundancy. The extended multiple
model’s adaptive estimation method is an online strategy to detect and isolation failure of components. Simple implementation, fast
and accurate response, compatibility with nonlinear systems, and the ability to detect different types of faults are the most important
features of this method. This method is applied to the faulty spacecraft in terms of actuators and its capability is evaluated. The most
probable actuator fault implemented using MATLAB/SIMULINK software. The presented approach successfully detects faulty

actuators.
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Introduction

Due to the importance, complexity, and cost of the space
projects, increasing the reliability of system operation is
vitally important. The main objective is to consider
various unpleasant conditions and taking the required
action within these faults or failures. In the monitoring
process, all the required variables are checked and
according to the considered range, all the undesired
events are notified to the system management. In the
other type, automatic action at some critical happening
is taken based on the predesigns and preprogramming
[1]. Diagnostics can be performed based on prior
knowledge (model-based design according to
mathematical principle) or driven empirically using
numerous observation and experimental tests (like
black-box models, neural networks) [2-4]. It should
bethoseentire methods to formulate diagnostics use
models (principles) and data, but their approaches have
drastic differences.

Data-driven methods can be beneficial when the
mathematical model of a physical system is complex
and is not available. This approach is also used in [5] to
detect gearbox faults by using an adaptive method.
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Capozzoli, Lauro, and Khan [6] implemented a data-
driven method to commercial buildings to detect faults
as Duct fouling and excessive infiltration. It should be
noted that the Data-driven methods require little
information about systems operation which decreases
the usage of engineering expertise and science. On the
other hand, these approaches need a large volume of
training data and are limited in extrapolation beyond the
training data range.

There is an increasing interest in the development
of model-based Fault Detection and Diagnostics (FDD)
methods. The model-based strategy uses a priori
knowledge to develop a physical system mathematically
and by using this model can evaluate differences
(residuals) between the actual operating states. This
analytical analysis is often according to quantitative
model-based methods, parity relations, observers,
Kalman-filter, and parameter estimations techniques [7-
10]. Gliel [11] employed stated observation to detect a
fault in an industrial boiler. In aerospace vehicles,
mostly the fault detection and diagnosis process relies
on hardware and sensor redundancy [12]. But, since
adding redundant hardware(due to some main reasons as
space, weight, and cost limitations) is not possible,
health monitoring through software has gained attention
in recent years. In [13] and [14] two projects
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dealingwith fault on the thrusters of the Mars Express
spacecraft and the wing-flap actuators of the HL-20
reusable launch vehicles are indicated.

Another approach to detectand isolate actuator or
sensor faults is the multiple model adaptive estimation
(MMAE) method which was successfully implemented
on various vehicles like aircraft and underwater vehicles
[15-16]. The main advantage of the MMAE method
compares to other FDD algorithms lies in its
responsiveness to parameter variations, leading to faster
fault isolation than that attained by other methods
without a multiple model structure. With a combination
of MMAE with Extended Kalman Filter (EMMAE), to
make the MMAE method applicable for any
circumstances and systems, the MMAE algorithm is
combined with EKFs wused for the nonlinear
estimation[17-18]. Due to the nonlinear nature of most
dynamic systems, the method can be implemented on

various systems.

The objective of thispaper is to implement a model-
based fault detection technique on a faulty spacecraft
(considering faults in actuators).As mentioned, the
EMMAE method has been applied to airplanes and
underwater vehicles. In this paper, we demonstratethe
capability of this method on a new vehicle. Since the
operational environment, required accuracy and
sensitivity to detect a fault, as well as the type of
actuator mechanism, is drastically different from each
other. Secondly, the mechanical and electrical features
of actuators are completely varied from each other. An
aileron mechanism is markedly a different system from
a reaction wheel and some features as DC motor
operation, vibration, saturation, speed of motion, etc.,
can’t study on the aileron. Therefore, the second novelty
is concerning fault implementation on a new type of
actuator.

The paper is organized as follows: Section 2 deals
with a brief explanation of the EMMAE method and the
mathematical formulation of this technique. The satellite
dynamics arepresented in section 3. Simulation results
of the system using Simulink/Matlab software and
conclusions are provided in sections 4 and 5.

