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Abstract: The aircraft hydraulic system is very important for the actuation system and its failure has
led to a number of catastrophic accidents in the past few years. The reasons for hydraulic loss can
be leakage, blockage, and structural damage. Fortunately, the development of more electric aircraft
(MEA) provides a new means of solving this difficult problem. This paper designs an active fault
tolerant control (AFTC) method for MEA suffering from total hydraulic loss and actuation system
failure. Two different kinds of scenarios are considered: leakage/blockage and vertical tail damage.
With the application of the dissimilar redundant actuation system (DRAS) in MEA, a switching
mechanism can be used to change the hydraulic actuation (HA) system into an electro-hydrostatic
actuation (EHA) system when the whole hydraulic system fails. Taking account of the gap between
HA and EHA, a degraded model is built. As for vertical tail damage, engine differential thrust control
is adopted to help regain lateral-directional stability. The engine thrust dynamics are modeled and
the mapping relationship between engine differential thrust and rudder deflection is formulated.
Moreover, model reference control (MRC) and linear quadratic regulator (LQR) are used to design
the AFTC method. Comparative simulation with the NASA generic transportation model (GTM) is
carried out to prove the proposed strategy.

Keywords: active fault-tolerant control; total hydraulic loss; vertical tail loss; dissimilar redundant
actuation system; model reference control

1. Introduction

Safety and reliability are increasingly important requirements in modern transportation systems,
especially for civil aircrafts. Normally, fault tolerance can be realized by software and hardware
redundancy as well as different control strategies. With abundant redundancies in modern civil aircraft,
fault-tolerant control strategies have been widely developed [1], which are important to ensure the
aircraft’s recovery from severe failure and improve its reliability.

However, this is not enough. Loss of control (LoC) is still is major contributor to aircraft
accidents [2]. For example, the Japan Airlines Flight JL123 crash [3], caused by the vertical tail breaking
down, was a result of its hydraulic system. When the hydraulic system fails, accidents are unavoidable
for aircrafts. One more example is when a DHL cargo airplane (A300) was hit by a missile when flying
over Baghdad in 2003. The missile damaged the outer half of the trailing edge flaps on the left wing
and all hydraulic lines [4].
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Therefore, the failure of the whole hydraulic system is dangerous to traditional hydraulic-driving
aircraft. As a result, more electric aircraft (MEA) has been developed to address this problem
by combining the power of the hydraulic system and electric system, which is called a dissimilar
redundant actuation system (DRAS)—for example, the A380 with dual hydraulic/electric (2H/2E)
type [5,6]. Research [7-9] on the DRAS shows that it can much improve an aircraft’s chances of
recovering from some severe failures. Furthermore, the MEA is useful for optimizing the performance
and cost of the flight [10], which contribute to the development of the MEA. Thus, it is necessary to
conduct research into MEA fault-tolerant control strategies.

In the case of active fault-tolerant control (AFTC), which is the focus of our study, related research works
are found mainly in dynamics-oriented studies and control strategy-oriented research. Gautam H. Shah
used the wind tunnel to investigate the aerodynamic effects of damage to the primary aircraft control
surfaces [11]. Crider et al. analyzed the mathematical model of aircraft without vertical tail [12].
Wang ] et al. introduced a damage degree coefficient to parameterize the damaged aircraft dynamic
model [13]. As for control strategies, many AFTC approaches to combating actuator failure and
structural damage can be found, such as linear parameter varying (LPV) [14,15], multi-model (MM) [16],
adaptive control [17-22], model following [23,24], neural networks [25-27], and model predictive
control (MPC) [28], etc. Researchers such as Hitachi and Liu [29], James M et al. [30], and Lu [31]
propose a method that uses engine differential thrust control to provide the yaw moment for vertical
tail loss. In addition, monitoring techniques, failure identification, and health management for
electro-hydraulic actuators are well discussed in [32-35]. Nevertheless, the literature fails to consider
that for the traditional hydraulic driving aircraft, structural damage is always accompanied by total
hydraulic loss, leading to the malfunction of all actuators. Total hydraulic loss has not been considered
as a reason for actuator failure or as a result of structural damage. Thus far, techniques for designing
AFTC have not yet been suggested in relation to the MEA.

