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Abstract: For non-affine nonlinear flight control systems, a non-affine nonlinear robust fault tolerance control
method is proposed. Here, the fault tolerance control framework is used, and on this basis, observer-based
auxiliary system is designed to implicit fault parameters and disturbances information. Then reconfigurable
controller is designed using the dynamic of observer-based auxiliary system, which can realize non-affine
nonlinear systems robust adaptive fault-tolerant. Simulation results show the effectiveness of the proposed

method. Copyright © 2014 IFSA Publishing, S. L.
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1. Introduction

At present, the nonlinear control has achieved
rapid development in the theory and application, such
as feedback linearization, sliding mode control,
backstepping control and so on. Reference [1]
summarizes and induces some maor nonlinear
control methods. Adaptive technology can estimate
unknown parameters on-line, so combining with
many nonlinear control methods design fault-tolerant
control. Adaptive control need to estimate the
parameters and the control input for affine forms,
namely, uncertain parameters and control input, they
shall be an explicit form. The common method of
flight control system is linearization near the
balancing point, if the current state of the aircraft and
the control input affine form. So the controller is
designed based on the linear model of balancing
point near can cause the closed-loop system is
unstable, or even divergence.
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To design a non-affine nonlinear system fault-
tolerant controller is not a simple thing, there are two
difficulties to fully solve. One is how to design an
adaptive parameter estimation algorithm, the second
is how to design a reconfigurable control algorithm.
A common adaptive parameter estimation algorithm
is the system model in parameter values near the
Taylor series expansion, using Taylor's series of low-
order observer design parameters. Such for parameter
perturbation of a small scale system can obtain a
better estimate, wide range changes of system
parameters, this method is hard to get ided
parameters estimate. If the system external
interference exists at the same time, the estimated
parameters exist error, even do not achieve the
parameter estimates. So, how to design ideal for non-
affine nonlinear uncertain system parameters
estimator is worth exploring. Some non-affine
nonlinear system there exist certain disadvantages to
the reconfigurable controller, commonly used inverse
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system method to look for the inverse system model.
Although references [2] proved its inverse there must
be a controlled system, but finding inverse system is
not easy thing, such as control input implicit in the
sine and cosine function.

Reference [3] put forward a kind of affine
controller design method, but the biggest drawback
of the method increases the system order. Based on
reference [4] time-scale separation method to design
akind of non-affine controller, but the shortcoming is
that it is hard to combination effectively the method
and adaptive technology, the dliding mode
techniques. In order to get an effective non-affine
controller design method, in the reference [5] a
controller design method is put forward, to introduce
a filter is used to approximate estimate linear
working point.

At present, the non-affine nonlinear system of
fault-tolerant control related research results are rare.
Using the proposed fault tolerant control framework,
a technology based on state observer design
parameter information and interference information
implied auxiliary system design controller, realize the
non-affine nonlinear robust adaptive fault-tolerant
control system. The method application of flight
control system, the simulation results show the
effectiveness of the proposed method.

2. Problem Description

Here we consider the following non affine
nonlinear systems

x=f(xu)+d(), Q)

where xe R' isthe state vector, ue R" is the input
vector, de R" is the unknown bounded external
disturbance vector, f(.) isthe nonlinear function. As

the research object, based on the actuator failure
without considering actuator dynamic situation, we
get failure model of actuator failure after each input
channel can be expressed

U =0y, 0 €lg,G]
0<g <1, & 21 i=12--,n

@

where o, is the failure factor. o;,0, are the
maximum and minimum values of failure factor.
When o; =1, no failure happens. So, the control
input actuator failure can be expressed as [ 6]

u(t) =[u (), uy @), u, (O] =Zu(t), 3

where X =diag(oy,:-,0,). Then, under the

failure of the non-affine nonlinear system can be
expressed as

x=f(x,Zu,)+d(t), @

Equation (4) can be written as ageneral form

x=f(xu,,0)+d(t), (5)

where o =[0y,-,0,]". A
given below.
Hypothesis: f(x,u;,0) is

hypothesis  is

smooth  and

continuous differentiable function of X,U.,o.

