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Abstract: This paper presents an active fault-tolerant linear parameter varying (LPV) autolanding
controller for a civil aircraft subject to elevator failure during landing maneuver. Firstly, an LPV
autolanding controller is designed to assure the acceptable tracking performance and stability of the
civil aircraft’s autoland. The scheduling parameter is chosen as the estimation of the elevator failure
factor. Secondly, a two-stage Kalman filter estimator is designed to estimate the failure factor. Then,
the LPV controller and the estimator are integrated to achieve the active fault-tolerant performance.
Finally, simulations of the autolanding control system show that a superior fault-tolerance can be
achieved.

1. Introduction

For the civil aircraft, the automatic landing control system plays an important role to assist the
pilot in the landing phase. However, the performance of the system will deteriorate when the aircraft
is subjected to failures of actuators. Hence, a fault tolerant control (FTC) autolanding system that can
sustain the effect of failures is important to aircraft’s stability and reliability.

The neural network has been applied to design the FTC autolanding system [1,2]. However, the
neural network method is only valid within the specific training set. A time delay control scheme was
proposed for actuator failures during aircraft autolanding by Lee et al [3]. The LPV controller is
adaptive to the scheduling parameters, which is a significant advantage over the fixed-gain
controllers [4]. Liu et al [5] introduced an active FTC scheme for helicopter based on an LPV
finite-time adaptive fault estimation method.

This paper designs an active FTC autolanding system for civil aircraft based on LPV control
method. The elevator failure is regarded as the scheduling parameter and estimated by a two-stage
Kalman filter. Section 2 deals with the linear model of civil aircraft, the LPV model with elevator
failure and the landing maneuver. Section 3 describes the design of the FTC autolanding system.
Section 4 presents some simulations to illustrate the performances of the designed LPV controller.

2. Dynamics Modelling and Problem Formulation

2.1 Longitudinal Linear Model of Civil Aircraft

The dynamic model of a civil aircraft can be built via Newton law, which is usually a standard six
degrees of freedom equations of motion. And the nonlinear model of the aircraft can be trimmed and
linearized via small disturbance linearized theory. For the purpose of autolanding, the longitudinal
motion model of Boeing 747 is employed here [6].

X = AX + BU 1)

where the state vector x =[u,w,q,,h]", the input vector u=[J5,,4,]" . u is the horizontal ground
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speed, w is the vertical ground speed, q is the pitch rate, & is the pitch angle, h is the altitude, &, is
the elevator deflection, &, is the thrust force. The air speed of aircraft V and angle of attack « are
commonly used which can be represented as follows:

V =\ur+w (2)
a=tan""(w/u) (3)

For w® < u” in the landing maneuver, the approximated relations are
V zu(4)

a=w/u(b)

And the flight path angle y =0 -« .

The A, B matrices are obtained according to aerodynamic derivatives of Boeing 747, which are
given as follows [6]:

[-0.0210  0.1220  0.0000 -0.3220 0.0000 | [ 0.0100  1.0000 |
—0.2090 -0.5300 2.2100 0.0000 0.0000 —0.0640 -0.0440
A=| 0.0170 -0.1640 -0.4120 0.0000 0.0000 |,B=|-0.3780 0.5440 |(6)
0.0000  0.0000 1.0000 0.0000 0.0000 0.0000  0.0000
| 0.0000 -1.0000 0.0000 2.2100 0.0000 | | 0.0000  0.0000 |

Eq. (7) and Eq. (8) represent the elevator model and engine model [7], respectively.
0, 10
= (7)
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where J,, and 6,, are commands.

2.2 LPV Model with Elevator Failure

Assume that the elevator failure factor enters in the aircraft model linearly. The longitudinal
motion LPV model of Boeing 747 can be written as:

X = AX + B{’g ﬂu 9)

Where p is the scheduling parameter representing the elevator failure and 0< p <1.

2.3 Description of the Landing Maneuver

Typically, there are four segments in the landing maneuver [8] (see Fig. 1): alignment, glide slope,
flare and taxiing. The glide slope and flare segment are mainly studied in this paper as they are the
most challenging segments.

1) Alignment: In this segment, the aircraft will align itself to the runway and the altitude will be
maintained about 500m from ground.