Therefore, designing an AFTC strategy for MEA is necessary. Due to the whole elevators being
equipped with DRAS, the elevators can provide the necessary pitch moment to ensure longitudinal
dynamics control when the hydraulic system fails. Then, lateral-directional motion control should be
considered, which is related to more control surfaces as well as engines.

In this paper, the lateral dynamic modeling of the damaged aircraft and its AFTC strategy are
investigated. Firstly, the problem of total hydraulic loss is considered in two representative scenarios:
with and without structural damage to the lateral-directional control surfaces. Due to the advantage of
MEA, the DRAS integrated by the hydraulic actuation (HA) system and electro-hydrostatic actuation
(EHA) system is utilized to combat total hydraulic loss. Moreover, engine differential thrust control is
adopted while the vertical tail is damaged. Two different kinds of damaged aircraft model are built.
Then, the AFTC strategy based on model reference control (MRC) and linear quadratic regulator (LQR)
is proposed. Combined with other control methods, MRC is widely used on different fault-tolerant
systems for its simplicity and practicality. Here, we combine MRC with the LQR method and apply
them to the NASA generic transportation model (GTM). The simulation proved the performance of the
designed AFTC strategy when the hydraulic system fails.

2. Preliminaries and Dynamic Modeling

2.1. Dissimilar Redundant Actuation System

Hydpraulic failure can be caused by leakage, blockage, and structural damage, which are dangerous
for an aircraft. When the MEA suffers from this, the longitudinal control of the aircraft can be ensured
when failure happens, because the elevators of the more electric aircraft are all adopted by DRAS based
on the hydraulic actuator and electro-hydrostatic actuator (HA/EHA). Hence, when the hydraulic
system fails, the control of lateral behavior will be seriously affected. This paper focuses on a
lateral AFTC strategy design for aircraft. The detailed layout of DRAS can be found in my previous
work [36,37].
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2.2. Nominal and Damaged Aircraft Modeling

The lateral model of the aircraft, which is described by the linearized state-space equation, can be
expressed as [38]:

x=Ax+Bu
_ )
y=Cx
The corresponding matrices are
. fiﬁN . rpN (Yr—ug)/Vo gocos6By/Vy 0 Y,
p+ixNg ix Ly+ixNy
A=| NI zvqf-"'ip 5y °  B=| ln rC:[ 00 01 ]
2 1 ixLy
ST T o N 0 0 1
0 1 0 0 ixd 4x2

However, the nominal model cannot express the real control surfaces due to simplification.
Therefore, an MEA model with independent control of all actuators is necessary. More details about
the nominal and the damaged model can be found in our previous work [36,37].

There are two severe scenarios in which the aircraft experiences total hydraulic loss:

e  Scenario I: without structural damage towards lateral-directional surfaces;
e  Scenario II: with structural damage towards lateral-directional surfaces.

The aircraft model in scenario I (without structural damage) is built with hydraulic leakage or
blockage, which causes total hydraulic loss yet has a negligible influence on the lateral-directional
aerodynamic parameters. In scenario II (with structural damage), the aircraft model is built with
completely vertical tail loss. These two scenarios have been responsible for many flight accidents and
caused huge fatalities. Therefore, it is appropriate to validate and assess the proposed AFTC strategy
towards these representative scenarios.

2.2.1. Scenario I: Aircraft Model under Hydraulic Leakage/Blockage

Assuming that the change in lateral-directional parameters can be neglected under such horizontal
stabilizer damage, the point focuses on the influence of the THL. Therefore, as shown in Table 1,
the outboard aileron and the upper rudder are unavailable. The state space equation of the damaged
aircraft model is expressed as follows:
x=A1x+Biu
{ y=Cix @

The state variable vector x and the output y remain the same and A; = A, C; = C, while

0 0 Ys

B, = Leain L(Ssp Léﬂaw
Ngain N, osp N, Orlow
0 0 0

rlow

4x3

T
The control input vector becomes u; = [ Oain Osp  Orlow ] , which are the input of inboard
aileron, spoilers and lower rudder, which are all driven by the EHA system.



