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Abstract: A direct self-repairing control approach is proposed for helicopter via quantum control techniques and

adaptive compensator when some complex faults occur. For a linear varying-parameter helicopter control system,

the model reference adaptive control law is designed and an adaptive compensator is used for improving its self-re-

pairing capability. To enhance anti-interference capability of helicopter, quantum control feedforward is added be-

tween fault and disturbance. Simulation results illustrate the effectiveness and feasibility of the approach.
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INTRODUCTION

Helicopters have many merits, such as not
relying on the working conditions of the ground.
small landing

the hovering, flying-off and

1, etc. However, a helicopter is a nonlin-

spaces'
ear, strong coupling, time-varying complex sys-
tem with lots of uncertainties™!. The adaptive
controller is designed to control roll attitude*’and
the neural network is used to achieve attitude
control on a tilt rotor helicopter rig"!. A heli-
copter flight control law is designed using a learn-
ing control approach™.

There are many actuator faults and external
disturbance in the flight control systems of heli-
copter. The systems have many moving parts.

Tare more complex,

Fault diagnosis and isolation®
so it is necessary to study the self-repairing capa-
bility of the flight control system. The self-re-
pairing control law is usually designed based on
the fault detection™. Meanwhile, it is a very
difficult work to maintain the quick fault detec-
tion and the accurate control precision. Direct

self-repairing control can achieve the self-repair-
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ing task without the fault diagnosis informa-

L1l bhut has not been reported for a linear

tion
varying-parameter helicopter.

In recent years, quantum control tech-

N2 has increasingly been a hot research

nique
topic. The quantum evolutionary algorithm main-
tains a good balance between the coarse search
and the strong search, so it has very good collab-
orative search capabilities and strong global
search abilityt*'*, The results about the self-re-
pair control using quantum control technology
have not been reported yet.

A direct adaptive control approach is present-
ed for the faulty helicopter control system using
the fuzzy logic technique, but the external distur-
bance input is not considered"’’. In this paper,
the model reference adaptive control law is de-
signed and an adaptive compensator is used for
improving its self-repairing capability. Further-
more, quantum control feedforward between fault
and disturbance is added to increase the self-re-
pairing control accuracy of helicopter in fault
case. Simulation results illustrate the effective-

ness and feasibility of the approach.
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1 MATHEMATICAL MODEL

The linear varying-parameter model"** of he-

licopter is described by
x(1) = AW0)Hx() + BW)Hr) +

EWO)fG) + Nn() (1)

Y@ = Cx@®) (2

where r (2) = [ 7w s 7on ] 1s the control variable of

helicopter, 7. and 7, are the total distance vari-

able and the longitudinal periodic variable, re-

spectively; x (1) = [u,w,q,0] is the state vari-

able, u and w are the horizontal and the vertical

components, respectively,q is the pitch rate and @

the pitch angle; And

Al) =
— 0.036 0.0271 0.0188 — 0.4555
0.048 2 — 1.010 0.0024 — 4.0208
0.100 2 0, — 0.707 0 0,
0 0 1 0
0.442 2 0.176 1 1000
0, — 7.592 2 0100
B(0,) = ,C=
— 5.522 4. 490 0010
0 0 0001

where the parameter vector 6, = [0, 0,5, 0,5 ] is
changing associated with the flight speed. When
the speed is changed from 60 Kn to 135 Kn(1 Kn
==0. 514 m/s), 6, €[0.066 4 0.504 7], 0, €
[0.119 8 2.523 0], 0,,€[0.977 5 5.112 0J;
E(0,) is the transfer function matrix of injecting
actuator fault of helicopter and E(8,)=B(8,); f(¢)
is the actuator fault of helicopter, N& R**'the or-
der weighted matrix and n(#) the unknown inter-
ference.

The control system is unstable and the state
feedback matrix K is used to make the control

[17]

system stable"'"’,shown as

K =
[15. 8957 0.4957 —4.9437 — 11.391 8}
2.5526 —0.4293 —11.391 8 — 1.204 2

2 DIRECT SELF-REPAIRING
CONTROL

2.1 Model reference adaptive control

The flight quality of helicopter is worse when

a fault occurs. When the model reference adaptive

control law is designed, the flight control system
has a strong self-repairing capability and good
tracking performance, but it is still bad in hori-
zontal speed and pitch angle. It cannot meet the
requirement of the desired flight performance. In
order to improve the flight control performance in
faulty case, the model reference adaptive control
approach for faulty helicopter is proposed using
the outer loop adaptive compensation. The over-
all control structure is depicted in Fig. 1. The
model reference adaptive controller is designed by
Lyapunov’s stability theory and the adaptive com-
pensator is compensated separately by horizontal

speed and pitch.
Helicopter model

Quantum
feedforward

Helicopter
dynamics

|Adaptive controlle

—| Adaptive compensator |<—

Fig. 1 Direct self-repairing control structure of heli-

copter

Suppose reference model is
x,() = A,x,@) + B, @r) 3
y@) =C,x, @) D
where A, €R”",B,€R"", C,,ER"".

The output response of the reference model
is presentation of the desired output response of
the helicopter control system when the given in-
put is r(¢). The generalized error is

e(t) =x,(t) — x,@) (5

In order to compensate changing parameters
of helicopter, the feedforward gain matrix K (¢)
and the feedback gain matrix F(z), which are de-
signed based on Lyapunov's stability theory, can

be shown as

K@) = J'RAB,” K* DPex!dr + K(0) (6)
0

F@) = J/RZ(B,,, K" "DPer'dc 4+ F(0) (7)

where K(t) ER"", F(t) €ER""",e is the error sig-
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nal, K" ' the value of K(z) when the helicopter
control model perfectly suit to the reference mod-
el,P,R, and R, are the symmetry positive definite
matrixes,K(0) and F(0) the initial values of K(z)
and F(2).

The adaptive compensator is designed by
equivalent compensator using error signal of hori-
zontal speed and pitch angle. So horizontal speed
equivalent compensator is g, and pitch angle

equivalent compensator is 8,1%.

where
_ K
Mt = s F a/‘« (8)
K,
61 = T_ 0(, 9

where K,,K, and a are the undetermined coeffi-

cients. So the adaptive compensator H is

K, 0 0 0
s+ a
H = (10)
K,
0 0 0o ¢

2.2 Quantum control

In quantum computation, |0) and |1) denote
the two basic states of micro-particles, which are
named as quantum bit (qubit). Arbitrary qubit
state can be expressed as the linear combination
of two basic states. The state of qubit not only is
|0 and [1), but also is a linear combination of
the state, which is usually called as superposition

state, namely

0) 4+ £+ [1 an

where a and 8 are a pair of complex, called as the

l o) = a-

probability amplitude of quantum state. Namely,
as the measurement result in quantum state, | ¢)
collapses |0) with a probability of |a|* or collaps-
es |1> with a probability of |8]% And they satis-
fy that
ot + 8] = 1 (12)
Therefore, quantum state can be also denot-
ed by its probability amplitude in the form of
lo)=[ea,F]". Obviously, when a=1,5=0,|¢) is
the basic state |0), which can be described by
l¢p)=[1,0]". Otherwise, when a=0,8=1, |¢)

is the basic state |1), which can be described by

|[@»)=1[0,1]1". Generally speaking, quantum state
is the unit vector of two-dimensional complex vec-
tor space.

Due to the collapse of quantum states cased
by observation, the quantum bit can be seen a
continuous state between |0) and |1, until it
has been observed. The existence of continuous
state qubit and behavior has been confirmed by a
large number of experiments. And there are many
different physical systems can be used to realize
quantum bit.

Similarly, three-qubit state can be expressed

as
| @) = Qg ‘000> + @y, |001) + ay ¢ [010) +
@y ¢ [011) 4 a0 ¢ [100) + ayyy ¢ [101) +
all() ¢ 110> + a]]] * ‘111) (13)

And the probability amplitude satisfies that
lagoo |* 4 [@oor |* + [ |* + @i |[* + la [* +
lajor |2 4 layo? + Ja [P =1 (14
To increase the self-repairing control accura-
cy of helicopter in fault case, quantum control is
added in the approach. The quantum feedforward
module in Fig. 1 realizes the state description and
control of three quantum bits, and the probability
amplitudes of three quantum bits for the module
can be seen in Table 1.

Table 1 Probability amplitudes of three quantum bits for

quantum feedforward

Interference (Yes/No) Fault (Yes/No)

Probability - - - - - -
) Hanging Hanging Hanging Hanging Hanging Hanging
amplitude ) ) . . . .
wing | wing 2 wing3 wingl wing 2 wing 3
@00 No No No No No No
@0 No No Yes No No Yes
@010 No Yes No No Yes No
o1 No Yes Yes No Yes Yes
@100 Yes No No Yes No No
a0 Yes No Yes Yes No Yes
a9 Yes Yes No Yes Yes No
a Yes Yes Yes Yes Yes Yes

3 STABILITY ANALYSIS

The helicopter control system can be trans-
formed into a linear varying-parameter system, so
the time-varying state equation can be analyzed.