Control input U, is bounded. The system output
reference model is

X = AnXm + Bl (6)

where x, € R isthe state vector of reference model,
A, is the stable reference model system matrix,

re R istheinput of the reference model.
3. Fault-tolerant Control System Design

3.1. Auxiliary System Design

o estimated valueis ¢ . First order Taylor series
of function f(X,u,,o) expand, then we can get

f(xu,0)= f(xu,6)+g(xu,6)(c-6)+<(t), (7)

where
.. of(xu_,o)
= 9 f(xu_,0) i ©
=2 ——° (c-6) .
iz JdO oo

Based on (7) and (8), (5) can be written as the
following equation

x=f(xu,06)+g,(xu,c)c+vt), (9

" e?

where
f,(xu,6) = f(xU,6)-g,(xu,6)6, (10)
v(t) =4(t)+d(), (11)

It can see that »(t) is unknown and bounded,
namely |[u(t)|<D. £€=2z-x, where: z is observed
value of state Xx. The design observer is shown as

2=Az-x)+ f(xu,0)+g(xu,0)6+v(t), (12)

By the adaptive law, we can get & [7]
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o= Proj[z@] {‘27191T(X7 u., o) Pe} . (13)

where % >0,P=P" >0. P is the solution of

ATP+PA=-Q. Q=Q" >0; A is the Hurwitz
matrix. It can ensure that the estimate is set between
the minimum g and maximum 0,

%>0,P=P" >0. The diding mode design is
shown as[8]:

- PE mit) if [Pe| =0
v(t)=1 [Pe] : (14)
0 otherwise
Time-varying parameter m(t) is updated by
adaptive law
mt)=Te'e, m(0)>0, (15)

Failure factor estimation error is 6 =6 — o . By
the observer equation (12) and equation (9), we can
get observation error dynamic equation.

£=Ac+g,(xu,6)6+v(t)-v(t), (16)
Continuous sliding mode item is shown as

Pe
v(t) = _W m(t) , 17

where p = py+ p €], Py and p; are constant.

3.2. Controller Design and Stability Analysis

Based on observer (12), we use the proposed non
affine nonlinear system controller design method,

namely F(x uc,ﬁ) = fl(x, uc,6) + gl(x, uc,ﬁ)ﬁ.

The observer (12) can be written as the following
z=Ac+F(xu,6)+v(t), (18)

where u,, is in the vicinity u,. F(xu.,o) will
expand for Taylor seriesin place u,

F(xu,,6)=F(xu,,6)+F,(xu,6)(u,—u)+0(t), (19)

H Yo

where

" ~¢?

Ju

oF(x,u_,6)

Fd (X7 Un,ﬁ) =
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where  F (xu,6)=F(xu,,o6)-F,(xu,ou,,

then (18) can be expressed as

z=Ac+F (xu,0)+F(xu, o), +v(t)+Ot)
(21)

By (19), we can see that if u, is closer u;, the
higher-order dimensionless O(t) of Taylor series is
tending to zero, namely

lim O(t) =0,
4 00 (22)
where U, is calculated by the controller design, the

current time is unknown. So we can't get it near u,
directly. Then, we introduce filter that it is used to
estimate and determine u,, . Thefilter is

L]n = _;un + ;uc’ (23)

So, by the filter (23), you can get
lim, .. u, =ug, namely lim,__O(t)=0. Then,

through the above analysis, the observer dynamic
equation (18) can be expressed as

U, =—¢u +du.
x= AX+F (xu,,6)+F,(xu,6)u, +v(t)+O(t)

5 Yo 5 Y

(24

Control gain K can obtain by the following
Riccati equations

K'TR+RK=-Q, (25)

where R=R'>0,Q =Q' >0.
In this paper, the design block diagram is shown
inFig. 1.