Actuators 2020, 9, 122 40f 16

Table 1. Scenario I damage effects towards the MEA aircraft.

More Electric Aircraft Model in Scenario I

Aircraft systems

HA system failure

EHA system adopted

Engine differential thrust control not adopted

Mass properties

No change

Aerodynamics

Outboard aileron and upper rudder unavailable

2.2.2. Scenario II: Aircraft Model under Completely Vertical Tail Loss

In the case of modeling a damaged aircraft without vertical tail, since the whole aerodynamic
structure will be changed, the relative lateral-directional stability variables and parameters need to be
reconsidered and recalculated. The effects on the aircraft are summarized in Table 2.

Table 2. Scenario II damage effects towards the aircraft.

More Electric Aircraft Model in Scenario II

Aircraft systems

HA systems failure

EHA system adopted

Engine thrust control adopted

Mass Properties

weight of vertical stabilizer loss

r~
(™

Aerodynamics

Outboard aileron and whole vertical tail unavailable

Reduction in primary axis inertias

The lateral derivatives that related with the vertical tail are given as:

Cyp = —ﬂz—chm(l + Z—Z) 3)

Crr =2 |Cupun @

Cnp = CNpawr + UvVutCLav(l + Z—;) ®)
Cur = ~2,Vo{ )t ©

Crr = % - 2(%)(%)CYﬁtail @)

where Cy;, Cn; and Cy; are the derivatives of side force, yaw moment and roll moment, respectively,
related to i. V is the vertical tail volume ratio, S is the vertical tail area, S, is the aircraft wing area,
I, is the distance from the vertical stabilizer aerodynamic center to the aircraft gravity center and b is
the wing span. Because of the completely vertical tail loss, the vertical tail volume, area, weight and
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efficiency factors all become zero, which means Cyg = Cy; = Cny = 0. Since the vertical stabilizer
works for the directional stability, then Cng = 0 and Cp, = Cp./4.

Therefore, engine differential thrust control is proposed to take the place of the rudder deflection,
serving as an alternate control input to regain directional stability. Then, the lateral-directional state
space equation of the damaged aircraft can be expressed as:

Y, Yy (Yr—up)/Vo gocosBy/Vy
ng-‘rlleg LP+ixNP Ly+ixNy 0
_ 1-iyi 1—iyi 1—ixi
A=| VT, v, e . ®
1—iyiy 1—iyiy 1—iyiy
0 1 0 0 s
0
0 0 -
Ilee 6m‘n

Ly L, L

+ Léain Lésp Txxzzz —szz 55
N(Sain N(Ssp 7}% 6’1’2
Lixlzz—I?
0 0 0

ﬁ ﬁ Yy _1 gcosO
v Vv V_

O O O
S " ™

¢

2.3. Engine Thrust Dynamics

Firstly, it is assumed that the aircraft model has four engines. Considering the complexity of the
engine system, the differential thrust input is generated by the two outside engines, which can provide
the yaw moment more efficiently because of the longer moment arm. Then, the inside engine thrust is
kept the same to maintain the required flying thrust, as shown in Figure 1. The equation is as follows:

ST=T;-T4 )

Tr =T (10)

Vertical tail | Vertical tail
deflection loss

(a) Vertical tail deflection (b) Engine differential thrust.

Figure 1. Diagram of vertical tail deflection and engine differential thrust.

As a matter of fact, the aircraft engine is a highly complex system and shows a lot of nonlinearities.
In order to integrate the aircraft engine thrust into control input, a typical engine system can be
simplified and expressed as a time-delay second-order system:

T+ 28T + 0?T = W*T(t - t) (11)

where & is the damping ratio, w is the bandwidth frequency; T, is the thrust command and ¢; is the
engine time delay constant.
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The time constant of the engine response 7 can be defined as 7 = % and the damping ratio sets
to 1 (£ = 1), which means a critical damped engine system. Therefore, the engine dynamics can be

expressed as:
T _[ 0 1 ] T
T 2 2T

In this paper, the corresponding parameters are based on a JT9D engine. Under the flight condition
of Mach 0.8 and 30,000 feet, the engine time constant is 1.6 s and the time delay is 0.6 s. Besides this,
the trimmed thrust at this condition is 2789 Ibf. The engine increasing and decreasing thrust response is
shown in Figure 2. Meanwhile, in the system equipped with the Fast engine response (FastER) system
proposed in [30], the time constant and time delay can be reduced by up to 75%.

