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Abstract: With the strong battlefield application environment of
the next generation fighter, based on the design of distributed
vehicle management system, a fault diagnosis and fault-tolerant
control (FTC) method for wing surface damage is proposed in
this paper. Aiming at three kinds of wing damage modes, this
paper proposes a diagnosis method based on the fault decision
tree and forms a fault decision tree for wing damage from the
aspects of sample database construction, feature parameter ex-
traction, and fault decision tree construction. Based on the fault
diagnosis results, the longitudinal control law based on dynamic
inverse and the lateral-directional robust control laws based on
linear quadratic regulator (LQR) are proposed. From the simula-
tion examples, the fault diagnosis algorithm based on the de-
cision tree can complete the judgment of three wing surface
damage modes within 2 ms, and the FTC law can make the
fighter quickly return to a stable flight state after a short transi-
ent of 1 s, which achieves the fault-tolerant goal.
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1. Introduction

In recent years, the development program for the next
generation fighter aircraft has been rolled out. In April
2018, Europe’s Airbus and France’s Dassault jointly an-
nounced the future combat aviation system (FCAS),
which consists of next-generation fighters, long-endur-
ance UAVs, and swarm UAVs. Following the presenta-
tion of the next generation aircraft program at Farnbo-
rough Airshow in July 2018, in July 2020 the UK Air Force
unveiled design concepts for the Tempest fighter and the
lightweight affordable novel combat aircraft (LANCA) in
support of a combination of manned and unmanned con-
trols. The United States initiated the Loyalty Wingman
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Program, or MQS58A, which began joint operational tech-
nical verification with manned F-15X, F-35, and F-22
fighters. Russia has proposed a manned/unmanned hy-
brid fleet of fighters and in 2020 demonstrated a loyal
wingman at thunderbolt high speed with no one to watch.
Thus, the manned/unmanned combination has become a
feature of future wars [1-3]. At the same time, the future
war mode is changing to the joint operation mode in a
multi-dimensional and complex environment. Manned
fighter aircraft at the core of the fighter fleet must have
enough survivability in a high-intensity battlefield envi-
ronment [4,5]. Therefore, in addition to requiring the
fighter to achieve extremely low detectability, higher re-
quirements are also put forward for the flight control sys-
tem, that is, sufficient fault tolerance is required, espe-
cially for possible critical wing surface damage.
Fortunately, key technologies are advancing [6—9].
Based on the network distributed system structure, the re-
search on and application in the safety flight critical sys-
tem are more and becoming more extensive [10—12]. It
can realize that the whole task of the system is not af-
fected after the failure of some control computers. Intelli-
gent sensor technology has also been developed rapidly.
After a redundancy sensor fails, information redundancy
can be provided by redundancy information, and the
sensor that fails can be compensated by signal reconstruc-
tion [13,14]. Electro-hydrostatic actuation technology
with distributed hydraulics [15,16], or even high-power
all-electric actuation technology, no longer requires the
centralized supply of pressure for the steering gear
through a unified hydraulic source, which provides pos-
sibility of fault tolerance after partial damage of aircraft
wings and rudder surface. The development of these tech-
nologies provides good conditions for the flight control
system to realize fault-tolerant control with wing damage.
Most importantly, in order to achieve better control
characteristics of the aircraft after wing surface damage,
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ensure certain flight quality and the command role
manned fighters play, and at least achieve safe return, it is
necessary to solve the problem of fault detection and fault-
tolerant control (FTC) of the aircraft wing surface dam-
age in a strong battlefield environment. At present, the re-
search about FTC after battle damage mainly focuses on
the control methods, including model reference adaptive
control and L1 adaptive applications [17—21], and the al-
gorithm complexity is high. However, there is no consi-
deration about the control architecture toward the fault-
tolerant flight control system. Meanwhile, studies on fault
detection after the wing surface damage are scarce.

This article is application-oriented from the perspec-
tive of system. It puts forward a flight control system
scheme. The system structure distributed through the net-
work, the intelligent sensor, the distributed computer net-
work interconnection, and the servo control terminal form
a whole system network connection which can adapt to
the system fault in the computer’s battle damage. From
the view of fault detection, a fast identification method
for wing surface damage is proposed, and a classification
method based on decision tree is used to study various
possible fault modes. An FTC law design for wing sur-
face damage is presented, and the control compensation
for wing surface damage is realized by longitudinal dy-
namic inverse control law structure and lateral-direction-
al linear quadratic regulator (LQR) based robust control
law structure. As a whole, the technical scheme for a new
flight control system (FCS) is formed.