4. Simulation Verification
Next, using the UAV track angle and speed

control system prove the effectiveness of the
proposed method. The dynamic model is[9]

. T-D .
V= —sin
g( w y)
7=§(ncosy—cosy) , (26)
. gnsinu
V cosy
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Fig. 1. The proposed fault tolerant control system block diagram.

State variables have the flight speed V , path
angle y ,azimuth angle y . Control inputs have thrust

T, load coefficient n, slopeangle .
State variables are x=[V,7,#]", control input
ae u=[T,nu]", actuator failure factors are

o0=[0,,0,,05]', extena disturbance are

d =[d,,d,,d,]" =[0.2cos(2t),0.0002sin(t),0.0002cos(t)]" -
Then equation (26) can be expressed as[10]

, o2
X1=C11X12+012X122 2

+C38N(%) +C o0 +d;

xz=%(qlooe<xz>+czzazuzoos(agu3»+dz . (@)

. _ G0, SN(03U3) +d

X COS(X,) °

where ¢, =-0.509SCy, /W, ¢, =-2kgW/ (pS) ,

C3=-0,Cu=0/W, Cxr=-0, Cr=0,

Cu=90-
The reference trajectory of the speed V is 300
m/s. The reference trgjectory of path angle ¥y and

azimuth angle y is the following two reference
model outputs

Xma = Xma2

. , (28)
Xz = =g = 6% + 91, (1)
Xy ==Xn + 1, (1), (29)
Assumes that the actuator failure occurred
asfollows
1.5(2.6/3-0.02t) 10<t<30
o,=1 150.02t-1/3) 30<t<50
1 others
{ 1 t<20 : (30)
o, =
0.6 20<t
1 t<20
O3 =
{0.8 20<t

Initiadl  state value is V(0)=300nm/s,
7(0)=0deg, x(0)=0deg, m(0) =0.15,
0(0)=[111]". Design parameters of auxiliary
system are A=diag(-2,-2,-2), n=2,
I'=1000, p,=5. The filter parameter is { =50.
The controller gain is K=daglLl,
P =diag(0.3,1800,2000) [11].

Case 1. considering normal circumstances, the
designed controller is:

ur1=—g”url14rg”uC @
u, =—FF, ;o tKe—=Ax —B r]

The response curve of the system tracking error is
shown in Fig. 2. The Fig. 2 shows that the proposed
non affine control method is effective. It can better
achieve estimated tracking.

Case 2: When the fault happens, the controller
still uses (30). System tracking error response curves
are shownin Fig. 3.

It cannot achieve input tracking
trajectory under the condition of
tolerant control.

reference
non fault-

5. Conclusions

In view of the existing parameter uncertainty and
disturbance of non-affine nonlinear systems, we give
a kind of non-affine nonlinear fault-tolerant
controller design method. The observer is designed to
apply to parameter that it isin the form of non-affine
nonlinear systems, and in the presence of wide range
change parameters, observer is still good robustness.

Observer will imply fault information and
disturbance information. For the non-affine nonlinear
system, the controller design is not easy. We present
a dynamic approximate method of affine nonlinear
systems. Non-affine nonlinear system is simplified to
an affine nonlinear system with time-varying
parameters, then parameters are estimated by the
filter. Using a non affine flight control system verify
the effectiveness of the proposed method, it can
realize robust fault-tolerant control of non-affine
nonlinear systems.
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Fig. 2. The system response curve under case 1.
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Fig. 3. The system response curve under case 2.

Educational

Modern

Technology in Jiangsu province (2013-R-26144).

(No. 13K JD520005),

Acknowledgements

This work was supported by Qing Lan Project of
Jiangsu province, 333 Project of Jiangsu province,

Aeronautical  Science
(No. 20111052010)

References

China

of

Foundation
the Nationa 863 Program

. Friswell, Robust fault

|
tolerant control for spacecraft attitude stabilisation

s
8
X
o
=]
T
i
o
=
QD
£
ww
fan
®
&
zg
g s
=1
‘D
o
>
6
>
¢ 8
(e}
S &
<
N~
SE
AN
s §
£

280



2.

