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Abstract: This note presents the pilot assessment of a Fault-Tolerant Control (FTC) law for ele-
vator efficiency reduction via Hardware-In-the-Loop Simulations (HILS) with a research airplane
MuPAL-«a. The FTC is supposed to be a PID controller from the viewpoint of the practicality
and applicability, viz., conventional Stability/Control Augmentation System (S/CAS) structure
is adopted. The PID-FTC is designed with the consideration of onboard actuator uncertainties
as well as the possible loss of efficiency (from 0% loss up to 80% loss) in the framework of Hy,
control with hinfstruct command implemented in Matlab®. In HILS, the pilot is required
to have steady climb and descent under the condition that the elevator efficiency is gradually
reduced in a software level. HILS results indicate that the designed PID-FTC works well when
the elevator efficiency decreases even under wind gust conditions.
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1. INTRODUCTION

Fault-Tolerant Control (FTC) is one of the most important
research topics in aeronautical community, because faults
may directly lead to severe tragedic accidents with many
casualties, such as Japan Airlines Flight 123 accident with
over 500 casualties in 1985 (Anonymous, 1987, 2011), etc.
On this issue, NASA has already developed Propulsion
Controlled Aircraft (PCA), which controls aircraft motions
using only thrust, and has demonstrated its applicabil-
ity with F-15 and MD-11 (Tucker, 1999). The effort to
improve maneuverability in faulty conditions is still on
going. That is, several projects to improve Technology
Readiness Level (TRL) of FTC and Fault Detection and
Diagnosis (FDD) have been carried out in EU. For exam-
ple, GARTEUR RECOVER (REconfigurable COntrol for
Vehicle Emergency Return) (Edwards et al., 2010), EU-
FP7 ADDSAFE (Advanced fault diagnosis for safer flight
guidance and control) (Goupil and Marcos, 2014), and EU-
FP7 RECONFIGURE (REconfiguration of CONtrol in
Flight for Integral Global Upset REcovery) (Goupil et al.,
2015) have been conducted to improve TRL in FTC and
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Fig. 1. Research airplane MuPAL-«

FDD. Similarly to the situations in EU, Japanese aero-
nautical community has also developed FTC technologies.
For example, FTC design using neural network (Suzuki
and Yanagida, 2008) and its flight demonstration (Masui
et al., 2008) using a research airplane MuPAL-« (shown
in Fig. 1), etc. have been conducted.

The effort to increase TRL in FTC is still necessary, and
thus a collaborative research project named “Validation
of Integrated Safety-enhanced Intelligent flight cONtrol
(VISION)” between EU and Japan was conducted as
one of the research projects of Horizon2020 from Febru-
ary 2016 to August 2019. This project had two objec-
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Fig. 2. Block diagram of S/CAS for longitudinal motion
of MuPAL-«

tives, i.e. the development of visually supported naviga-
tion system using an Unmanned Aerial Vehicle (UAV)
when GPS signals are not normal, and the applicability
assessment of FTC and FDD using MuPAL-o (Masui
and Tsukano, 2000). The former topic results have been
reported in (Watanabe et al., 2019), etc., and this paper fo-
cuses on the latter topic. In particular, this note aims to re-
port the pilot assessment of PID-based FTC, in short PID-
FTC, with Hardware-In-the-Loop Simulations (HILS) of
MuPAL-«. The pilot assessment of flight controllers is a
necessary step to implement them to practical systems,
which is the main motivation of this research note.

The remainder is organized as follows: Section 2 summa-
rizes the design of a PID-FTC which is robust against
the uncertainties related to the onboard elevator actuator
as well as the efficiency reduction of elevator; Section 3
presents the pilot assessment of the designed PID-FTC
via HILS with artificial reductions of elevator efficiency;
Section 4 gives concluding remarks.

2. PID-FTC DESIGN

Although the design procedure has already been reported
in Takase et al. (2019), the controller has been updated
since then, thus the detailed description on PID-FTC
design is given below.

The block diagram of Stability/Control Augmentation
System (S/CAS) is depicted in Fig. 2, where k; denotes
the pitch rate (¢ in Fig. 2) feedback gain in SAS, k¢ and
kig denote the Proportional-Integral (PI) gains for pitch
angle error (0eom — 0 in Fig. 2) in CAS, 0.0y, denotes the
pitch angle command given by pilot, 8§ denotes the pitch
angle, d., denotes the elevator angle deflection command,
and J. denotes the elevator angle deflection. The state-
space representation of the linearized longitudinal motions
of MuPAL-a at a TAS (True Air Speed) of 77.5[m/s]
and an altitude of 1524 [m] is shown in the appendix. The
linearized motions of MuPAL-« have good fidelity to the
actual nonlinear motions as demonstrated in (Sato and
Satoh, 2011); however, the onboard actuator system has
relatively large uncertainties. To represent the uncertain-
ties, in (Sato and Satoh, 2011), uncertain bounded delays,
which is given as exp(—T's) in Fig. 2, were introduced, and
the controllers which are designed to be robust against the
uncertain bounded delays represented with Linear Frac-
tional Transformation (LFT) representation worked very
well. In this note, another approach (i.e. weighting function
approach to compensate for the maximum delay), which
has been widely recognized (Skogestad and Postlethwaite,
2005) and has also been used in (Sato, 2018) for the lateral-
directional motion control of MuPAL-«, is adopted.
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Fig. 3. Gain plots of weighting function W, (s) for actuator
uncertainty given as exp(—T1's) — 1

In this note, the efficiency reduction of elevator should be
also incorporated. To this end, the efficiency factor f is
introduced in the actuator model. That is, the actuator
dynamics including uncertain delays and efficiency reduc-
tion are modeled as follows:
ke
0 = fTes +1
where f € [0.2,1.0] denotes the elevator efficiency, k. =
0.86 denotes the actuator gain, T, = 0.03 denotes the
time constant of the first-order actuator model, and T'[s] €
[0.06,0.36] denotes the uncertain delay which captures the
uncertainties related to the onboard elevator actuator.

Note that (1) is represented as fTe]ZC-l-l [1+ (exp(—=T's) — 1)],

the nominal actuator is then set as 6, = %566 and
the perturbation “exp(—Ts) — 17 is introduced for the
consideration of the uncertainties. Furthermore, similarly
to (Sato, 2018), the following weighting function is intro-
duced to cover the magnitude of the supposed perturba-

tion, i.e. exp(—T's) — 1 with 7" = 0.36.
3.5s
Wals) = 22 (2
The gain plots of W,(s) in (2) and exp(—T's) — 1 with
T = 0.36 [s] are shown in Fig. 3, which confirms that the
gain of the weighting function W, (s) in (2) covers the gain
of the supposed perturbation exp(—0.36s) — 1.

exp(—T's)de, (1)

The requirement for S/CAS is to have good tracking for
pitch angle control. A weighting function W, for 6.,,, —0 is
thus introduced to impose this requirement. After several
trial-and-errors, the following W, is set.

33.69s + 15
W,(s) = 20228 T 29 3
(5) = o557 1 (3)

The choice of this weighting function is based on the rule
that the large gain in the low frequencies leads to good
tracking performance for low frequency command and that

the large cross-over frequency increases the frequency of
trackable command.

The PID-FTC is designed in the framework of H, control;
however, there exist two scalar uncertainties, i.e. the ficti-
tious uncertainty block A, for tracking performance and
the uncertainty block A, for actuator uncertainty. That is,
the problem is not a pure H,, problem. Then, a constant
scaling matrix L which is compatible to diag(A., A,) is
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Fig. 4. Block diagram for designing PID-FTC via scaled
H_, control

introduced, wviz., L = diag(l;,ls) with positive scalars
{1 and o is introduced to reduce conservatism due to
multiple uncertainty blocks. In the end, the block diagram
for designing PID-FTC becomes the one in Fig. 4.

In the controller design, the efficiency reduction has al-
ready been incorporated using “f” as in Fig. 4, and
the generalized plant then becomes parameter-dependent
with respect to f; however, hinfstruct command can-
not directly handle parameter-dependent plant systems.
To tackle this issue, “multiple model approach” (Ack-
ermann, 1985) is used; that is, five plant models with
f = {0.2,04,0.6,0.8,1.0} is set, and a single common
S/CAS gains and a single common scaling matrix L for
the five models are designed. By following the method
above, a PID-FTC, i.e. S/CAS which is robust against the
uncertainties related to the onboard elevator actuator as
well as the efficiency reduction of elevator, will be designed.

With six random initial gains for hinfstruct command,
the following PID-FTC gains are obtained achieving 0.995
of the maximum optimal scaled H, norm for the five plant
models with L'/? = diag(8.081, 45.987).

kg = 0.447, kpy = —1.570, kg = —2.125 (4)

Fig. 5 shows the gain plots from 6., to 0.0, — 6 for
the supposed elevator efficiency reduction models with
A, = +1. This figure confirms that the obtained PID-
FTC gains have an ability to track pitch angle command
with its frequency in [0,0.3] [rad/s] under the supposed
elevator efficiency reduction as well as the supposed delays
exp(—T's) with T' = 0.36 [s]. Note that the closed-loop sys-
tem with A, = 1 corresponds to the controlled MuPAL-«
with the maximum supposed delay for T, i.e. T = 0.36.

Fig. 6 shows the linear simulation results to confirm control
performance of the designed PID-FTC. Although control
performance for the minimum supposed efficiency (20 %)
is not so good, it is confirmed that the designed PID-FTC
tries to track the given pitch angle command even under
significantly reduced elevator efficiency.

3. PILOT ASSESSMENT OF PID-FTC

As it is confirmed that the designed PID-FTC has an abil-
ity to track pitch angle command under possible elevator
efficiency reduction with linear simulations in Fig. 6, pilot
assessment for the designed PID-FTC with HILS, in which
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Fig. 5. Gain plots from 6., to Oeom — 6 for ten plant
models with f ={0.2,0.4,0.6,0.8,1.0} and A, = +1

T =0.06 [s]

— efficiency = 100%

— efficiency = 80%
efficiency = 60%

—— efficiency = 40%

— efficiency = 20%

T=0.36[s]
3 T T T
6
o 4
5 2
<o 0
g-2
N |
_8 — efficiency = 100%
- L L L —— efficiency = 80%
15 T T T efficiency = 60%
f —— efficiency = 40% |
10 | — efficiency = 20%
w53
o
=0

Fig. 6. Linear simulations for various elevator efficiency

nonlinear equations with aerodynamic coefficient maps are
used, is conducted. The fidelity of the nonlinear equations
with aerodynamic coefficient maps has been confirmed and
demonstrated in Sato and Satoh (2011).

The main objective of HILS is to get pilot assessment for
the designed PID-FTC, and thus practical pilot request
is mandatory to obtain an appropriate pilot assessment.
Thus, the pilot is requested to have steady climb with
Rate-Of-Climb (ROC)=500[fpm|(= 2.62[m/s]) or steady
descent with ROC=-500[fpm](= —2.62[m/s]). However,
the elevator efficiency degrades during the simulations
without notifying the pilot. Thus, if the pilot does not
realize the deterioration of maneuverability, then it can
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be concluded that the PID-FTC has good control perfor-
mance as an FTC.

In general, it is recommended to have tests with several
(not so many, but more than single) pilots. Though, as a
primitive test, we conducted HILS with a single pilot who
has flight experience over 5500 hours as pilot-in-command
with several types of aircraft including Cessna, Beechcraft,
Aero Commander, etc.

In the figures showing HILS results, wind gust (u, in
the forward-backward direction and w, in the upward-
downward direction) is denoted by dotted red lines, and
commands (pitch angle command given by the pilot and
elevator angle deflection command given by the PID-
FTC) are denoted by dotted blue lines. Other variables
related to MuPAL-a’s motions are given by solid black
lines, wviz., u, denotes the forward-backward air velocity
deviation, w, denotes the upward-downward air velocity
deviation, 6 denotes the pitch angle deflection, and J.
denotes the elevator angle deflection. For reference, engine
torque deviation, TAS deviation and the realized ROC are
also given by solid black lines.

Before the pilot assessment for PID-FTC under reduced
elevator efficiency, the control performance with fault-free
elevator is examined. The result is shown in Fig. 7, which
confirms that the designed PID-FTC faithfully tracks the
pitch angle command given by pilot.

Then, pilot assessment under faulty elevator is conducted.
Firstly, HILS tests without wind gust are conducted. One
example is shown in Fig 8, where almost steady climb with
ROC= 500[fpm] was kept with a slight TAS increase and
almost the steady pitch angle until elevator efficiency re-
duced to 50 ~ 40%. However, after the efficiency dropped
to 30%, then the oscillations of ROC values became large
and it can be concluded that keeping steady climb was
hard. The pilot comment is as follows.

e During the flight, he didn’t realize the maneuverabil-
ity deterioration; however, when he tried to control
the aircraft with zero ROC after climbing, he felt
slightly sluggish in maneuverability, and slight oscil-
lations of ROC values were observed. However, he felt
no changes for maneuverability in climb phase.

Next, HILS tests under gusty conditions are conducted.
Two examples are shown in Fig. 9 (climb) and Fig. 10
(descent). In both cases, although TAS was almost steadily
kept, it can be found that the steady climb or descent was
not so easy due to wind gust even when the efficiency
was not so severely reduced. However, as is obvious, the
difficulty became much hard after the efficiency reduced
to less than 50%. The pilot comment is as follows.

e During these flights, it was indeed not so easy to
maintain the steady rate for climb or descent. How-
ever, due to the lack of acceleration, he couldn’t
identify the cause of the oscillatory motions; that is,
he couldn’t determine the oscillatory motions were
caused by wind gust or the deterioration of maneu-
verability. In this sense, he couldn’t identify the ma-
neuverability deterioration under windy condition.

In summary, in HILS, pilot didn’t clearly recognize the ma-
neuverability deterioration, i.e. loss of elevator efficiency.
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Fig. 7. HILS result without wind gust under fault-free
elevator efficiency (climb and descent) (Initial TAS
= 75.0 [m/s])

He felt sluggish maneuverability in calm condition; how-
ever, it was hard to identify the cause in windy condition
due to the lack of acceleration. This indicates that the
designed PID-FTC has no apparent problem in maneu-
verability under reduced elevator efficiency; however, flight
tests may be necessary for rigorous pilot assessment of the
designed PID-FTC.

4. CONCLUSIONS

This note presents the pilot assessment of the longitu-
dinal Proportional-Integral-Derivative (PID)-based Fault-
Tolerant Control (FTC) law, which is robust against the
uncertainties related to the onboard actuator as well as
the elevator efficiency reduction, for a research airplane
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Fig. 8. HILS result without wind gust (climb) (Initial TAS
= 76.3[m/s])

MuPAL-«. The PID-FTC is designed using hinfstruct
command implemented in Matlab® for multiple mod-
els representing the elevator efficiency reductions. Af-
ter checking control performance with linear simulations,
Hardware-In-the-Loop Simulations (HILS) are conducted
to obtain pilot assessment. The HILS results indicate
that the designed PID-FTC has no serious problem for
maneuverability even under reduced elevator efficiency;
however, flight tests may be necessary for rigorous pilot
assessment, because HILS have neither physical motion
nor acceleration.
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Appendix A. STATE-SPACE MODEL

The state-space representation of the linearized longitudi-
nal motions of MuPAL-a at a TAS (True Air Speed) of
77.5[m/s] and an altitude of 1524 [m] is given as follows:

{ &y = Apzp + Bpuy

Yp = Cpp + Dpuy

where z, = [u[m/s] w[m/s] g[rad/s] O[rad]]” denotes the
state, u, = d.[rad] denotes the control input, and y, =
[q 0]7 denotes the measurement output. Here, u and w
respectively denote the forward-backward and upward-
downward airspeed, ¢ denotes the pitch rate, 8 denotes
the pitch angle, and . denotes the elevator angle.

The state-space matrices [ép g” } are given as follows:
p|&p

—0.0189 0.1481 —3.5908 —9.7956| 0.3050
—0.1885 —1.2670 75.4565 —0.4663|—6.4099

0.0047 —0.0647 —2.2180 0 —5.2350
0 0 1 0 0
0 0 1 0 0
0 0 0 1 0
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