According to Fig. 1, the state equation of the
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faulty helicopter using the outer loop compensa-
tion technique can be described as

x,(t) =A,(Wx,) + B,(r (1) 15)
where

r@) =K@®r+ F®x,@) + He() (16)

SO
X, () =[A,() + B,(OF@) |x,t) +
B,()K()r() + B,(t)He(t) an
The generalized error state equation can be
defined as

ée=A.e+[A, —A,@&) — B,(OF@)]x,@) +
(B, — B,()K®)Jr — B,(t)He(t) (18)
where e is the error signal, A,(z) ER"",B,(¢t) €
R"". The fault can change the elements of the
matrix. So the adaptive controller makes regular
to K(¢) and F(¢). It makes the helicopter control
system perfectly suit to the reference model, just
as
A, =A,@) +B,(F" (19
B, =B,(O)F" (20)
where K" and F " are the values of K(¢) and F(¢)
when the two models are suited perfectly. So
Eq. (18) can be described as
¢é=A,.e+ B,K 'Fx,+ B,K" 'Kr — B,(t)He
21)
where F=F* —F (¢) is the m X n order matrix,
K=K —K () the m Xm order matrix.

Suppose the Lyapunov’ function is
V= %EeTPe + tr (F'R7'F + K'R;'K) ] (22)

where P,R;' and R,' are the symmetrical posi-

tive definite matrixes, which guarantees V>0.
V= % [¢"Pe + ¢"Pe + tr (F'R'F + F'R,'F +
K'R,'K+K'R,'K)] = % [e" (PA,+A,"P)e]+
e'PB, K" 'Fx,+e¢'PB,K" 'Kr—e'PHe+
%u(ﬁ"‘Rl 'F+F'R'F+K'R,'K+K'R,'K)

(23)
Eq. (23) can be described as

V:%[eT(PA,,,+A,],TP)e]+tr(x/,eTPB,,, K 'F+
F'R,'F)| +tr(re"PB, K" 'K+K'R, 'K) —

e'PB,(t)He 24
Because of Egs. (6,7), Eq. (24) can be de-

scribed as

V= Lle'(PA, + ALPIe] — ¢'PB, () He

(25)
By Eq. (10), we can get
0.442 2 0.176 1
Oss — 7.592 2
B,(OH = .
— 5.522 4. 490
0 0
[Kl 0 0 0 }
0 0 0 Ky “d
0.442 2K, 0 0 0.176 1K,e ¢
K, 0, 0 0 —7.5922K,e “
(26)
— 5.522K, 0 O 4. 490K e ¢
0 0 0 0

when K,>0,B,(t)H>0, so V<0, which means
that the control law can make the control system

stable.

4 SIMULATION ANALYSIS

The values of K (¢z) and F (¢) are relevant
with R,, R, and P according to the above deriva-
tion. Suppose R,,R, and P are unit matrixes. In
Egs. (8,9), K(0)=0,F(0)=0;K,=4,K,=50,
a=20. The simulation time is 40 s, the reference
input is r =[5 5]. The approach based on the
model reference adaptive control of outer loop
compensation helicopter is validated by injecting
fault into helicopter in the paper. Suppose some
complex faults are worse and worse with time,
and can be described as

(0 0<<t<<C10
5 10Kt <15
S =<10 15 <20 @27
15 20t << 25
20 25 <<r<<C30
Suppose some strong interferences are de-
scribed as
0 0t <10
5 10t <<15
n(t) =+ 10 15<<¢<C20 (28)
— 15 20t <25
20 25 <<t < 30
In this paper, the simulation results are

shown in Fig. 2, where the curve 1 indicates the



No. 4 Chen Fuyang, et al. Direct Self-repairing Control for Helicopter via Quantum--- 341

model reference output; The curve 2 indicates the
output of the helicopter control system using the
model reference adaptive control of helicopter
with fault; The curve 3 indicates the output of
the helicopter control system without interfer-
ence, using direct adaptive control of helicopter
with fault on the outer loop compensation; The
curve 4 indicates the output of the helicopter con-
trol system with interference, using direct adap-
tive control of helicopter with fault on the outer
loop compensation and quantum control feedfor-
ward.

From the simulation, the control quality of
helicopter using the model reference adaptive con-
trol method is not so good. There are steady state
errors. However, direct self-repairing control via
quantum control and adaptive compensator makes
the helicopter control system have stronger selfre-

pairing and anti-interference capabilities.
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Fig. 2 Simulation results of helicopter control system

5 CONCLUSION

In this paper, a direct self-repairing control

approach is proposed for the faulty helicopter con-

trol system by using outer-loop compensation and
quantum control feedforward. The approach
makes the outputs of the system track asymptoti-
cally the outputs of reference model without
steady-state error. It is proved that the approach
has stronger self-repairing and anti-interference

capabilities.
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