2) Glide slope: The aircraft will enter the glide slope mode when the approach path reaches the
desired glide path. In this segment, the flight path angle should be kept at -3deg and the gliding
velocity should be maintained at a constant value, which is selected as 67.4m/s in this paper.

3) Flare: When the altitude is around 15m, the aircraft enters the flare segment. The aircraft will

57



gradually approach toward the ground and vertical speed will be reduced to 0.3m/s at the touch down
point.

4) Taxiing: The last segment of the landing maneuver begins when the aircraft touches the runway
and reduces its velocity quickly.

Alignmenti Clide Slope . Flare ! Taxiing

Fig. 1 Hlustration of landing maneuver

3. FTC Autolanding System Design

The proposed FTC autolanding system is shown in Fig. 2, which includes a two-stage Kalman
filter fault estimator, a civil aircraft system and an LPV controller. The fault parameter cannot be
measured directly but can be estimated by the estimator module. The active fault-tolerant LPV

controller is adaptive to the change of the estimated fault parameter. Note that the civil aircraft system
is a function of the scheduling parameter.

Y

Fault
estimator

u B-747 y

LPV

Controller F—
T cmd

Estimated scheduling parameter

Fig. 2 FTC autolanding system structure

3.1 Robust LPV Control Synthesis
Consider an LPV system

y A B

X :{ (») (p)MX}(w)

e| [C(p) D(p)]ld
where p is the scheduling parameter. The LPV control design problem is to find a controller

K(p) such that the close-loop system is internally stable and the L, norm of d to e which is

represented by » is minimized. The controller K(p) explicitly depends on the scheduling parameter.
The main synthesis problem can be written as the following optimization:

min y (11)

X(p)Y(p)
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Subject to a set of linear matrix inequalities (LMIs) [9]. The controller K(p) can be found from
the solutions X (p) and Y (p) of the LMIs optimization problem.

Fig. 3 shows the interconnection structure for the LPV autolanding control design. In order to
normalize the reference inputs, the altitude h, and speed V, commands are scaled by W, . Select the

average altitude h, , = 250m and average speed V, . =67.4m/s, and yields:

W, =diag(h,,,V,,.) =diag(250,67.4) (12)

ave !

As the altitude error e, and the speed error e, should be small, and the altitude and speed do not
change quickly, the gain of W_, should be big enough at low frequency to enable the control system
to track ramp commands with a very small steady state error. Hence, the W, is selected as:

ut

W, = diag| 20000—~—— 12000——~ | (13)
5+0.007 5+0.002

As the maximum pitch rate is +3deg/s [7], the weight function of W is selected as:

W =—523 (14)

p

The weight function of W, is applied to confine the control deflections and their rates. According
to the maximum deflections and rates of elevator and engine [7], the W, is selected as:

57.3 57.3 57.3 57.3
20 15" 5 " 1

W, = diag ( j(15)

As measurements are often corrupted with some noises, according to the measurement noise error
[7], the measurement noise weight function W, is selected as:

Wn:diag(wnh,w,,WnV,W ,,qu,an):diag 0.01,0.025,0.015,0.02, 2% -1 )15
nh nv 573 573
3 3
o] . v,
— Wy, f—(X)e W, |le——
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Fig. 3 Interconnection structure for LPV autolanding control

3.2 Two-Stage Kalman Filter Estimator
The estimator is based on a linear discrete model, which is formed as [10]:
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u
Xk+1:AEXk+BSUk+|:b1d7’|1 by - b|d7’|i:| . + W,

Uy (17)
=A’x, +Blu, +Ely, +wW!
Vier = Y T W
Yir = CtoaXiear + Vi
where x, e R™, u, eR", y, eR™, and y, e R™ are the state, input, bias and output variables,

respectively. The noise sequences w,, w;, and v, denote the uncorrelated white Gaussian noise
sequences with zero means.

W Q 0 0
E=qw |[w, wi vi]t=| 0 Q 0 |5,(18)
V, 0 0 R

where Q >0, Q/ >0, R >0, and ¢, is the Kronecker delta. The bias vector y with element

~1<y, <0 relates an actuator failure parameter.