The Model-Based EMMAE Method

A supervisor system plays an important role to maintain
system performance and increase reliability. This
process performs a set of activities to maintain a system
in operable condition by observing the system states.
This chapter explains a high- performance online
nonlinear FDD system that monitors health of
theactuators without demanding extra sensors.A high-
performance approach to detect and diagnose faults on
actuators or sensors is the EMMAE method as shown in
Figl. It monitors the system’s healthy based on a bank
of Extended Kalman Filters (EKFs) running in parallel,
which each of these EKFs corresponding to the specific
fault of the actuators.
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Figure 1.Classical EMMAE approach using EKFs [19]

This scenario has important advantages in contrast
to others FDD approaches. The main advantage of the
EMMAE method attributes the responsiveness to
parameter variations and robustness against disturbances
and platform uncertainties. Also, this method doesn’t
require a complex multiple model structure and can
implement on the general microprocessorconveniently.

The other benefit is the ability to detect various
fault occurrences on actuators based on different causes
like delay, saturation, abruptness,etc. The EKFs are
employed based oncontinuous nonlinear
differentialequations that describe the plant under
consideration as follows [20]:

x=fl,u)+w (1)

where the state vector is x, the control input vector
isu, the set of nonlinearfunctions of the state and control
vectors is f(x, u), and the random zero-mean process
noise vector is w.

The main equation to detect faults using the
EMMAE method is explained [19].

The state vector of the it is augmented to monitor
the actuator faults. This state is added to estimate during
EKF estimation. Therefore the state vectorfor each
filteri is:

7 =] @

Where x is the system states and & is the " faulty
actuator.
The discretized form of Eq.l, as well as the discrete
form of the measurement equations, expressed in state-
space form as

x(k + 1) = Q)kxk + Gkuk + wy

Vi = h(xy) + vy ®)
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where the state vector is evaluated at the discrete-
time instantt, = KT, and T is the sampling time of the

process.The discrete transition matrix@is approximated
by

O =1+ F,T, (4)

where the continuous system dynamics matrix is Fj,. The
continuous system dynamics matrixF and G is the
control-input matrix.

d
Fy(k) = ?fzi(zi(k): S| 2=z cklie)

ZF?)GﬂGH )

d
Gyi(k) = a__fzi (z:(k), 8(K))| =z,
5

:mem] (6)

Using the above equations, the linearized system
evaluated at each sampling time can be shown as:

-l ol

. [G(o,g(K)] 500 (7

The probabilities of the system, either in the no-fault
case or in an actuator/sensorfailure case:

pilk] = p[6 = 6,|Y,]
ply = yl(0 = 6, Y, 1)) pilk — 1] (8)
7:0 ply = yi|(6 = ej:Yk—l)]-pj[k —1]

ply = yl(0 = 60;,Yy_1)] )
= ¢,[k]e~Ti" ST KIrdk/2

1
&kl = s aon

By examining the probabilities computed by Eq.[8], we
can determine the health status of the system, either in
the no-fault case or in an actuator/sensor failure case.
Since a fault may occur at any time, regardless of which
actuator may fail, we decide to assign the same
probability to all the scenarios, i.e., p[0=0; ]=1/N for j
=1, N. Term |...|denotes the determinant of the
matrix,mrepresents the measurement dimension,
and};(k)is the residual covariance matrix calculated at a
time step by the i*® EKF. The termr;[k]corresponds to
the residuals of thei®* EKF.

(10)
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A Micro-Satelliteplatform as a case study

Due to the risk of space missions, spacecraft requires
advanced monitoring systems to detect failures, hence it
is an effective alternative to hardware redundancy. The
most probable area in spacecraft for occurring a fault is
in Attitude Control Subsystem (ACS), more particularly
its actuators. These components are faced with
unexpected faults/failures like cold solder joints, minute
particles, or massive temperature fluctuations. Various
actuators are employed on the satellite base on the
mission as reaction wheel (RW), Momentum Wheel
(MW), cold gas thruster, and magnetic torque. An RW
that commonly use in imaging missions consists of a
flywheel attached to a brushless DC motor. It's notable
notably that at least three RWs are required for fully
actuated attitude control [21].

Table 1  describessome of the recent
momentum/reaction wheel failures in space missions.

Tablel.Summary of on-orbit failure of the actuator [22]

Spacecraft Cause of anomaly Year
Radarsat-1 2 pitch MWs failed 1999,
2002

ISS 1 CMG failed on June 8 2002

Hayabusa X and Y axis RW failed on July 2005
31 and October 2, respectively

FUSE Final RW required for accurate 2007
pointing failed

TIMED Single RW failure 2007

Dawn Two RW failures due to 2010,
excessive friction development 2012

Kepler Two RW failures disabled 2012,
accurate positioning/data 2013
collection

Since the reaction wheel is the most commonly
used actuator in the satellite for various missions as
imaging or telecommunications, this actuator is
considered to study the performance of the proposed
method.An example of the usage of RWs on a satellite is
shown in Fig.2

Three Axis Stabilisation

Yaw Axis Satallite

4. Raoll Axis
- ey
Piteh Axis U'Ie-::;h
Ot Motion

Reaction or
Maomentum Wheeals

Figure 2.The Layout of attitude control using RWs
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Mathematical Dynamics Equations

Euler equations are used to model the dynamics of the
spacecraft, with respect toconcerning an inertial
coordinate system {I}. The reaction wheels are used as
excitation actuators. The attitude dynamics of a rigid
simulator are given by Euler's equation [21,23]:

— —

Moo =J@o + @B XJB — hyyy — @ X Ry )

where/  is the spacecraft’s inertia matrix, w =
[wx wy, @;]Tis the angular velocity ofbody {B} in
{1}, ﬁrw is the angular momentum of the reaction
wheels and Mext is the external torque which is applied
on the platform.Also, this external torque contains

various types as:

Meye = Myero + Msyn + g T M,, QAD)

Where Maem is the aerodynamics torque, Msun is
applied from solar pressure, Mg is the major torque from
gravity gradient and Mm created from interacting of

satellite with the magnetic field. The rotational
kinematics using a quaternion can be described by

(:h 0 Wz _wy Wy
Go| _L|mwz 0 @y ()
qs 21wy —Wx 0w,
qzl- Wy _wy —Wy 0

whereq = [q; q, 43 Q4]Tare the quaternions. The
quaternion is defined as a vector in the following:

q=1iq1+jqz +kqs +qs (VF)

Simulation result

In this section, the EMMAE method is performed on a
micro-satellite and the simulation result using the
Matlab/Simulink software is presented. The structure of
Simulink softwareis classified into various sections as
control algorithm, platform dynamics, the mathematical
model of reaction wheels, supervisor system,and the
FDD developed method. As can be seen in Fig.3 the
simulation scenario is presented. to simulation this
approach, a failure apply to one of the actuators (RW1 in
this layout) and by considering the control torque and
system states, the developed method, identifies the
faulty actuator and report to the supervisor system to
take necessary strategy. In this simulation, only the fault
detection process is discussed.The main features of the
satellite are considered as in Table2.
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Figure 3. Simulation process

Table 2.The main features of the satellite

Title Value
5 0.1 -0.02

?ﬁ;’;ﬁ}:fggod )° F'l o1 55 007 |[Ken?
Y 1l-002 007 6

Mass 80 kg

Moment of 5

inertia (RW) 0.0004 kg.m

Max-

Speed RW 7000 rpm

RW number 3

Without Failure

First of all,a Slew maneuver without any fault
occurrence is performed to ensure about simulation
process and designed a Feedback quaternion
controller.The initial condition [0, 0, 0] is considered
and the platform is excited to achieve the desire attitude
degree that is [70, 60, 30].

Psi
—Theta
—Phi

Euler (Deg)

. I I . I .
5 10 15 20 25 30 35 40 a5 50
Time(s)

Figure 4. Satellite attitudemaneuver

As can be observed a three-axis maneuver was
implemented on the platform reaching the desired
attitude below 20 sec using three reaction wheels as
actuators. Also, the satellite angular velocities on the
three axes are presented.
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Figure 5. Satellite angular velocity

The angular velocity increased during the applied
maneuver and provides sufficient stability at the end of
the maneuver by reaching the desired attitude. The
change of actuator velocity is also illustrated to describe
this maneuver in detail.
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Figure 6. Reaction wheel angular velocity

It's evident that platform momentum remains constant
during the mission; hence the satellite angular velocity
and actuators are applied in the opposite direction. The
maximum actuator velocity is under 6000 rpm and the
difference between RW speeds is according to desired
attitude as well as platform inertia about each axis.This
simulation validates developed attitude controller
performance and mission simulation without applying
any fault. In the following, two critical failures on a
reaction wheel [24,25] that is the main actuator in
remote sensing satellite arestudied;Change of the
mechanical properties (saturation level) and complete
failure (zero torque) are applied and perfomanace of the
EMMAE method to detect faults are studied.

Apply Fault

Casel:Zero-Torque

In this case, it's assumed that the actuator about X-axis
failed from the beginning of the maneuver.This failure
occursdue to problems with the power supply,
connections ,and wiring.
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Figure 7. Occurrence failure on an actuator (Casel)

As can be observed, the reaction wheel about the x-axis
dealt a defect and remains without any motion during
the maneuver. The EMMAE method response in this
condition is described in Fig.8.It should be noted that the
initial probability of faulty condition has considered as
[0.7, 0.1, 0.1, 0.1 which "No-fault" condition
corresponding to 0.7. The probability of failure is
considered equal due to the same reaction wheel

manufacturer.

1.2 T T T T T T T T

——Faum
——Fault2
Fault3
1 ——No fault

e
©
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e
>

o 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 8. Actuators fault probability using EMMAE method

The developed method after getting its required data
from measurement sensors can successfully detect the
faulty actuator after 1 sec. At the beginning of the
maneuver, due to the greater probability of No-Fault
condition, the method report this mode and after
obtaining sufficient data, the faulty actuator is correctly
identified. The RW, (Fault3)has been recognized as a
faulty actuator and is reported to the health monitoring
system.The attitude maneuverconcerning this faulty
condition is presented as:

ot

Euler (Deg)

. I I
25 30 35 40 a5 50
Time(s)

Figure 9. Satellite attitude maneuver during the faulty
condition (Casel)
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As can be observed Y and Z axis reach to desire attitude
and the X-axis because of the RW failure hasn’t
addressed our target. Platform motion about this axis is
due to non-linear dynamics of the systems as well as
platform inertia.The dynamics of the system are coupled
and the application of torque on each axis affects the

other axes.

Case2:Saturation level

Since actuators are electromechanical devices, there is a
possibility of changing their performance characteristics
during the mission, which can be occurred due to the
changes in the drivers, suppliedvoltage , and mechanical
components.In this case, the saturation level of the
reaction wheel changes from 7500 rpm to 1000 rpm.

1000

0
ﬁ —RWX
—RWY

1000 RWZ

2000

RW Speed (rpm)

-3000 -

4000 -

5000 L L L L
o 5 10 15 20 25 30 35 a0 a5 50

Time(s)

Figure 10.Occurrence failure on an actuator (Case2)

As can be seen, the saturation level of the RWyhas
decreased from 7000 to 1000 rpm and no more torque is
applied when it reaches this level. It’s clear that between
2-28 sec RWy doesn’t apply any torque and its speed is
fixed.

The comparison between expected torque and applied
torque from RWy is shown in Fig.11

Torque (N.m)

L L L L L
0 5 10 15 20 25 30 35 a0 5 50
Time(s)

Figure 11.Comparison between required and applied torque by
the actuator (Case2)

After the wheel speed reaches the saturation level, no
torque is applied to the system, which is significantly
different from the expected value. This difference leads
to detect the desired fault by the algorithm. The EMMAE
method can detect this fault properly.
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Figure 12. Actuators fault probability in case fault 2 using
EMMAE method

Using the torque command applied by the controller and
the attitude of the spacecraft, the method was able to
correctly identify the faulty actuator in about 2 seconds.
Fast response is one of the most important advantages of
this method, which was well demonstrated in this test.

sor ot Psi |

. s ——Theta

Euler (Deg)

0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 13. Satellite attitude maneuver during the faulty
condition (Case2)

Changes in the angles of the axes are shown in figure
13. As can be seen, the existence of this defect has
affected other axes due to the non-linear nature and
coupling of the system dynamics.No torque is applied in
the specified area and the system is rotating at a constant
angular velocity until control torque is applied again in
Sec 28.After applying the required torque, all three axes
were able to track the desired attitude.

Conclusion

In this paper, different fault detection and diagnosis
methods were introduced briefly and the Extended
Multiple Model Adaptive Estimation (EMMAE)
Methoda software-based monitoring approach explained
in detail. The algorithm equationswere explained and
spacecraft dynamics equations to apply the proposed
method, was indicated. Two criticalfailureson the
reaction wheel that is the main actuator in
satellitewerestudied;Change ~ of  the = mechanical
properties (saturation level) and complete failure (zero
torque) were applied and the developed method can
detect faulty actuator properly. During the algorithm
simulation, the ability of the method to respond quickly,
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identify different types of faults, and the stability of fault
detection were validated.
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