(3.

(4.

[5].

(6].

Sensors & Transducers, Vol. 178, Issue 9, September 2014, pp. 276-281

subject to input saturation, IET Control Theory and
Applications, Val. 5, Issue 2, 2011, pp. 271-282.

J. D. Boskovic, R. K. Mehra, A decentralized fault-
tolerant control system for accommodation of failures
in higher-order flight control actuators, IEEE
Transactions on Control Systems Technology,
Vol. 18, Issue 5, 2010, pp. 1103-1115.

L. L. Fan, Y. D. Song, On fault tolerant control of
dynamic systems with actuator failures and external
disturbances, Acta Automatica Snica, Vol. 36,
Issue 11, 2010, pp. 1620-1625.

S. J Ye Y. M. Zhang, X. M. Wang, B. Jiang, Fault
tolerant control for a class of uncertain systems with
actuator faults, Tsinghua Science & Technology,
Vol. 15, Issue 2, 2010, pp. 174-183.

Z. H. Huo, Y. Zheng, C. Xu, A robust fault tolerant
control strategy for networked control systems,
Journal of Network and Computer Applications,
Vol. 34, Issue 2, 2011, pp. 708-714.

H. Yang, B. Jang, V. Cocquempot, Supervisory
fault-tolerant regulation for nonlinear systems,
Nonlinear Analysiss Real World Applications,
Vol. 12, Issue 2, 2011, pp. 789-798.

(7.

8.

9.

[10].

[11].

A. Peoli, M. Sartini, S. Lafortune, Active fault
tolerant control of discrete event systems using online
diagnostics, Automatica, Vol. 47, Issue 4, 2011,
pp. 639-649.

Y. Q. Xiao, Y. G. He, A novel approach for analog
fault diagnosis based on neural networks and
improved kernel PCA, Neurocomputing, Vol. 74,
Issue 7, 2011, pp. 1102-1115.

F. Yuan, D. Q. Zhu, Y. Z. Ye, On-line fault
identification of unmanned underwater vehicle and its
sliding mode fault-tolerant control, Journal of System
Smulation, Vol. 23, Issue 2, 2011, pp. 351-357.

D. Chilin, J. F. Liu, M. David, P. D. Christofides,
J. F. Davis, Detection, isolation and handling of
actuator faults in distributed model predictive control
systems, Journal of Process Control, Vol. 20,
Issue 9, 2010, pp. 1059-1075.

C. Peng, D. Yue, E. G. Tian, Z. Gu, Observer based
fault detection for networked control systems with
network quality of services, Applied Mathematical
Modeling, Vol. 34, Issue 6, 2010, pp. 1653-1661.

2014 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved.
(http://www.sensorsportal.com)

International Frequency Sensor Association (IFSA) Publishing

Jacob Y. Wong, Roy L. Anderson

Non-Dispersive Infrared Gas Measurement

Jash ¥, eng.
Wey L bedenon

—

Non-Dispersive Infrared

Gas Measurement

Formats: printable pdf (Acrobat)
and print (hardcover),120 pages

Written by experts in the field, the Non-Dispersive Infrared Gas Measurement begins with a
brief survey of various gas measurement techniques and continues with fundamental
aspects and cutting-edge progress in NDIR gas sensors in their historical development.

e |t addresses various fields, including:

® |nteractive and non-interactive gas sensors

* Non-dispersive infrared gas sensors' components

® Single- and Double beam designs

® Historical background and today’s of NDIR gas measurements

Providing sufficient background information and details, the book Non-Dispersive Infrared
Gas Measurement is an excellent resource for advanced level undergraduate and graduate
students as well as researchers, instrumentation engineers, applied physicists, chemists,

material scientists in gas, chemical, biological, and medical sensors to have a comprehensive

ISBN: 978-84-615-9732-1,
e-ISBN: 978-84-615-9512-9

understanding of the development of non-dispersive infrared gas sensors and the trends for
the future investigation.

http://sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm

281


http://www.sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm

