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Efficient Nonlinear Actuator Fault Reconstruction
System

P. Lu? E. van Kampen! and Q.P. Chu?
Delft University of Technology, Delft, 2600 GB, The Netherlands

This paper presents an actuator fault reconstruction system for civil aircraft. The
fault reconstruction uses the ‘local’ actuator model and the sensor measurements. Five
different actuator benchmark faults are considered: liquid and solid Oscillatory Failure
Case (OFC), liquid and solid jamming, and runaway. The OFC reconstruction is regarded
as an input fault reconstruction and is achieved by designing an Iterated Optimal Two-Stage
Extended Kalman Filter (IOTSEKF) whereas jamming and runaway faults are considered
as output faults and are reconstructed by designing a Robust Three-Step Extended Kalman
Filter (RTS-EKF). In all the scenarios, both the state and faults are estimated in an
unbiased sense. The accurate estimated state is fed back to the control system of the
actuator which is designed using the Nonlinear Dynamic Inversion (NDI) approach. The
complete actuator fault reconstruction system is presented. Simulation results demonstrate
the effectiveness of the proposed system, which shows that the presented system can be
applied in practice.

Nomenclature
F = the distribution matrix of the output fault
N = gain matrix of the output fault
Qr, R = covariance matrices of the process noise and measurement noise
q = rod position
g = distribution matrix of the input
q = velocity of the piston
%{D = normalized pressure difference
U = the input of the actuator
f = nonlinear function of the system model
h = nonlinear function of the measurement model
fi = input faults, including liquid and solid OFC
fe = output faults, including liquid and solid jamming and runaway
X, u,y = state vector, input and output
T = estimation of the states
f"', f o = estimation of input faults and output faults
P = error covariance matrix of the estimation
y = innovation of the filter
n, m, p = the dimension of the state, output and output faults
Y output of the actuator
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I. Introduction

N the last few decades, Fault Detection and Isolation (FDI) has played an important role in increasing

the safety of the aircraft. Model-based approach is a good candidate to achieve FDI. Many approaches
are proposed which make use of the model information ™45 Recent work related to the FDI, the Advanced
Fault Diagnosis for Sustainable Flight Guidance and Control (ADDSAFE), focuses on the sensor and actu-
ator faults of civil aircraft.# Indeed, both sensor and actuator faults can result into flight accidents. During
the last few decades, many FDI approaches have been proposed for aircraft > For applications in aerospace
engineering such as civil aircraft, low computational load is still a limitation for the design of most model-
based FDI approaches. On the other hand, most real-life models are not exact, which leads into model
uncertainties. Consequently, model-based approaches face another challenge - robustness to model uncer-
tainties. As such, low computationally intensive approaches with better robustness to model uncertainties
are preferred. As for sensor FDI, one feasible approach is to use the kinematic model®® which does not
use the aerodynamic model of the aircraft and has less model uncertainties. Many approaches based on
this model show good potential $PHELLLZ Ty terms of actuator FDI, one suitable solution is to use the
“local” model of the actuator instead of using the aerodynamic model of the aircraft. Different approaches
are proposed based on the actuator mode] 11415

There are different actuator faults which have different influences on the aircraft. Oscillatory Failure
Case (OFCQ) is a failure case which may be generated by the electrical flight control system. If the oscillatory
failures are coupled with the aeroelastic behaviour of the aircraft, they may lead to unacceptable structural
loads ¥ Therefore, the capability to detect these faults is very important.

This paper deals with the actuator fault reconstruction problem. In order to save the computational
load, this paper does not use the aerodynamic model of the aircraft which contains the calculation of the
aerodynamic forces and moments. Since exact aerodynamic forces and moments are difficult to obtain,
using the aerodynamic model may lead to model uncertainties. Instead, it uses the local actuator model as
the model for the fault reconstruction. In this situation, it saves the computational load and reduces the
influence of model uncertainties.

The model used in the present paper is a generic actuator model which can represent the dynamics
of the civil aircraft actuator. First the modeling of the actuator is given. Then, a Nonlinear Dynamic
Inversion (NDI) controller is designed for the actuator model which controls the rod position of the actuator.