2. General description of the FCS
With the continuous deepening of the function integra-
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tion of each aircraft subsystem, the flight control system
has gradually developed into the vehicle management
system, realizing the integration of several aircraft sub-
systems including the flight control system, the engine
control system, the electromechanical control system, and
other key flight safety systems.

Firstly, the network distributed system structure plays a
key role in the functional integration of aircraft subsys-
tems, as shown in Fig. 1. By connecting each control
computer to the system network, the basis of information
interaction of each subsystem can be achieved, and the
functional integration of the complex large system can be
realized. Firstly, the network distributed system structure
plays a key role in the functional integration of each sub-
system of the aircraft. The vehicle management system is
mainly composed of three functional modules. Intelligent
sensor module is composed of the plane of every smart
sensor for each subsystem, including the angular velocity
sensor and acceleration sensor for the flight control sys-
tem, and the brake sensor and turning sensor required by
the electromechanical system. The core computing mo-
dule is composed of distributed core computers, which
constitute the control core. In addition to completing
routine information acquisition, control law solving, and
control instruction output, it also completes the FTC
function of the system. The servo drive module is com-
posed of various controllable drive actuators, including
elevator, aileron, and rudder driven by the flight control
system, throttle lever and fuel saving valve driven by the
engine control system, front wheel turning mechanism
and brake mechanism driven by the mechanical and elec-
trical system, etc.
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Fig. 1 Distributed system structure diagram

The biggest technical superiority of the network dis-
tributed system structure is that the computers are con-

nected by the distributed network, thus, the aircraft sub-
system functions are integrated, and the task scheduling
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through the network can be done when a computer or a
few computers malfunction, which ensure the orderly op-
eration of the whole system. This provides a guarantee
for the system mission operation after the occurrence of
control computer damage or malfunction which may be
caused by war damage.

Secondly, the servo drive mechanism involves mini-
aturization, high-power, intelligent, distributed hydraulic
or electric actuator technology direction. In these devices,
the servo drive mechanism not only contains the mechani-
cal drive part, but also concentrates the hydraulic energy
or the electrical energy components. For example, elec-
trical hydrostatic actuator (EHA) and electromechanical
actuator (EMA). The F-35 is the first fighter to use multi-
electric technology, and it is an ingenious application of
the “power-by-wire ” technology, specifically, a high-
power electrical system consisting of 270 V high voltage
and a compact image-functional EHA, as shown in Fig. 2.
It cancelled some complicated and heavy maintenance
and delicate hydraulic mechanism. More importantly,
with the concept of distributed energy, the servo actuator
only needs to obtain the control instruction from the con-
trol computer, and energy is performed by their own
structures. Thus, the system becomes more decoupled and
more reliable, which reduces the impact as much as pos-
sible after damage of a servo actuator in the wing occurs.

[
0 oB
- ;
=, 0
@0 0 1
="
0
I

m= EMA

Fig.2 F-35’s EHA and EMA distribution diagram

In this paper, based on the above two conditions, the
design of the flight control system adopts the network
distributed system structure, so that the computing net-
work of the system has the fault-tolerant ability in case of
the damage of some computers. EHA or EMA is used to
ensure isolation of servo actuators in the case of damage.

This paper considers the above aircraft configurations
in Table 1 and discusses the problem of wing surface
damage fault detection and FTC under multiple damage
modes. The aircraft has several main control surfaces, in-

cluding the inner elevator, the outer ailerons, and the rud-
der, as shown in Fig. 3. And the paper considers the most
common patterns of wing damage: 50% right wing dam-
age, 50% vertical tail damage, and 95% vertical tail dam-
age, as shown in Table 2.

Table 1 Geometric parameters of the aircraft
Main parameter Value
Length/mm 2426
Wingspan/mm 2000
Wing area/m’ 0.72
Weight/kg 21
Maximum thrust/kg 20
Rudders

',‘\ Outer ailerons
[

Inter elevators

Fig.3 Control surfaces of the aircraft discussed

Table 2 Configuration of wing damage

Configuration number Detailed parameter

No.1 No damage

No.2 50% right wing damage
No.3 50% vertical tail damage
No.4 95% vertical tail damage

3. Fault diagnosis based on the decision tree

In the fault diagnosis problems of complex systems, diag-
nostic capacity mainly depends on the knowledge.
However, because of the bottleneck of knowledge acquisi-
tion, the knowledge of diagnosis system is usually incom-
plete; therefore, a good diagnosis system should have cer-
tain learning ability and adaptive ability in the face of the
new samples. Decision tree learning is a sample-based in-
ductive learning method. It is one of the most important
methods in machine learning and also the most common
and effective method in the process of knowledge acquisi-
tion.

The fault diagnosis based on the decision tree can ob-
tain the fault diagnosis knowledge rules by learning the
fault sample set, solving the problem of knowledge ac-
quisition bottleneck, and ensuring the further knowledge
accumulation. At the same time, according to the exist-
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ing knowledge rules in the knowledge base, the reason-
ing ability can be used to analyze the causes of faults dur-
ing fault monitoring, so as to achieve fault diagnosis.

As a typical classification method, fault diagnosis
based on the decision tree is powerful and easy to extract
rules. An induction algorithm is used to generate the de-
cision tree, in which each path represents a rule. The fol-
lowing steps are required for the fault diagnosis of wing
surface damage by adopting the fault diagnosis based on
the decision tree:

Step 1  Accumulate sample data of various damage
configurations.

Step 2 The characteristic parameters of each damage
configuration are mined from the sample data.

Step 3 The algorithm rules of the decision tree are
summarized to form the decision tree of fault diagnosis.

3.1 Building the sample database

For the fault diagnosis of wing damage, the sample data-
base is the dynamic change of aircraft input and output
signals under various damage configurations.

In order to obtain more extensive sample data, this pa-
per collects the sample database of the aircraft by inject-
ing various damage configurations into the mathematical
model of the aircraft described in Fig. 3 in Section 2.

In this paper, the flight envelope containing the follow-
ing eight state points is considered, as shown in Table 3.

Table 3 Condition point considered in flight envelope

Condition point Height/km Velocity/km'h '
No.1 0.40 90.0
No.2 0.40 100.8
No.3 0.40 115.2
No.4 0.50 100.8
No.5 0.50 115.2
No.6 0.50 126.0
No.7 0.50 144.0
No.8 0.50 162.0

Assuming that the aircraft is in the state of altitude
maintenance and roll attitude maintenance, a certain wing
damage configuration occurs at a certain time. By ob-
serving and counting the response characteristics of the
aircraft at the time of damage, it can be found that:

First, the damage configuration of the right wing will
lead to lift loss and additional roll moment. Therefore, it
has a great influence on the longitudinal and lateral-direc-
tional response, especially the longitudinal response.

Second, the damage configuration of vertical tail
mainly affects lateral-directional characteristics, espe-
cially when vertical tail loses 95%, it will lead to drastic
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changes of lateral-directional characteristics.

Therefore, these three damage configurations all lead
to drastic changes in aircraft response and diverging to an
uncontrollable state in a very short time. When similar
structural damage occurs to the aircraft, the damage con-
figuration must be detected quickly and appropriate con-
trol laws must be adopted to keep the aircraft in a stable
flight state.

Take the condition point No.l as an example. When
the wing damage occurs in 6 s, its response characteris-
tics is shown in Fig. 4 below. V and H represent flight
speed and altitude respectively; a and f§ represent angle of
attack and sideslip angle respectively; p, ¢, and r repre-
sent the roll angle rate, the pitch angle rate, and the yaw
angle rate respectively; 8 and ¢ represent the pitch angle
and the roll angle respectively; J,, J,, and J,, represent the
amount of deflection of the outer aileron, the inner elevator,

and the rudder respectively, and 6 = [ 0, 0, 0, ]T.
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Fig. 4 Response graph of condition point No.1

3.2 Extracting the feature parameters

By processing each state signals and control surface de-
flection signals, an interesting phenomenon can be found.
And it is also the key step of feature parameter extraction
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in this paper. The acceleration values of these signals are
extracted at the moment of damage. The acceleration va-
lues of the aircraft's various state signals and control sur-
face deflection signals will change dramatically, and the
signals affected by different damage configurations are
not the same. For example, the unilateral wing damage
has a severe impact on the change of the acceleration
value of each longitudinal state signals and control sur-
face deflection signals, resulting in pulse-type jump,
while the vertical tail damage mainly causes the drastic
change of each lateral-directional state signal and control
surface deflection signal, which also results in pulse-type

jump.

Take the condition point No.l as an example. The ac-
celeration values of changes in each state signals and con-
trol surface deflection signals are shown in Fig. 5.
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Fig. 5 Signal change acceleration values of condition point No. 1

According to a comprehensive simulation analysis,
when the damage occurs, the acceleration values will
change dramatically, and the values affected by different
damage configurations are not the same. According to the
eight condition points of the flight envelope, the accelera-
tion values of each signal are collected in Fig. 6.
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——-: Configuration No.1; ——-: Configuration No.3;

—— - Configuration No.2; : Configuration No.4.

Signal change acceleration values of eight condition points

In Fig. 6, the abscissa is the condition point number,
and the line segment is the acceleration change value of
each signal before and after the damage of the wing.
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Among them, the left endpoint is the signal value before
the damage, and the right endpoint is the signal value
after the damage.

Based on the learning method of the decision tree, a
large number of data samples are needed to run the data
mining algorithm. Theoretically, the more data samples
there are, the more accurately the characteristics of each
class can be reflected, and the smaller the classification
error will be. Therefore, according to all the sample data
of the eight conditions points in the flight envelope, this
paper selects two speed commands (no change in speed
commands and 1 m/s change in speed commands), and
generates 82 sample instances under each sample input
condition for 12 sample input conditions as shown in
Table 4. Therefore, a total of 768 sample instances are
generated. In fact, the sample database is large enough
and the more samples it contains, the more accurately it
can reflect the characteristics of various damage configur-
ations, and the smaller the error of fault diagnosis will be.

Table 4 Sample input conditions

Height command/m

Roll angle command/(°)

0 5 30
0 Sample 1 Sample 2 Sample 3
5 Sample 4 Sample 5 Sample 6
10 Sample 7 Sample 8 Sample 9
30 Sample 10 ~ Sample 11 Sample 12

By the analysis according to Section 3.2 for the feature
parameters, eight kinds of feature signals are extracted as
the marks of fault feature modes and constitute the fault
identification parameter sets, whcih are the angle of at-
tack response, the pitching angle velocity response, the
elevator response, the thrust response, the roll angle rate
response, the yaw angular rate response, the aileron re-
sponse, and the rudder response. The 768 samples not
only include the fault data of normal configuration and
damage configuration, but also cover the characteristics
with different control command combinations.

3.3 Constructing the decision tree

Decision tree construction algorithms include ID3, C4.5,
and classification and regression tree (CART). The ID3
algorithm is mainly used for the attribute selection prob-
lem, which is one of the most influential and the most
typical algorithms. In each node of the tree, an attribute is
found, and it is the best to classify the training set. ID3’s
defect is that it tends to have a large number of attribute
values. In this paper, the attributes of the feature parame-
ters under the three damage configurations of the aircraft

in the decision tree are classified by two dichotomy me-
thods (with only two values {0,1}), and the dichotomy
characteristics can well avoid the defects of the ID3 gain
measurement bias algorithm. The detail of the algorithm
is described as follows:

Step 1 Create a root node for the decision tree to-
ward the examples.

Step 2 If all examples are positive, return the single-
node tree root, with label=label+1.

Step 3
node tree root, with label=label—1.

Step 4 If the number of predicting attributes is empty,
then return the single node tree root, with label being the
most common value of the target attribute in the ex-
amples.

Step 5 Otherwise, perform the following actions:

(1) Put the attribute that best classifies examples as 4;

(1) Assign 4 to the tree attribute for root;

(iii) For each possible valuei of 4, add a new tree
branch below the root, corresponding to the test A=i;

(iv) Let example (i) be the subset of examples that
have the value i for 4;

(v) If example (i) is empty, then below this new branch
add a leaf node with label being the most common target
value in the examples; else, below this new branch add
the subtree.

Therefore, according to the response characteristics of

If all examples are negative, return the single-

various features, a fault decision tree can be combined to
perform fault diagnosis of wing damage. The result of the
decision tree is shown in Fig. 7. The acceleration signal
of the attack angle is the root of the decision tree, and
then the child nodes and the final leaf nodes are construc-
ted recursively with the same attribute selection algo-
rithm on the basis of the two branches. In Fig. 7, d; rep-
resents the engine thrust.

In the process of decision tree construction, the de-
cision attributes with high importance are located near the
root node of the decision tree, and the values of these at-
tributes have the greatest impact on the decision. There-
fore, according to the generated decision tree knowledge
base to assist fault diagnosis decision making, the quick
decision tree structure is mainly used to analyze the pro-
cess downwardly from more important attributes.

The structure of the decision tree results shows that tra-
versing the entire decision tree down from the root, we
are able to get classification rules. These rules reflect the
features of fault, which can be used for fault diagnosis.
Meanwhile, the decision tree can also be trained by rules
applied to other expert system to provide the decision
basis.
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Fig. 7 Fault diagnosis decision tree

4. FTC law for wing damage

The biggest difference between the conventional control
law and the FTC law is that the design should consider
not only the state of all points within a certain flight en-
velope, but also the control law for a variety of damage
configuration. Each kind of configurations of the aircraft
should be able to reach a certain flight quality. That is, it
needs to have strong robustness. In other words, the
structure and parameters of the control law used in this
paper need to adapt to the control requirements of mul-
tiple state points in normal configurations and multiple
fault configurations.

Through the preliminary analysis of the damaged con-
figuration, it can be found that:

(1) Under the normal condition where the aircraft is
without damage, the longitudinal and lateral-direction are
stable, and damping and frequency are within a normal
range.

(i) When the vertical tail damage is 50%, the dutch
roll mode frequency is reduced by about 60%, and the
aircraft is in a controllable state.

(i) When the vertical tail damage is 95%, the aircraft

is unstable lateral-directionally, with longitudinal and lat-
eral-directional coupling, and the aircraft is uncontrol-
lable.

(iv) When the right wing is damaged by 50%, the air-
craft is unstable longitudinally and lateral-directionally,
and the aircraft cannot be controlled.

It can be seen that when the wing of the aircraft is
damaged, the longitudinal and lateral-directional stability
is greatly reduced. Therefore, the control laws are needed
to realize a normal flight of the aircraft. Through a large
number of control law structures and parameter adjust-
ments, this paper proposes a technical scheme of adopt-
ing a nonlinear control law structure based on dynamic
inverse longitudinally and a robust control law structure
based on LQR for lateral-directional acquisition.

4.1 Longitudinal control law based on
dynamic inverse

The nonlinear dynamic inverse method has been relati-
vely mature in theory. For aircraft objects, the input num-
ber of the system is generally smaller than the number of
state variables of the system. Therefore, all state vari-
ables cannot be taken as outputs, and the solution is hier-
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archical control.

(i) Fast variable loop design

Aircraft movement mainly depends on the deflection of
the control surfaces, which produces torque and a small
force. The torque can make the roll angular rate, the pitch
angular rate, and the yaw angular rate change rapidly.
Therefore, the fast variable loop composed of p, ¢, and
and can realize its accurate inverse with the angular ac-
celeration generated by the control surface deflections. p,
q, and r are the actual angular velocity feedbacks, which
are measured by the aircraft sensor in real time. The equa-
tion of state is shown below.

p fp(-xl)
q =
r

Jo(x1)
Sr(x)
where f(+) and g(-) are the functions of the state vector.
For the aircraft model considered in this paper, the mo-
ment is mainly realized through the inner elevator, the
outer aileron, and the rudder. Therefore, the solution of
the inner loop can be obtained as follows:

+81(x)6 (D

6e Pa f;) (-xl)
6o =87 || 90 |—| fixD) | 2
0, Ya Jr (e

qga=w,(q.—q) 3)
rd:wr(rc_r)

{ Pa=w,(p.—p)

where p., ¢., and r, are the input control instruction of
the loop, w,, w,, and w, are the expected bandwidth va-
lues. The fast variable loop control law structure ob-
tained thus is shown in Fig. 8.
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Fig. 8 Fast variable loop control structure

(i1) Sub-fast variable loop design

The aerodynamic force has little influence on a, £, and
¢, but angular rates have significant influence on them.
That is to say, angular acceleration generated by the de-
flection of the control surface mainly has effect on da/dt,
dg/dt, and d¢/dt. Therefore, we ignore the force gene-
rated by the aecrodynamic force, and the results generated
by fast variable p, g, and  are approximate inverses.