2

+[ 0 ]Tc(t—m 12)

6000 300
5500 {2500
Z 5000 £ 2000/
Z 4500 £ 1500/
= =
4000 1 10007
3500 | 00t
30004 10 15 06 5 15
Time(s) Time(s)

(a) Increasing response of engine thrust (b) Decreasing response of engine thrust

Figure 2. The engine response under the flight condition of Mach 0.8 and 30,000 feet.
2.4. EHA Performance Analysis

The EHA system, which is a novel technology applied to the MEA, aims at replacing the centralized
HA system by a self-contained and localized direct-driving system. EHA plays an important role in
today’s modern flight control systems, contributing to reduced leakage, more convenient maintenance
and lower overall weight [10].

Based on such advantages, EHA may offer higher survivability in severe conditions such as THL.
However, it should be highlighted that the EHA system suffers from lower bandwidth and reduced
stiffness compared with the HA system.

Therefore, a performance-degraded model which is described by a second-order delay system
should be proposed to express the performance gap between HA and EHA [8].

up(s)=
EW=a 2&wns + wp

Sup(s) (13)
where uy is the input of the HA system and ug is the input of the EHA system.

3. Active Fault-Tolerant Control Strategy

3.1. The Overall Structure

The structure of the designed AFTC method is shown in Figure 3. The baseline controller operates
under normal conditions, which are described in a previous work [36,37], and the control is realized by
the HA system. When total hydraulic loss occurs, the controller will switch to reconfigurable control
law, which is described in [36,37]. Meanwhile, the actuator will switch to the EHA system and launch
the engine differential thrust control system, which will operate depending on the situation.
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Switch

Control
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Output

Y

Input

Baseline Eogine

differential
thrust
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Figure 3. Structure of active fault-tolerant control strategy.
3.2. The Relationship between Engine Differential Thrust and Rudder Deflection

When the vertical stabilizer is completely damaged, the directional control is assumed to be
immediately conducted by the engine differential thrust. Therefore, the rudder input should be
mapped onto the engine differential thrust input, as shown in Figure 4.

> 1 . | Leftoutside
Rudder pedal engine
input Mapping AT
logic

o | Right outside
Ll .
engine

Figure 4. Conversion from rudder input to differential thrust.

By analyzing the yaw moment generated by rudder deflection and by differential thrust,
the relationship between them can be obtained as follows: Ny, = N1 gSbCp;;,6; = (0T)L.
Therefore, the mapping relationship between the rudder input and the differential thrust can be

formulated as:
6T qSbCx;,

ok
where the right-side of the equation is the mapping factor.

(14)

4. Simulation Study and Results Analysis

4.1. Pre-Simulation and State Space Parameters

The AFTC strategy is implemented on the NASA GTM model, and the flight condition and the
aircraft parameters are shown in Table 3.
Thus, we can obtain the detailed state space matrices in normal conditions:

—0.00558 0.0802 0.9968 0.0415 0 0 0 0.0041 0.0032
A, = -3.05 -0.465  0.388 0 B, — 0.268 0.3575 0.4469 0.126  0.027
0.598 -0.0316 -0.115 0 ’ 0.0154 0.0193 0.0241 -0.275 -0.2
0 1 0.0804 0 0 0 0 0 0

The control input in normal conditions is u = [ Oain Oaout  Osp  Orup  Oplow ]T.

While the aircraft suffers THL from complete loss of the vertical stabilizer, the weight and some
related inertia data will change. Such values related to this scenario can be calculated [31] and are
shown in Table 4.
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Table 3. Stability and control derivatives of nominal GTM aircraft.