The main contribution of this paper is that it proposes a complete actuator fault reconstruction system
which deals with five different actuator fault scenarios: liquid OFC, solid OFC, liquid jamming, solid jamming
and runaway. The five different fault scenarios are considered as two different fault types. The liquid and
solid OFC are considered as input faults of the actuator whereas the liquid and solid jamming and runaway
are treated as output faults of the actuator. Therefore, two different fault reconstruction schemes are required
which are as follows.

For input fault reconstruction, an Iterated Optimal Two-Stage Extended Kalman Filter (IOTSEKF) is
proposed which can estimate both the state and fault in an unbiased sense. Therefore, the liquid and solid
fault reconstruction is obtained.

For output fault reconstruction, a Robust Three-Step Extended Kalman Filter (RTS-EKF) is introduced
which can estimate the state and the output fault in an unbiased sense. Hence, the liquid and solid jamming
and runaway fault can be reconstructed.

The estimated state is used by the controller to generate control laws. All the five different fault scenarios
are considered in the paper. The simulation results demonstrate the performance of the proposed fault
reconstruction system. All the faults are estimated in an unbiased sense together with the unbiased estimation
of the states. This indicates that the proposed fault reconstruction system has a potential to be applied in
real application to enhance the safety of the civil aircraft.

The structure of the paper is as follows: Section [l presents the generic actuator model and the fault
scenarios which are considered in the paper. The complete actuator fault reconstruction system is proposed
in section [l The controller design is also introduced in this section. The specific fault reconstruction
schemes are introduced in sections [[V] and [Vl respectively. Section [[V] presents the reconstruction scheme for
the input faults which makes use of the IOTSEKF. Both the liquid and solid OFC is reconstructed using
this scheme. Section [V] presents the reconstruction strategy for the output faults which makes use of the
RTS-EKF. The liquid and solid jamming and runaway are reconstructed using this scheme. The states are
also estimated by the fault reconstruction system and used by the controller. All the fault scenarios are
simulated. Finally, the conclusions are made in section [V
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II. Modeling of the hydraulic actuator and faults

This section presents the generic actuator model and the fault scenarios. In section[Al the actuator model
including input and output faults are presented. In section [Bl five actuator fault scenarios are presented
which will be dealt with in this paper.

The reason why the local actuator model instead of the aerodynamic model is used for the actuator fault
reconstruction is that using the local model can reduce the computational load and does not require the
calculation of the aerodynamic forces and moments.

A. DModeling of hydraulic actuator

A generic hydraulic actuator model including input and output faults can be modeled as follows: 117
(1) = f(x(t), ut), f1(1)) + w(t) (1)
y(t) = h(x(1), () (2)
ym(t):y(t)+’l)(t),t:t“l:]_,2, (3)

with x € R” the state vector, y € R™ the output, y,, € R is the measured output. w and v are the
process and measurement noise with covariances E{w(t;)w(t;)T} = Qrow, E{v(ty)v(t;))T} = Ridw and
E{w(tx)v(t))T} = 0 where 8, is the Kronecker function, k and [ are the time steps. f and h are nonlinear
functions, u the input. f* and f° € RP are the input and output faults. The nonlinear functions f and h
can be given by

T2
fxu, f*) = S (ApPsws — Bao + Fy) /M (4)
% (ﬁ—p 1 —sign(u)zs(u + f) — Lag — acg)
h(x, f%) = x1 + [* ()
with the state vector defined as

. AP
x = [z1, 22, 23)7 =g, ¢, 7] (6)

where x1 represents the position of the actuator rod, xo the velocity and x3 the pressure difference between
the actuator chambers. Furthermore, A, = 0.0025 m? is the piston area, B = 52.3 N-s/m is a damping
coefficient, F; denotes the external forces, Ps = 1.4 x 107 N/m? the reservoir oil pressure, ¢, = 0.0025 m?3 /s
the maximum valve flow, V;,, = 0.001973 m® the mean actuator chamber volume, E = 10 N/m? the oil bulk
modulus, M = 2000 kg the mass of moving system and L = 0.023 m/s the normalized leakage parameter.

B. Actuator fault scenarios

In this paper, we consider five benchmark fault scenarios given in Table [l

Table 1: Actuator fault scenarios

Scenario Fault Occurrence time
1 liquid OFC t=12s
2 solid OFC t=12s
3 liquid jamming t=12s
4 solid jamming t=12s
) runaway t=12s

As can be seen from Table [[} there are three types of faults: OFCs, jamming and runaway. The OFC
includes liquid and solid OFC and the jamming also includes liquid and solid jamming. The definition of
the faults and the negative effect of these faults will be detailed in the following sections.
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III. Actuator fault reconstruction system

This section introduces the complete actuator fault reconstruction system. First, Section [Al designs an
NDI controller for the actuator servo loop. Then, section [Bl presents the complete actuator fault reconstruc-
tion system with the explanations of each block.

A. Design of the actuator controller

Here we design a controller for the nominal case. Therefore,by assuming f* = 0 and f° = 0, we can rewrite
the system model Egs. ([Il) and (2)) into the following affine-in-control form:

x = f(x)+g(x)u (7)
y = h(x) (3)
with
- v
f(x) = | (ApPsxs — Bxa + Fq)/M (9)
h(x) =z (10)
[ 0
s=| 0 (1)
_WjAé‘x%) /1 —sign(u)xs
Now calculate the rth order derivative of the output and denote it in the form
Iy _ L'h(x) + LyL  h(z)u (12)
dir f

where L%h(x) and Lngflh(x) are the Lie derivatives. r is the relative degree of the system, in this paper,
r = 2. The control input can be given by the following:

u= (LgL} ")~ (v — L}h(x)) (13)

where v is the linear controller which can be designed, using classical control method such as PID control,
based on the error between g..y and q. gres is the rod position reference for the NDI controller. By now,
the controller of the actuator is designed.

B. The actuator fault reconstruction system

The complete actuator fault reconstruction system is given in Fig.[[l As can be seen from the figure, the
faults can affect the dynamics of the actuator and the sensor. Three blocks needs to be designed which are
as follows:

1. The reference model
This block is used to generate a reference for the servo controller, denoted by ¢,.f given the command
Geom- Normally, it can be designed using a third-order low-pass filter.

2. NDI controller
The controller controls the rod position of the actuator given the reference g..y. The reason why
a nonlinear controller is designed is that the actuator system described by Eqs. (Il) and (@) is quite
nonlinear. A nonlinear controller can reduce the influence of linearizaton errors. The design of the
controller has been introduced above.

3. Fault reconstruction
This block uses the measured rod position y,, to estimate the states of the actuator and also the faults
in the actuator loop. The NDI controller uses the estimated states & by the fault reconstruction instead
of the measured rod position y,,.
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Due to the properties of the faults, two different fault reconstruction subsystems have to be designed:
input fault reconstruction and output fault reconstruction. These are introduced in the following two sections.

fz’ fo
dcom Qref u @ x :
Reference NDI .
N > » Dynamics »  Sensor
model » controller
j\j y’fﬂ
Fault

Figure 1: Block diagram of the actuator fault reconstruction system

reconstruction

IV. Actuator OFC Fault Reconstruction

Control
surface

This section designs the fault reconstruction in the presence of OFC. First, some introduction of the OFC

is given in Section [Al Section [Bl presents the IOTSEKF which will be used to cope with the OFC. Section [C]
presents the results of the fault-free case where no faults are injected. Section [D| presents the results of the

liquid OFC reconstruction using the IOTSEKF while section [El demonstrates the results of the solid OFC

reconstruction.

A. OFC

An OFC is a type of electrical flight control system failure which results into an control surface oscillations. In
this paper, only the OFC located in the servo-loop control of the moving surfaces is considered, which is the
case in the ADDSAFE benchmark problem® This OFC is mainly caused by the electronic components in
fault mode generating spurious sinusoidal signals 12 This oscillatory signal propagates through the servo-loop

control and results into control surface oscillations.
Two types of OFCs are considered: liquid and solid OFC which is fault scenario 1 and 2 respectively.

The liquid OFC adds to the normal signal whereas the solid OFC replaces the normal signa
According to the above definition, the OFC in this paper can be considered as an input fault of the
actuator, which can be represented by f*. The objective of the fault reconstruction system is to estimate

1'13

both the state and the fault. Therefore, the IOTSEKF!? can be used to achieve the fault reconstruction.
The introduction of the IOTSEKF is introduced in the following section.

B. Iterated Optimal Two-Stage Kalman Filter

This section first presents the equations of the IOTSEKF for the estimation of f? (OFC). The IOTSEKF
can estimate the state and fault of the system in an optimal minimum variance error sense® It is composed

of a modified bias-free filter and a bias filter *®!2 The IOTSEKF is able to cope with nonlinear systems.
According to Hsieh et al. X8 the input fault f,z is modeled as follows:

f;i = f/i—1 + w£71

(14)

where w,{l_l is a zero-mean white noise sequence with covariances: E{w}: (wlfl )} = Qim 01 and E{wy, (wlf% )T}

S

The state estimate and its covariance matrix using the IOTSEKF are given as follows:

Ty = i + Vie Sy

i

Pl = Py + WPl Vi

American Institute of Aeronautics and Astronautics
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The bias-free filter of the IOTSEKF is as follows: 1812

ty
M = Tgg—1 = Tk—1]k—1 + / f(@,u(t),0)dt 4 g1 (17)
trp—1
Py = (I)k—lplffuqu)gﬂ + Qp—1 (18)

where ®,_ is calculated as follows:

AR (A" t),u(t), fi(t
by = eAr—14At _ Z k—l( ) A = af(l’( )7“( )af ( )) (19)
n! ox R
n =Tr—1|k—1
tr
| VR :/ Qp1G(Tp—1p—1)dT (20)
tr—1
The iteration part of the bias-free filter is as follows:
1. Kalman gain calculation:
Oh(z(t), f°(t))
= S (21)
K} = Pl Hf (HP{_ H + Ri)™" (22)
2. Measurement update
n2 = Tipe—1 + K (ye — h(m) — He(Tpp—1 — m)) (23)
Define € := % and €g the desired parameter to stop the iteration, if € > ¢y, repeat step 1 and
step 2. After each iteration, 11 := ns.
3. New time update
After the iteration, the time update is obtained as follows:
Tkik =12 (24)
P = (I = K{Hy) Pl (I = K Hi)" + K Rio(KiD)" (25)
The bias filter of the IOTSEKF, which is used to estimate the faults, is as follows:
fli|k—1 = fli—l\k—l (26)
P = Ty + KL (yk = HiZaper — Sk fjp1) (27)
Plg\kq :Plffl\k—l +Q£—1 (28)
Kl = Pl SF(H Py H] + R + SiPl, S0~ (29)
P,{lk =(I-K] Sk)P,fl,H (30)
and
k= Uki1 — Ur1) figp (31)
Qr = Qi — Q" ULy = Uk (@ = U @)" (32)
Ui =Pr-1Vi—1 + T'—1 (33)
S = HipUg (34)
where Uy and Vj are the two-stage blending matrices which are given by
Uk = Uk"’(Qiil _UkQ£71)(Pg\k71)_1 (35)
Vi = Uy — KPSy, (36)

In the following two sections, the fault reconstructions of the liquid and solid OFC are shown.
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Figure 2: Result of the liquid OFC reconstruction using the IOTSEKF
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C. Fault-free scenario

The command given to the actuator is a 3-2-1-1 command. This section presents the results of the fault-free
case where no faults are present. The results are shown in Fig.

As can be seen from Fig. the rod position of the actuator can follow the command very well. The
estimation of the states are shown in Fig. [2(b)] [2(c)| and [2(d)l As can be seen, all the states are estimated
in an unbiased sense.

The fault estimation and estimation error are shown in Fig. and respectively. Since there are
no faults, the estimation of the fault is close to zero.

D. Liquid OFC reconstruction

The fault reconstruction of the liquid OFC is shown in Fig. Bl Fig. shows the reference command and
the response of the actuator rod position. The rod position can follow the command well until the liquid
fault is injected at t = 12 s.

The estimation of the states are shown in Fig. [3(b)} [3(c)| and [3(d)} As can be seen, although in the
presence of liquid OFC, the states are all estimated in an unbiased sense. It should be noted that these
estimated states are used by the controller to design control laws.

The estimation of the fault is given by the blue solid line in Fig. As can be seen, the fault signal is
also estimated in an unbiased sense. The estimation error of the liquid OFC is shown in Fig. After the
injection of the liquid OFC, the estimation error increases slightly. In the case of a liquid OFC, the shape
of the fault is only dependent on the fault itself. However, this is not the case when other fault scenarios
occur, which will be seen from the following sections.

E. Solid OFC reconstruction

The solid OFC differs from the liquid OFC in that it substitutes the normal signal instead of being added to
the normal signal. In this case, any effort to reduce the influence of the solid OFC will not have any impact.

The results of the solid OFC reconstruction is shown in Fig. @l As can be seen from Fig. after the
injection of the solid OFC, the actuator rod position is no longer able to follow the command anymore and
it only oscillates near the position when the fault is injected.

Even though the rod position can not be controlled to follow the command, the state estimation perfor-
mance is still satisfactory, which is shown in Fig. [4(b)} |4(c)| and [4(d)}

Finally, the fault estimation results are shown in Fig. |4(e)| and |4(f)| respectively. As can be seen from
Fig. the fault estimation follows the dynamics of the fault and the estimation error is small which is
shown in Fig. It should be noted that the shape of the solid OFC may change if the control signal
input to the actuator is different. This is because the rod position is always an oscillatory signal, the fault
changes with the change of the input signal.

V. Jamming and Runaway Fault Reconstruction

In the above section, the reconstructions of fault scenario 1 and 2 are introduced. In this section, the
fault scenario 3, 4 and 5 will be dealt with.

First, some definitions of the jamming fault and runaway fault are given in section[Al Then, in section [B]
the RTS-EKF is introduced which will be applied to deal with the fault reconstruction of the jamming and
runaway faults. The results of the liquid jamming, solid jamming and runaway fault reconstruction are
shown in sections [C] [Dl and [E] respectively.

A. Jamming and runaway

A jamming can include two types: liquid jamming and solid jamming. A liquid jamming is an additive bias
occurs on the rod sensor while the control surface is still under control# In this situation, the liquid jamming
can be considered as a sensor fault, which is the output fault.

A solid jamming is the real case of a control surface jamming, which means that the control surface is
stuck at its current position. The negative influence of the solid jamming is the resulting increased drag,
which leads to more fuel consumption.

8 of [If]
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Figure 3: Result of the liquid OFC reconstruction using the IOTSEKF

A runaway is an unwanted control surface deflection which, if undetected and stopped, persists until the
moving surface stops¥ Runaway is mainly caused by electronic component failure or mechanical breakage.
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Figure 4: Result of the solid OFC reconstruction using the IOTSEKF

It can result in an undesired maneuver or could require a local structural load augmentation in the aircraft.
According the above definition, both the jamming and runaway fault can be considered as output fault
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of the actuator. Therefore, they are all dealt with in this section.
An unbiased estimation of the state and the output faults can be achieved using a RTS-EKF which is
introduced in the following.

B. Robust Three-Step Extended Kalman Filter

This section designs a RTS-EKF2L for the jamming and runaway fault reconstruction. Consider the

actuator model described by Eqs. (@) and (@)). For this system, the existence condition of a RTS-EKF
i TOUIT

m>p, rank Fp=p (37)

where F}, = I is the fault distribution matrix. In this study, m = 1 and p = 1. Therefore, a RTS-EKF can
be designed. The state and the fault can be estimated by designing the following three-step filter:

Stepl Time update

k
s = s + [ Fa O, ul0). 5 0) (39)
Pyt = Pr—1 Po_1jp1 @1 + QF (39)

where &j,_q),_1 and P,_j,_1 are the state estimation and covariance of the state estimation error at
step k — 1, respectively. z is computed by:

ti
Q= / P 1G(Ep—1)5—1)Qr—1GT (Bg—1j5—1)®h_ dr.

te—1

Step2 Estimation of the faults

Ry = Hy Py HiL + Ry, (40)
Ve = Yk — HieZppr—1 (41)
f2 = Ny (42)
Pl = (PR Fy) ™ (43)
with
Oh(z(t), f°(t))
Hy, = le:af:m,l- (44)

f;; is the estimation of the output fault f? and P,f is the error covariance matrix of the fault estimation.

Step3 Measurement update

Ky, = Py HE R (45)
Frpk = Erpo1 + Ki(ye — Hedppp1 — Fif7) (46)
Py = Pyjp—1 — Kix(Ry — Fy Pl F) K (47)

The optimal estimation in the unbiased minimum variance sense of the fault can be obtained by'?
Ny, = (FIR; ' Fy) 'FI R (48)

It is proved that the RTS-EKF can achieve an unbiased state and fault estimation simultaneously*? The
fault reconstruction of the jamming and runaway using the RTS-EKF is shown in the following.
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Figure 5: Result of the liquid jamming reconstruction using the RTS-EKF
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C. Liquid jamming fault reconstruction

In this section, the liquid jamming fault reconstruction is considered. The fault is injected at t = 12 s. The
results of the liquid jamming fault reconstruction is shown in Fig.

As can be seen from Fig. the control surface deflection deviates from the command after the liquid
jamming fault is injected. This also shows the influence of the rod sensor. If the sensor measurement is not
correct, the control surface will not follow the command.

The estimates of ¢, ¢ and % are shown in Fig. [5(b)} b(c)| and [5(d)| respectively. As can be seen, the
RTS-EKF is able to estimate the states when the sensor is in error. This is due to the property of the
RTS-EKF which can decouple the state and disturbance.

The fault reconstruction results using the RT'S-EKF are shown in Fig. and respectively. It is
seen that the bias sensor fault is estimated in an unbiased sense. In this case, the shape of the fault does
not depend on the position of the control surface command.

D. Solid jamming fault reconstruction

The solid jamming fault reconstruction results are shown in Fig. [0l The control surface position is shown in
Fig. Since the jamming is injected at ¢ = 12 s, when the position of the control surface is close to zero,
the control surface position remains at the null-position® In this case, no effort can control the surface to
follow the command.

Even though the control surface is stuck at the null-position, the states of the actuator are still estimated
in an unbiased sense, which can be seen from Fig. [6(b)} [6(c) and [6(d)l These correct estimation of the states
are used by the controller.

Finally, the estimation of the fault is shown in Fig. The difference from the true fault is shown in
Fig. It is seen that the estimated fault matches closely with the true fault. It should be noted that
in this case, the shape of the fault depends on the commanded position and the position where the control
surface is stuck.

E. Runaway fault reconstruction

The runaway fault is also an output fault of the actuator. The results of the runaway fault reconstruction
using the RT'S-EKF is shown in Fig. [l

The position of the control surface is shown in Fig. As can be seen, after the occurrence of the
fault, the control surface deviates from the commanded position and is stuck at the limit. In this case, there
is also no effort can control the surface to follow the command.

The estimation of the states is unbiased as expected. The estimates of ¢, ¢ and % are shown in Fig.
and respectively. ’

Again the fault reconstruction is shown in Fig. It can be seen the fault reconstruction is unbiased
whose error is shown in Fig. The estimation error is zero-mean and is satisfactory. It should also be
noted that in this case, the shape of the fault is also dependent on the runaway speed and the control surface
command. Different runaway speeds will result into different fault shapes.

VI. Conclusions

This paper deals with the actuator fault reconstruction problem. First, the general actuator model is
given which includes the faults. A Nonlinear Dynamic Inversion (NDI) controller is designed for the actuator.
Then, the complete actuator fault reconstruction system is given. It is composed of a reference model, a
controller and a fault estimation.

The considered actuator fault types include: liquid and solid Oscillatory Failure Case (OFC), liquid
and solid jamming and runaway fault. These faults are modeled as input or output faults of the actuator.
Therefore, two different fault reconstruction systems are designed. One is based on the Iterated Optimal
Two-Stage Extended Kalman Filter (IOTSEKF) which can estimate the state and input fault in an unbiased
sense. The liquid and solid OFC can be reconstructed using this IOTSEKF. The other fault reconstruction
system is based on the Robust Three-Step Extended Kalman Filter (RTS-EKF) which can estimate the state
and reconstruct the output faults in an unbiased sense. This fault reconstruction system can cope with the
reconstruction of the liquid and solid jamming and the runaway fault.
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Figure 6: Result of the solid jamming reconstruction using the RTS-EKF

The performance of the proposed actuator fault reconstruction systems is validated using five different
fault scenarios. The simulation results demonstrate the effectiveness of the proposed systems. This also
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Figure 7: Result of the runaway reconstruction using the RTS-EKF

indicates that the proposed systems can be incorporated into the actuator system to perform the fault

detection and reconstruction.
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