The equation of the state can be rewritten as follows:
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a fa ()Cz) p
B =] fi(x) |+8x)| g |. “4)
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By inverting the above formula, three command angu-
lar accelerations can be obtained as follows:

D ay Jo (x2)
qa |= gz_l D Ba |- fﬁ (x2) s 4)
ra ®a f¢ (x2)
o w, (. —a)
[ﬁd H A } ®
ba w,y (P — @)

where «., 8., and ¢, are the input control command of
the loop that describes the attitude angle that the aircraft
needs to maintain in order to track a predetermined flight
path. a and f are the actual flow angle feedback. ¢ is the
actual roll angle feedback which is measured by real-time
sensors. The structure of the sub-fast variable loop con-
trol law is shown in Fig. 9.
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Fig. 9 Sub-fast variable loop control structure

(iii) Slower variable loop design

Further inward, the bandwidth of flight speed V, flight
azimuth angle y, and the flight track roll angle y is
0.2—0.5 rad/s, which are usually used as a slower vari-
able loop. The throttle command generates thrust to con-
trol the speed, while ignoring the force generated by the
control surface.

Construct the desired derivative value from the input
command and the actual flight data feedback:

Va w, (Vae = V)
Ya =| w, (’)/zr'c - yd) s (7)
Xa wy (XYae = Xa)
Va Sv (x3) a
Yo |=| () [+g(a)| B | (3
Xd e (x3) 2

The desired angular acceleration can then be calcu-
lated to provide the torque value of the control surface:

y a Vy Sfr(x3)
Ba |=| B =" )| v« |-| L, || 9
Pa ¢ Xa 1 (x3)




CUI Yuwei et al.: A fault-tolerant control method for distributed flight control system facing wing damage 1049

The structure of the slower variable loop is shown in
Fig. 10.
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7. gl | P
: g > o, Command
Xe B
14
7 X, (V.72

Fig. 10 Slower variable loop control structure

(iv) Slow variable loop design

Finally, the displacement variable of the aircraft x, y,
and z is the slow variable loop.

The expected derivative value is constructed from the
input command and the actual flight data feedback:

X4 W, (Xge = Xq)
Ya |=| &y Gac—ya) | (10)
% W, (Zae = 2a)
X S (xa) 14
y|=| L) [+8G)]| v |- (1m)
Z S (xq) X
Solve (11) to obtain the output instruction of the loop:
Vd \% Xa f;c (-x4)
Yo |=| v [=&7GD|| v S |- (12)
Xa X 2a S (xa)

The structure of the slow variable loop is shown in
Fig. 11.

N v,
—P , —>
) o A
L?ﬁ’ @y Co(?:m(:z:;d i’
zZ, A»
Y X, (x,y,2)

Fig. 11 Slow variable loop control structure

In this way, the dynamic characteristics of aircraft are
divided into four subsystems, and the flight control law
structure also forms a four-layer feedback structure.
Based on this, the longitudinal control law completes the
design of control functions such as height maintenance
and pitch attitude maintenance. To be specific, the con-
trol law block diagram is shown in Fig. 12. H, and V, are
the reference height and reference speed respectively. 8
and a, are the angle of pitch and the trim angle of attack

respectively. Then, the output J, of the control module is
the deflection angle of elevator.

Ke_thetac

o
o
o

Y

Ke_theta

Lo f—
(v —{xem

Ke alf

Ke ve

11

Fig. 12 Longitudinal control law block

4.2 Lateral-directional robust control law
based on LQR

Define linear time-invariant systems that can be con-
trolled and observed:
x(t)=Ax(@)+Bu(t),x(ty) = x, (13)
y(@®) =Cx )+ Du(r) ’

where, A, B, C, and D are the state coefficient matrix, the
control coefficient matrix, the output state coefficient
matrix, and the output control coefficient matrix, respecti-
vely. Take the expected time-domain performance index
of the aircraft as the target, and define the state regula-
tion performance index J in the quadratic form:

1 o0
J=3 ], [Foex@+uT ORuwlar  (4)

where Q is semidefinite symmetric constant matrix, and
R is the positive definite real symmetric constant matrix,
which are weighted matrices selected by demand.

