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Abstract: Actuator jamming in flight control applications may be attributed to a temporary
stall load due to large aerodynamic forces, or even a permanently stuck faulty control surface.
These two root causes of actuator jamming have different consequences on available control
authority and fault duration. As an important consequence, any reconfiguration strategy that
may be applied to handle these types of jamming faults needs to distinguish between them
in order to take appropriate measures. However, the similarity of fault phenomena between
the two root causes makes this problem challenging (i.e., not possible using only passive fault
diagnosis). We propose to integrate reconfigurable model predictive control (MPC) with active
fault diagnosis (FD) to address this problem. After detecting actuator jamming, a sequence
of reconfiguration strategies (relying on actuator constraint updates and a soft constraint
formulation) is adopted to aid in the FD decision process and take appropriate measures after
obtaining the FD results. The proposed reconfiguration strategies allow the FD module to
distinguish the two root causes of the jamming and also detect the end of stall load. The MPC
then implements a suitable controller reconfiguration depending on the FD results. A nonlinear
Airbus civil aircraft simulator is used to illustrate the effectiveness of our proposed approach.
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1. INTRODUCTION

Actuator jamming has long been investigated in the field
of fault-tolerant flight control (Edwards et al., 2010).
For such actuator faults, model predictive control (MPC)
provides a well-recognized technique for fault tolerance
(De Almeida and Leiflling, 2010; Kale and Chipperfield,
2005; Maciejowski and Jones, 2003; Lew, 2013). On one
hand, MPC without reconfiguration has some inherent
self-reconfiguration properties to reallocate control effort
in the presence of actuator faults (Maciejowski, 1998). On
the other hand, reconfigurable MPC further improves fault
tolerance capacity by exploiting extra fault information in
a flexible and systematic manner, especially when it comes
to dealing with constraints (Maciejowski, 1998). Reconfig-
urable MPC has to be integrated with a FD module to
obtain fault information. Robustness and guaranteed fault
tolerance of this integrated fault-tolerant MPC (FTMPC)
scheme was analyzed with set theoretic methods in Stoican
and Olaru (2013); Yetendje et al. (2013).

Actuator jamming in most literature is attributed to a
permanent stuck fault, during which the actuator is locked
at a certain position. The study of temporary jamming
due to heavy aerodynamic forces, however, is much less
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common. This temporary malfunction, known as stall
load, leads to more stringent control limits, but can be
recovered once the aerodynamic forces become smaller
(Goupil et al., 2014). Although both stuck fault and stall
load lead to a jammed actuator, their consequences on the
control limits and fault duration are different. Therefore,
we need to distinguish the two root causes of actuator
jamming and determine the end of stall load, in order to
apply suitable reconfiguration strategies. Conventional FD
cannot achieve this goal because the fault phenomena of a
stuck actuator and stall load have high similarity.

We propose to integrate reconfigurable MPC with active
FD to address the challenge above. Instead of passively
monitoring actuator behaviors, we exploit a sequence of
reconfiguration strategies to assist the FD module, not
only to distinguish the two root causes of the jamming, but
also to detect the end of stall load. Then, the MPC adopts
suitable successive reconfigurations, leading to improved
control performance. All these improvements from both
FD and control perspective cannot be achieved without
using active reconfiguration to assist FD.

The use of active FD in the context of FTMPC has been
rather limited so far and considered only permanent faults
(Puncochar et al., 2015; Raimondo et al., 2013; Xu et al.,
2014). In contrast, our contribution lies in discriminating
between a permanent stuck fault and temporary stall load
that share highly similar fault symptoms, and illustrating
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the effectiveness of our approach using a nonlinear Airbus
civil aircraft simulator.

In the following, Section 2 presents the Airbus simulator
used to evaluate our design. Section 3 describes our fault-
tolerant control architecture. Section 4 introduces the
proposed detection and diagnosis strategy and highlights
the interactions between the FD module and the MPC.
Section 5 compares the behavior of the MPC with and
without the reconfiguration when multiple faults occur on
the elevators. Finally, Section 6 concludes this paper.

2. BENCHMARK MODEL AND SCENARIO
DEFINITION

This section describes our benchmark model, a high-
fidelity nonlinear Airbus civil aircraft simulator, and the
fault scenarios we focus on. For sake of brevity, in the
following, we describe the linearized model of the aircraft
used to build the MPC prediction model.

2.1 The aircraft longitudinal model

This work focuses on the control of the longitudinal motion
of the aircraft. Specifically, the linearized and discretized
longitudinal dynamics are described as follows:

xz(t+1) = Az(t) + Buu(t) (1a)
y(t) = Cx(t) + Duu(t), (1b)

where 2 :=[g pv a 6 h|T € X C R"= is the state vector,
which includes the pitch rate, roll rate, ground speed,
angle of attack, pitch angle, and altitude, respectively,
U := [dey ey Oy, Oeyo Oths] € UCTR™ is the control input
with 6ey;, ey, Oey, , and Je,, representing the left inner, right
inner, left outer and right outer elevator deflections, d¢ps
representing the trimmed horizontal stabilizer deflection,
and y := [nz 2T]T € Y C RP is the output vector with
nz representing the vertical load factor. All the states are
measurable. These measurements are, however, affected by
delays that we must compensate in our design (Section 3).

Concerning the five available control surfaces, the eleva-
tors are modeled as third-order linear systems, while the
horizontal stabilizer does not have associated dynamics.
The following model describes the actuator dynamics:

Ze(t +1) = Ace(t) + Beue(t) (2a)

Yo(t) = Coe(t) + Douc(t) (2b)

Yens(t) = Ushs, (2¢)

where z, € X, € R%, uo € U, C R™7L e €

Uns € R and [yl yuns]t = u. In the following, we use
umpe = [ud ugms]T to indicate the actuator input.

Finally, we assume that X', U, Y, X, and U, are polyhedral
sets that contain the origin in their interior. Furthermore,
in the following, we use d., and J,. to indicate the upper
and the lower bounds of the i-th elevator output de, .

2.2 Fault Description

In this paper, the considered fault is elevator jamming,
i.e., one or more elevators remain fixed at an unpredictable
value 6 (i € T := {li, ri, lo, ro}), before they could reach
their normal saturation limits. The elevator jamming can
be attributed to two different root causes:
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Fig. 1. Proposed control architecture.

e Stuck Fault. The elevator is permanently locked at a
certain position 5£ This effect can be modelled by
modifying both the upper and lower control limits
equal to the jammed position 5£

e Stall load (Goupil et al., 2014). The elevator is tem-
porarily jammed during an aggressive manoeuvre, be-
cause strong aerodynamic forces prevent it to achieve
its expected control surface deflection. In this situ-
ation, the elevator can still move within its reduced
control limits [, 8! ] or [—6f ,d.,], determined by
the jammed position 52 The stall load ends if either
the manoeuvre becomes less aggressive, or the aero-

dynamic forces become smaller.

Considering their different consequences on the control
limits and fault duration, a stuck elevator and stall load
need to be distinguished and require adopting different
reconfiguration strategies in FTC. Nevertheless, because
of the high similarity in the fault phenomena, these two
root causes are very difficult to be distinguished. Hence,
our proposed integrated FTC approach actively modifies
the control strategies to help the FD module discriminate
between the two root causes, as detailed in Section 4.

3. FTC ARCHITECTURE

In the following, we describe our FTC architecture. In
particular, highlighted in Figure 1, are the actuator dy-
namics, the aircraft dynamics, the constraints (depicted
as saturation blocks), and the sensor delays. Our fault-
tolerant controller consists of the following components
(depicted in light grey in Figure 1):

Elevator-state observer By using the elevator model (2a)-
(2b), four Luenberger observers, characterized by a gain L,
are constructed. The gain L is the same for all the operat-
ing points, given that the elevators are LTI systems. Each
observer independently monitors one elevator. On one
hand, the elevator-state estimates are needed to exploit the
elevator dynamics in the MPC problem formulation. On
the other hand, these elevator-state estimates are used to
compute predicted elevator outputs o2 for the disturbance
observer and the FD module.

Disturbance observer The objective of our disturbance
observer is twofold: (i) compensate for delays and sensor
dynamics that are absent in the MPC prediction model
by monitoring e,, := nz™ — nzP, i.e., the mismatch
between the measured and the predicted load factor, and
(ii) compensate for es, := 6% — P, ie., the mismatch

between the measured and the predicted elevator outputs.
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The disturbance observer computes the estimated d :=
[dn, dX]T as follows:

€s

d(t +1) = d(t) + [6} . (3)
This estimated disturbance d € R™ (nq = 5) affects the
predicted elevator outputs, the aircraft states, and the
aircraft outputs. Hence, we must consider this disturbance

as an additional state in the MPC formulation.

FD The Fault Diagnosis module relies on using the
elevator-output prediction error e, to compute the resid-
ual signal. The generated residual for each elevator is
evaluated by its root mean square (RMS) value

t

1 .
Neval Z egci (k) ('L S I)

k=t—Neya1+1

Ji(t) =

over a sliding window [t — Neyal + 1, t]. The fault detection
decision is made by comparing each residual evaluation
value J;(t) with the related threshold Ji!, i.e.,

Ji(t) < J™ = fault-free in elevator i 4

Ji(t) > J™ = jamming in elevator i. )
After fixing the length of the sliding evaluation window,
the thresholds {J;(t)} are determined by the plant-model
mismatch of the elevator model (2). In practice, each
threshold Jf" can be selected as the peak value of J;(t) in a
large set of fault-free scenarios. In this work, we determine
the thresholds by using an aggressive fault-free manoeuvre,
i.e., when stall loads might be more likely to occur.

Note that the detection logic (4) is insufficient to identify
the root cause of jamming by itself. In Section 4, we
combine the detection logic (4) with different active re-
configurations to capture more detailed fault information.

MPC The model predictive controller uses the augmented
aircraft model described below for the prediction. In par-
ticular, given (1), (2), and the control increment
Au(t) = umpc(t) — umpc(t — 1), (5)
the augmented aircraft model is given by:
TMPC (t + 1) = AmpcaMPC (t) + BMpcAu(t) (6&)
ympc(t) =Cwupcrmpc(t) + DyvpcAu(t), (6b)
where xype = 2T of u?\‘;lpc d™T € Xupc C Rmvrc
(nppc =Nk Ny +nw+n4q), Aue AU € R™ | and yypc =
[yT yI)T € Yupc :=Y x U C RPT™. The structure of
Ampc, Bupc, Cupc, and Dype follows from the choice
of the state, input, and output for the cascade depicted in
Figure 1. Finally, we formulate our control problem:

prcIél/'iVIl\l/[ipncl,iieuE y V(zmpc, Au, ref, Tinit) (7a)
S.t.: TMPC, = Tinit, (7b)
TMPC,,, = AMpPcTmpe, + BupcAug, (7c)
ympc € Ympc (7d)

where we use xmpc, (t=0,...,H, and H, is the predic-
tion horizon) to indicate the ¢-step-ahead prediction. The
cost (7a) is given by V := 1 Zfl:"o(nzt—ref)TQ(nzt — ref)+
% Zﬁ‘o Aul RAuy, where H, < H,, is the control horizon,
Q € SUre, R € STy, and ref is the desired reference

trajectory generated by the pilot stick, assumed constant
along the length of the prediction horizon. By using the
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Fig. 2. Description of the interaction FD-MPC.

dynamic equations (6a) and softening the constraints (7d),
we can reformulate Problem (7) as a condensed QP with
Au € R™Hu and € € R (e indicates the slack variable
used to soften the constraints) as decision variables:

1
migimize iAuT'HAu + AT Au+tpetc (8a)
u,e
s.t.: GAu+ Exijny + g — €l <0. (8b)

For details on Problem (8) we refer to Maciejowski (2002).

4. INTERACTION FD-MPC

This section aims to describe the close interactions be-
tween the FD module and the MPC in our proposed
integrated FTMPC approach summarized in Figure 2.

Detection As Figure 2 shows, during the detection phase,
the FD module constantly monitors the residual signal. If
the residual evaluation signal J; at time ¢, exceeds the
predefined threshold J!*, the FD module detects jamming
of the i-th elevator (i € Z). At this stage, the root cause
of jamming is still unknown and the FD module sends
a message to the MPC controller to activate the first
reconfiguration (reconfiguration for diagnosis in Figure 2).

Reconfiguration for diagnosis The aim of this reconfigura-
tion is to help the FD module understand the root cause
of jamming. The MPC checks the sign of es, at time fy,

to decide whether to modify d., or ¢, i.e., the upper
or the lower bounds of the i-th elevator. The idea is to
temporarily set the faulty-elevator bound to a tightened
value 0f £, where 6. is the measured value of the elevator
at time t¢, and ~ is a positive constant that should be
tuned sufficiently small to preserve the performance of the
controller, but, at the same time, large enough to allow
the size of residual signal exceed the predefined threshold
Ji”1 for a stuck elevator. Note that the + sign depends
on the bound that the MPC modifies, according to the
description in Figure 2. The MPC maintains this new -
tightened bound for 7 samples.

Diagnosis of the root cause During the reconfiguration
above, the FD module diagnoses the root cause of the
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jamming by monitoring J;. If J;(t;, +7) < J* during the
diagnosis period, the FD module confirms the root cause
as a stall load, because (thanks to the reconfiguration) the
faulty elevator can still move within its reduced bounds. If
Ji(te, +7) > J, the FD module confirms the root cause
as a stuck elevator, because the faulty elevator was unable
to reach the tightened bound.

Reconfiguration for stuck fault As soon as the FD module
communicates the root cause of jamming, the MPC per-
forms the second reconfiguration. If the diagnosis is that
the elevator is stuck, the MPC performs the reconfigura-
tion for the stuck elevator by setting both .. and de, to
(532 , as Figure 2 shows. This second reconfiguration is also
the last one for the stuck elevator.

Reconfiguration for stall-load start If the diagnosis is stall
load on the i-th elevator, the MPC performs the following
reconfiguration to allow detecting the end of the stall load.
It sets the previously modified bound (0, or §,,, depending
on the sign of e5,  at time t,) to the new Value 5 cFaie,
the controller allows a a > 0 larger feasible reglon for the
i-th elevator, but does not restore yet the original bound
(5; or §¢.). This new limit allows detecting the elevators
moving either beyond or below the temporarily jammed
position at the end of the stall load.

Remark 1. At the end of a stall load, the elevator is free
to move within its original bounds. Setting o = 0 prevents
the FD module to monitor the end of the stall load if the
elevator, when the actual stall load ends, needs to exceed
its reduced bound, because the limits in the MPC (with
a = 0) do not allow the elevator to exceed them, leading
to a more conservative behavior.

End of stall load During the reconfiguration for stall-load
start, the FD module constantly monitors the mismatch
oo — 57 |. If |om — 6f| < a, the FD module communicates
that the stall load is still active on the i-th elevator and
the MPC maintains its current formulation. When this
condition is violated, the FD module communicates the
end of the stall load to the controller and returns to
monitor the residual value.

Reconfiguration for stall-load end When the stall load
ends, the MPC must restore the original saturation limit,
which is the last reconfiguration for the stall load.

Remark 2. The MPC reconfiguration can handle more
than one elevator fault at a time, thanks to the decoupled
structure of the FD module, which monitors each elevator
independently. Furthermore, delays in the communication
of the root cause of jamming are partially compensated
by the disturbance observer, while possible infeasibility
issues during the reconfiguration are handled by using soft
constraints, as explained in Section 3.

5. SIMULATION RESULTS

This section presents some illustrative results of our inte-
grated control strategy on a nonlinear Airbus simulator.
In this respect, we compared the following designs:

MPC This design relies only on the information provided
by the disturbance observer. The MPC controller handles
the faults as additional disturbances, but does not recon-
figure itself to compensate for the faults.

MPC + SED This design relies on a FD module unable
to discriminate between a stuck elevator and a stall load.
When a jamming occurs, the FD module assumes that it
is a stuck fault and communicates the information to the
MPC for the reconfiguration, according to the strategy
presented in Section 4 for the stuck fault. The acronym
SED stands for Stuck-Elevator Detection.

MPC + SED + SLD This design also relies on the FD
module to perform the reconfiguration of the controller.
Compared to the previous one, the FD module is able
to understand whether the elevators are stuck or only
temporarily jammed, using the information provided by
the MPC controller during the diagnosis phase (Section 4).
The acronym SLD stands for Stall-Load Detection.

The baseline for the comparison is the behavior of the
system controlled by the MPC, in the fault-free case. We
maintained the same control tuning parameters to allow a
fair comparison with the MPC design. Furthermore, we
selected the threshold J!! in the FD module, according to
the guideline of Section 3. In addition, we selected the time
required for the diagnosis of the root cause of the jamming
7t = 30 Ts (Ts := 40 ms indicates the sampling time),
compromising between the performance of the controller
and the accuracy of the detection. Another parameter that
requires a trade-off between performance and accuracy is
v, used to tighten the faulty-elevator constraints during
the reconfiguration-for-diagnosis phase. We adopted the
following strategy:
t

— tfi f
Vi = T[%

te- 6& (tfi)] - 551 (tfi)7 (9)

where ¢ is the current time, € > 0 sufficiently small (the +
depends on the bound that is affected by the stall load),
and 0 (tf,) is the predicted value of the i-th elevator when
the fault is detected. This strategy allows the diagnosis
of the root cause of jamming and prevents undesired
oscillations on the elevator output. Finally, we selected «
large enough to avoid false alarms in the detection of the
stall load end right after the diagnosis phase.

We trimmed the aircraft at an altitude of 12,500 feet
and calibrated airspeed of 335 knots (inside the flight
envelope). The MPC updates its prediction model based
on the actual operating point in the flight envelope by
interpolating over a set of available linearized models using
Mach number and altitude as scheduling parameters. The
goal of the controller is to track a doublet signal on the
vertical load factor nz produced by the pilot, which causes
the aircraft to deviate from its initial operating point. The
doublet starts at 5 sec and ends at 20 sec. We compare the
performance of the three designs in two different scenarios:

e Stall load that prevents the outer elevators to ex-
ceed 0 deg, i.e., the outer elevators can only move
within [0, 0].

e Stuck outer elevators at 0 deg at 7.76 sec since the
beginning of the simulation.

Note that the nonlinear benchmark only allows to simulate
a stuck elevator at 0 deg. The stall load value had been
selected accordingly for comparison. Furthermore, these
fault scenarios are chosen to avoid instability issues. In
general, instability of the system in the presence of faults
might occur, based on the severity of the faults themselves.
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However, our main goal, when focusing on the given fault
scenarios, is to show how our technique is able to detect
and handle actuator faults in an integrated fashion.

Figure 3 shows the results obtained using the aforemen-
tioned three different designs. In particular, the left col-
umn compares them when the stall load occurs on the
outer elevators, while the right column compares them
when the outer elevators remain stuck. The first row of
Figure 3 shows the vertical load factor, the second and the
fourth rows depict the elevator behaviors, and the third
row presents the residual evaluation values.

Our proposed approach (solid blue line) largely improves
the nz tracking, confirming that the diagnosis of the root
cause of the jamming is fundamental for the performance
of the overall control system. In particular, note the behav-
ior of the vertical load factor using the MPC design (solid
orange line) in both scenarios. The disturbance observer
alone is not able to compensate for the faults, confirming
that control reconfiguration is necessary to preserve the
performance of the aircraft. Furthermore, note the behav-
ior of the system controlled using the MPC+SED design
(solid grey line), when the stall load occurs on the outer
elevators (left column). When the stall load ends (at =
20 sec), there is a performance loss on the nz tracking
obtained using the MPC+SED design caused by the
activation of the slack variable used to soften the outer
elevator outputs, which violate the constraints imposed by
the controller after the stuck elevator detection. Finally,
note that the relatively long detection time does not affect
the performance of the controller. Finally, as Figure 3
shows, the MPCH4SED and the MPC4SED+SLD
show comparable performance in the stuck elevator sce-
nario (right column).

In order to illustrate our strategy, consider the second
and third rows of the left column, which represent the
outer elevators in stall load and the associated residual
evaluation values. When J,,, and J,, violate the threshold
(at tr, ~ 10 sec), the FD module activates the first
reconfiguration. Given that the elevators can still move
within their reduced bounds, the residuals decrease as soon
as the elevator output reacts to the change in the bounds.
Hence, the FD module diagnoses a stall load on the outer
elevators. After the end of the diagnosis, the MPC relaxes
the upper bound (at =~ 11 sec) and the FD module
waits for the end of the stall load. When the FD module
detects the end of the stall load (at ~ 22 sec), the MPC
restores the original bounds. Finally, note the behavior
of the healthy inner elevators that react accordingly to
compensate the loss of the outer ones during the fault.

Consider the second and third rows of the right column,
which represent the behaviors of the stuck outer elevators
and the associated residual evaluation values. The FD
module detects the occurrence of a jamming as soon as
Je,, and J,_ violate the threshold (at ¢, ~ 10 sec). As a
consequence, the MPC controller updates the upper bound
according to the reconfiguration-for-diagnosis strategy for
7t samples. Given that J., and J,,, remain above the
threshold, the FD module diagnoses that the elevators
are stuck and the MPC controller updates both the upper
and the lower bounds according to the reconfiguration-for-

stuck strategy, causing J,,, and J.  to return below the
threshold, as Figure 3 shows.

6. CONCLUSIONS AND FUTURE WORK

We presented a novel fault-tolerant controller tailored to
aerospace applications. Our approach relies on the close
interaction between FD module and MPC controller. The
FD module exploits the controller to diagnose the root
cause of the elevator jamming and the MPC exploits the
information provided by the FD module to better handle
the jamming. We showed on a nonlinear Airbus simulator
the benefits that our strategy can bring to the performance
of the control system. As part of our future work, we will
perform more extensive tests on the nonlinear simulator
at different operating points.
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Fig. 3. Evaluation of three designs to handle the elevator jamming. The left column shows the behavior of the system
when a stall load occurs on the outer elevators. The right column depicts the behavior of the system when the
outer elevators are stuck at their position.