The algorithm of the two-stage Kalman filter is given as follows [11]:
1) Optimal bias estimator

Vkak = Yk
Y — Ve V4
R = Rk + Q«

A

Vi = Vi T KMo — Hk+1\k 7k|k) (19)
T T T )1
Kky+1 = Pky+ﬂk H k+1k (H k-+1k Pky+l|k H ke T S k+1)

Pky+ﬂk+1 = (I - Kli/+1Hk+]Jk)Pky+l|k

where the filter residual ria =y, ,, —C¢., Xk -
2) Bias-free state estimator

Xicitk = Afgklk +Blu, +W, ;/k|k_vk+]Jk 7A/k|k

B:HJK = ASB:W (Af )T +Q|z( +Wk PkaWxT _Vk+]Jk Pk};JJkatr]Jk
Xkstion = Xkoai + Rﬁu(ym - Cs+l§k+ﬂk) (20)

REH = Eiﬂlk (Cf+l)T {Cfﬂﬁzmk (Cf+l)T + Rk+1}_1
B)k(+1|k+1 =(I —R)k(+1CI?+1)E)k(+1|k

where the filter residual covariance Sk =Cy., P (C/,; )T +R.,,.
3) Coupling equations
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Wk = A?Vk|k + ES

Vk+11k =W, Pk}\/k ( Pker]Jk )_1

d (21)
H k+lk — Ck+1vk+]Jk

—X
Vk+11k+1 :Vk+11k - Kk+lHk+JJk

4) Compensated state and error covariance estimator

A A

Xistkst = Xt +Visapen Vit

(22)
—_X
_ 7 T
Pk+11k+1 = Pk +Vk+uk+1pk+uk+1 +Vk+uk+1

After estimating the 7/ , the estimated scheduling fault parameter p can be written as:
p=1+7y(23)

4. Simulation and Analysis

In this section, the proposed LPV autolanding controller is applied to control the civil aircraft
landing maneuver for pre-defined elevator failure. The scheduling fault parameter is

1 0<t<50s
p =107 50s<t<100s(24)
0.2 t >100s

The covariance matrices Q,, Q/, R, are given as follows:

Q; =3diag(1,0.012,0.01%,0.01%,0.01%)
7 = 3diag (0.05%,0.05%) (25)
R, =3diag(0.012,0.01%)

.. . . =X
The initial values of covariance matrices By, and Poqo are set as:

Py, =101
T2
Poo =10l

For the purpose of comparison, an H_ controller is designed at o =1 (without failure) with the

same weight functions described in section 3.1. The simulation results of the LPV and H_ controller

are shown in Fig. 4.

The altitude responses and altitude errors are shown in Fig. 4(a) and Fig. 4(b), respectively. It is
obvious that when the elevator failure occurs after 50s, the altitude error of the H_ controller
changes 2m up and down, when a severe failure occurs after 100s, it changes about 10m, while the
LPV controller almost has no change. It is also expected that the vertical speed is slow and smooth.
As seen from Fig. 4(c), the vertical speed of the H_ controller changes 0.5m/s and 1m/s at the two

failure occurrences compared with the LPV controller. The air speed of the LPV controller is more
closed to the desired speed 67.4m/s while the H_ controller has a 1m/s-3m/s variation, see Fig. 4(d).

Fig. 4(e) shows the responses of pitch angle and Fig. 4(f) shows the responses of pitch rate. It can be
seen that the pitch angle and the pitch rate of the LPV controller are smoother. But at the transition
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from glide slope to flare, the variations of the LPV controller are more intense which means the LPV
controller tracks the trajectory more quickly and closely.

600 10
T T T T T T T T

h(m)

Altitude Error(m)

Time(s) Time(s)
(a) Altitude responses (b) Altitude errors
R - >
Time(s) Time(s)
(c) Vertical speed responses (d) Air speed responses
e i
Time(s) Time(s)
(e) Pitch angle responses (F) Pitch rate responses

Fig. 4 Time responses of aircraft with LPV and H_ controllers

5. Conclusions

This paper presented a new approach to the FTC autolanding system of the civil aircraft.
Differently from the existing control methods for the autolanding system, this approach exploited the
integration of the LPV controller and two-stage Kalman filter, which was an active FTC scheme for
elevator failure. According to the desired performances, the weight functions of LPV controller were
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selected. The algorithm of the two-stage Kalman filter was given to estimate the failure parameter.
The simulation results demonstrated the fault-tolerant capacity of the proposed scheme.
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