Aircraft Condition

Parameter Value Parameter Value
Altitude (ft) 30,000 G, -0.095
Air density (slug/ ft3) 0.000928 Cip -0.32
Speed (Mach) 0.8 G, 0.20
Wing area (f12) 5500 G, 0.014
Wing span (ft) 196 G, —-0.095
Wing mean chord (ft) 27.3 C n‘ﬁ 0.210
Weight (Ibs) 6.36 x 10° Cu, 0.020
m (slugs) 19,786.46 Cn, -0.33
Lix(slug - f12) 1.82x 107 Cu, 0.0018
Ly (slug - ft2) 3.31x 107 Chs, -0.100
Lo (slug - f12) 4.97 x 107 Cy, -0.90
Lz (slug - f12) 9.7 x 10° Cy, 0
Air velocity (fps) 871 Cy, 0
Thrust (Ibf) 9870 Cys, 0
Pressure ratio 0.1851 C Yoy 0.06

Table 4. Related data for the damaged aircraft.

Parameter Value

m (slugs) 19,566.10
Weight (Ibf) 6.2954 x 10°
Ly (slug - ft) 1.82 x 107
Ly (slug - ft%) 3.0925 x 107
L. (slug - ft%) 4.7352 x 10°
Iyz (slug - ft2) 3.736 x 10°

Thus, the detailed state space matrices for the damages scenario I are:

~0.00558 0.0802 —0.9968 0.0415 0  -0.0012 0.0032

A4 _| 305 0465 0388 0 _| 0268 02130 0027
1= 0598 -0.0316 -0115 0 | "' | 00154 00120 -0.2
0 1 00804 0 0 0 0

Considering the configuration of DRAS, the actuation system switches to the EHA system, so the

T
control inputis u; = [ Oain - Osp Orlow ] .
The detailed state space matrices for the damages scenario II are

0 0 -1 0.0415 0 -0.0012 0

Ay = -3.0600 -0.4650 0.1190 0 B, — 0.2680 0.2130 0.0142
0 —-0.0316 0 0 ’ 0.0154 0.0120 0.6784
0 1 0 0 0 0 0

T
and the control input is uy = [ Oain  Osp OT ] .

4.2. Lateral-Directional Simulation through Turning Coordination

In this set of simulations, an attitude control of turning coordination is simulated. In order to
maintain the altitude, the attack angle should be adjusted to meet the equilibrium of the gravity and
the lift in the vertical direction. Since this can be realized by the full functionally electro-hydrostatic
driven elevators after the hydraulic loss, this analysis is not presented here in the interest of space.
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Here, the roll command is set as a step signal for 15 degrees and the aircraft is set to turn
positive 20 degrees from the present heading direction. The simulation results for normal conditions,
damage scenario I and damage scenario II are presented in Figures 5-10.

2 T T T T T T T
1 .
L5 \
I
1+ [ .
. I
0.5 1 .
2 0.5 »A n I«\
Z 0 ) L W | AU SR -SSP
5 VIR kit v IR A
505 v V i) -
i " “ 1 —— Normal condition
} V! —-—- MIl:Driven by EHA
L5 ‘,’ — — - M2:Driven by engine |
) 1 1 1 1 1 1 1
-0 10 20 30 40 50 60 70 80
Time(s)
Figure 5. Sideslip angle response for damage scenario I.
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Figure 6. Bank angle response for damage scenario I.
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Figure 7. Heading angle response for damage scenario I.
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Figure 8. Sideslip angle response for damage scenario II.
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Figure 9. Bank angle response for damage scenario II.
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Figure 10. Heading angle response for damage scenario II.
4.2.1. Damage Scenario I

In normal conditions, we use the baseline control law to track the command. For scenario I,
we choose two kinds of control strategies to illustrate the improvement of the proposed control strategy
and effectiveness of the proposed configuration:

M1: the proposed AFTC strategy by MRC composed with LQR regulator for scenario I using
EHA system;

M2: in comparison, we use the control strategy proposed in [30] for the damaged aircraft driven
by engine under total hydraulic loss.

Figures 5-7 give the compared responses with sideslip angle, bank angle and heading angle in
normal, driven-by-EHA and driven-by-engine conditions for damage scenario I. We give a step signal
of 15 degrees at 5 s and give a turning signal of positive 20 degrees. Comparing the simulation results,
we can see that the aircraft with THL can be properly controlled by switching the actuation system
to the EHA system using the proposed AFTC law. The system performance is very close to normal
conditions, with a slightly bigger sideslip and slightly longer raising time. This result demonstrates
that there is no necessity of using the engine system in this damage scenario. In Figure 5, we present
another simulation result for the traditional aircraft under THL, which is conducted only by engine
thrust differential control. It shows a large oscillation in sideslip motion which in turn produces
rolling oscillation through the dihedral effect Cjg. While it can roughly achieve the flight requirement,
it sacrifices the flight quality and requires high proficiency of the crew in a real situation. Such results
show the effectiveness of the proposed control law applied on MEA towards scenario I.

4.2.2. Damage Scenario II

In scenario II, we also choose two kinds of control strategies to illustrate the effectiveness of using
engine differential thrust:

M3: the AFTC strategy combining the EHA and engine differential thrust system for the damaged
aircraft is used in scenario II;

M4: in comparison, the damaged aircraft is driven only by the EHA system in scenario I
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As can be seen from Figures 8-10, we still give a step signal of 15 degrees at 5 s and give a turning
signal of positive 20 degrees. For the aircraft in scenario II, M3 changes the rudder input into the
engine differential thrust input and the system performance is better than the system controlled by
M4. With the utilization of differential thrust, the sideslip converges more quickly and the fluctuation
amplitude is limited in +0.8 degrees, which is smaller than +1.1 degrees when driven only by EHA.
Moreover, the bank angle tracks the command well, which has a small overshoot other than oscillation.
When driven only by EHA, due to the loss of vertical tail, the damaged aircraft lost its directional
stability and its Dutch-roll mode became unstable [31]. Therefore, the sideslip and bank angle are
oscillating and struggle to follow the command and the yaw response is seriously delayed for more
than 5s.

This simulation result validates the effectiveness of the proposed AFTC control strategy for
scenario II when adding engine differential thrust as the input.

4.3. Lateral-Directional Simulation Analysis of Recovery Ability

Under severe conditions, it is very important for the aircraft to be able to recover from the
undesired attitude. Therefore, in this subsection, we discuss the response performance of the damaged
aircraft’s recovery ability. Here, we set the perturbation with a bank angle of 5 degrees and sideslip of
5 degrees, and the commands are both set to zero.

4.3.1. Damage Scenario I

As we can see from Figure 11, it is obvious that M1 performs much better than M2. Compared with
normal conditions, M1 has a similar performance to normal conditions, while M2 has a very oscillating
response, with the sideslip and bank angle amplitude both up to —5 degrees and converging very
slowly. This simulation result shows that the proposed control strategy for scenario I has a higher
ability to recover from the undesired attitude.

T T T T T T T
. —— Normal condition

\ —.—. MIDriven by EHA
1 — — - M2:Driven by engine |
1
1
1

5
4
3
2
no+
~1 1\ A .
g Doannsas -
=0 BT <
Sy v .
N '\-’II ’ -
= 20
3H .
I
417 7
_5 1 1 1 1 1 1 1
"0 10 20 30 40 50 60 70 80
Time(s)
(a) Sideslip angle response
6 T T T T T T T
—— Normal condition
4 —-— Ml:Driven by EHA
) — — = M2:Driven by engine
52 ! B
51 N1y
:’JO dY VLA 0 A
< N AX4
z V ;v
s ok 4
2-201
by
4rt .
Y
6 M 1 1 1 1 1 1

1
o 10 20 30 40 50 60 70 80

Time(s)
(b) Bank angle response

Figure 11. Recovery performance of damaged aircraft in scenario I under perturbation.
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4.3.2. Damage Scenario II

Figure 12 gives the compared dynamic responses with M3 and M4. Comparing M3 and M4,
we can find that the performance of M3 is close to normal conditions, while M4 can hardly achieve the

required performance as the sideslip converges very slowly and the bank angle diverges at first and
the amplitude is up to +10 degrees.