Then the optimal control exists and is uniquely deter-
mined by the following formula:

u()=—-R"B"Px(1). (15)

Thus, the state feedback gain K can be obtained, and P
is the constant positive definite matrix satisfying the Ric-
cati equation:
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K=-R'B'P (16)

Design the feedback gain K to minimize the perform-
ance index and to ensure that the control energy used and
the state of the aircraft oscillations are minimal. And, the
most important thing is that the control law based on the
LQR method guarantees the stability under certain condi-
tions. Thus, its robust stability performance is also very
attractive, and it is more crucial for FTC.

Based on this, the lateral-directional control law has
completed the functional design of flight track angle
holding and sideslip angle control. Specifically, the con-
trol law block diagram is shown in Fig. 13.

Ka_bank

Ka_beta

Ka_wx

Ka wy

N

ka
Z

Kr

Kr beta

Kr_bank

il

Fig. 13 Lateral-directional control law block

5. Simulation example

The aircraft described in Section 2 is taken as the simula-
tion object, and the three fault modes of the right wing
damage (50%), the vertical tail damage (50%), and the
vertical tail damage (95%) are targeted. The fault dia-
gnosis design based on the decision tree is used to carry
out the simulation verification of wing damage. Based on
the fault diagnosis results, the longitudinal control laws
based on dynamic inverse and lateral-directional robust
control law based on LQR are designed to carry out the
simulation verification of FTC for wing damage.

Firstly, based on the description in Section 4, the con-
trol law parameters in the control law structure are given

in Table 5 for the longitudinal ones, and in Table 6 for the
lateral-directional ones, taking condition point No.l as an
example.

Table 5 Longitudinal control law parameter

Control law parameter Parameter value

Ke theta 0.0130
Ke_thetac —0.0868
Ke wz 0.0347
Ke v 0.0120
Ke_alf —4.2259
Ke ve 3.3852

Table 6 Lateral-directional control law parameter

Control law parameter Parameter value

Ka beta 0.5111
Ka_wx —0.2587
Ka wy -0.0791
Ka_bank -0.3208
Kr beta 0.0390
Kr wx 0.0654
Kr wy -0.2319
Kr_bank 0.0764

The simulation scenario is described as follows: set the
control command as AH.,g=5m, V.= Vo, Pema = 5°,
and the time of the wing damage (three configurations) is
6 s. The damage diagnosis time, the damage diagnosis re-
sults, and the response transient state of the aircraft with-
in 1 s after the occurrence of the damage are recorded.

The following results are obtained:

(1) After the occurrence of the three kinds of damage of
the aircraft, the time of fault diagnosis is 2 ms, that is, the
diagnosis can be completed in the same cycle after the
occurrence of damage.

(i1) The maximum transient states of the aircraft within
1 s after the damage of the three kinds of aircraft are very
small. The transient change of the pitch angle rate is no
more than 0.5 °/s, the transient change of the yaw angle
rate is no more than 1.1 °/s, and the transient change of
the roll angle rate is no more than 6 °/s.

(iii) After the damage occurs, the aircraft quickly re-
coveres a steady flight state after a short transient state,
and the error between the control commands and re-
sponses is very small.

Take the condition point No.l as an example, its re-
sponse characteristics are shown in Fig. 14.
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Fig. 14 FTC response graph of condition point No.1 after damage

6. Conclusions

The next generation aircraft is facing an intense battle-
field environment. This paper proposes a technical
scheme of distributed vehicle management system, from
the perspective of the distributed computer, smart
sensors, and EHA or EMA, and expounds the fault-toler-
ant ability of distributed control system, providing a good
condition for FTC about the wing damage. This paper fo-
cuses on three wing damage modes, and develops fault
diagnosis based on the decision tree learning. From the
simulation example, we can see that the algorithm can
complete online diagnosis within 2 ms with strong prac-
ticability. Based on the fault diagnosis results, this paper
proposes the longitudinal flight control mechanism based
on dynamic inverse and the lateral-directional robust
flight control law based on LQR. The simulation ex-
ample shows that it can quickly realize the aircraft stabi-
lity control within 1 s after the wing damage, and has a
small response transient.
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