T T T

\ — Normal condition
41 ——M3:Driven by EHA&engine
\ — — - M4:Driven only by EHA
HH- Y 77N\ -
i / \
| \ ! \

'
[}
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.3_,
~ ‘i
’
/
\
\
\
|

L v 7 4

4 \/

'6 Il 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Time(s)
(a) Sideslip angle response
15 T T T T T T T
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1\ — — - M4:Driven only by EHA
o) I\
25 I “ - -
= I N
2 i\ r N
0 . \

S o Al \ L A ==
b1’ o ey e
AR, \ /
~ . \ !
@ [\ |

5 [

v
\ 7
10! 1 - 1 1 1 1 1 1
10 20 30 40 50 60 70 8C
Time(s)
(b) Bank angle response

Figure 12. Recovery performance of damaged aircraft in scenario II under perturbation.

Overall, the proposed AFTC strategy shows its ability to recover the attitude under total hydraulic
loss and guarantee the stability of the lateral-directional control system.

4.4. Simulation with Uncertainties, Wind Turbulence and Measurement Noise

This set of simulations analyzes the performance of a damaged aircraft under wind turbulence and
measurement noise. Considering the fault detection error, 5% mismatch in coefficients of tangential
force and side force and 5% uncertainty in coefficients of roll moment and yaw moment are considered
in the vertical tail loss case. The Dryden wind model is used to generate the wind turbulence velocities
by filtering white noise. Filter designs representing the effect towards p and r are as follows:

Ly 1 s/V: 0.8 /(4))1/8
Hog(s) = oo s o 5 JHrg(s) = 73 TAS +Huyg (s), Hpg (s) = ow % % (15)
TAS (14 (Lu/VTas)s) Lo/ >(1+ (36/mV 7 45)s) TAS LY/3(1+ (4b/m)s)

where L, L, and Ly, are the wind scale lengths and ¢,, 0, and oy, are the standard deviations for
different altitudes and atmospheric conditions. Moreover, measurement noises for sideslip and bank
angle are considered with the magnitude +0.01 rad of white noise.

Figures 13-18 show the response of the different configurations of the damaged aircraft in scenario
Iand II, respectively, under wind gust and uncertainties. When a moderate wind gust is considered
in the damaged aircraft simulation, as shown in Figures 13-18, the responses in scenario I of M2 are
oscillating very strongly, where the amplitude of sideslip oscillation reaches up to +3.5 degrees and the
amplitude of bank angle oscillation reaches up to +5.0 degrees. Such performance deterioration risks
the safety of the aircraft. Compared to this, the M1 shows better performance which is very close to
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normal conditions. Responses in scenario Il show an undesired tracking performance of bank angle by
M4, while M3 demonstrates its ability to maintain acceptable performance in damaged scenarios.

4
3
2
w1
2]
-
E0M
§-1
)
-3 . .
. ) . ) ) - I}/I?.:Dm'en b}ll engine
40 10 20 30 40 50 60 70 80

Time(s)

Figure 13. Sideslip angle response for damage scenario I under uncertainties and turbulences.
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Figure 14. Bank angle response for damage scenario I under uncertainties and turbulences.
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Figure 15. Heading angle response for damage scenario I under uncertainties and turbulences.
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Figure 16. Sideslip angle response for damage scenario II under uncertainties and turbulences.
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Figure 17. Bank angle response for damage scenario II under uncertainties and turbulences.
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Figure 18. Heading angle response for damage scenario II under uncertainties and turbulences.
5. Conclusions

Throughout this paper, nominal and damaged lateral-directional MEA models were built, and an
AFTC strategy based on the MRC algorithm combined with LOR regulator was proposed for two
scenarios of MEA suffering from total hydraulic loss. The damaged aircraft models in two scenarios
were developed in this paper and the damaged aircraft tracking and mimicking the behavior of the
normal aircraft based on the proposed control law and different aircraft configuration was assessed.
The MEA’s DRAS is fully used, and it shows its great capability to deal with extreme situations such as
total hydraulic loss. The utilization of differential thrust towards completely vertical tail damage not
only helps to stabilize the directional behavior but also provides the momentum to compensate for the
effects caused by vertical tail loss. Comparative results applied to the NASA GTM demonstrated that
the proposed AFTC strategy can achieve better performance on the MEA.
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