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Automatic Landing System Design Using Fuzzy Logic

Kyungmoon Nho* and Ramesh K. Agarwal’
Wichita State University, Wichita, Kansas 67260-0093

A fuzzy logic control system is developed for automatic landing control of both a linear and a nonlinear aircraft
model. A linear longitudinal aircraft model, with landing gear and flaps deployed at the sea level, is employed for
fuzzy logic controller design of automatic landing system including the two landing phases, the glide-path capture
and the flare maneuver. In addition, the fuzzy control system is tested on a six-degree-of-freedom nonlinear aircraft
model. Itis shown that the simple tuning fuzzy controller, by altering scaling factors, is well suited for controlling the
trajectory of the aircraft in the landing phase that requires simultaneous control of the engine thrust for changing
the velocity and the elevator for changing the pitch attitude to change the altitude with a constant airspeed.

I. Introduction

N recent years, fuzzy-logic-basedcontrol law design has shown

great promise in many industrial applications modeled by lin-
ear as well as nonlinear systems. In particular, there has been
considerable progress in the application of adaptive fuzzy con-
trollers to the control of complex nonlinear systems with uncer-
tainty due to time-varying system parameters over a wide range of
operating conditions.! = The model-based adaptive fuzzy control
techniques*> have been successfully applied to many systems and
have been shown to be globally stable. However, most of these tech-
niques require modeling or parameter estimation of the plant, which
is usually achieved by employing a complex identification proce-
dure. Several other self-tuning techniques for the design of adaptive
and optimal fuzzy controllershave been developed and successfully
applied to the control of many industrial problems.

Although the conventional proportional-derivative (PD) and
fuzzy logic controllers (FLCs) are not exactly comparable, the PD-
type FLC is frequentlyused as a practical alternative to conventional
methods for solving complex control problems ®~° It is well known
that PD-type FLC, like the conventional PD controller, gives rapid
response in the transient state, which results in reducing the time
required to reach a desired set point or steady state. However, near
the steady state, the values of FLC input variables, the error ¢ and
the change in error é, are too small to deal with the steady-stateerror
or other instabilities. In this paper, a simple tuning method based
on switching of the scaling factors!®~'* of the fuzzy controller is
proposed to get better performance for a variety of conditions. It is
shown by simulation that the proposed scheme has the ability to im-
prove the transient- and steady-state performance of the controlled
system simultaneously. Scaling factors have the biggest impact in
determining the system performance and stability. The input scal-
ing factors of FLC transform a physical signal into the normalized
universe of discourse of the controller. The output scaling factors
provide the plant with crisp values by transforming the defuzzified
output signal from the normalized universe of discourse of FLC
output. The importance of suitable selection of input scaling factors
is clearly shown by bad scaling resulting in unsatisfactory perfor-
mance due to utilization of only a small area of the normalized
universe of discourse. Furthermore, the selection of suitable output
scaling factors affects the closed-loop gain, which has direct influ-
ence on system stability. In this paper, the output scaling factors are
kept fixed for the sake of simplicity of FLC design.

APD-typefuzzy controlsystemis developedbasedon simplelon-
gitudinal medium-sized transport aircraft model for the glide-path
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capture and the flare landing phase. In addition, the fuzzy control
system is modified for a nonlinear aircraft dynamics model in the
glide path. Each resulting closed-loopsystem basically has the same
fuzzy control parameters and structure except for different values
of the scaling factors and FLC for lateral motion in the nonlinear
aircraft model. An appropriate algorithm to select and switch the
scaling factors of FLC is also proposed, based on the performance
measure.

II. Problem Statement

The objective of this paper is to design a robust fuzzy control
system for automatic control of the aircraft landing trajectory: both
the glide-path capture and the flare maneuver. In this section, two
aircraft models, a linear longitudinal model and a six-degree-of-
freedom (DOF) nonlinear model, are described briefly. The plant
employed for the design process is a linear longitudinal model that
has fixed aerodynamic coefficients at a low-speed flight condition.
Data are also included for the effects of landing gear and flaps.
Typical Federal Aviation Administration landing specifications are
employed for the desired flight paths for automatic landing.

A. Problem Description and Requirements
Automatic control of the landing trajectory of an aircraftis one of
the most challenging tasks for an autopilot, requiring simultaneous
control of several variables: velocity, flight-pathangle, and altitude.
The general problem is to design a robust fuzzy control system that
satisfies the desired operational constraints over a wide range of
flight conditions. Figure 1 shows a typical glide-path trajectory.
The performance of an automatic landing system depends highly
on the accurate control of the glide-path capture, which is impor-
tant both in terms of the stability of the aircraft and for providing a
good starting point for the flare maneuver. The glide-path capture,
which is characterized as a smooth transition from level flight to the
desired flight-path angle (FPA) y, or trajectory, must be tightly con-
trolled to achieve the safe flare maneuver. It is assumed that the auto-
matic glide-path command for a nonlinear model simulation is ini-
tiated at about 1500-ft altitude with an airspeed of 260 ft/s and y, =
—2.6 deg, which correspondsto a decent rate of 11.34 ft/s.
The glide-path deviation rate, that is, the velocity component
perpendicularto the glide path, is defined by
d=Vrsin(y =y = Ve(y = va) )]
In the glide-path tracking, it is required that d approaches zero so
that the FPA y becomes equal to y,. In addition, altitude # is also
included as a state using the equation for the climb or descent rate
h=Vrsiny = Vr(0- ) 2)
where a is the angle of attack and 6 is the pitch attitude. The desired
altitude is given by
(3)

hy = Vypsinyy,
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desired glide path, #,

Fig.1 Glide-path trajectory for automatic landing.

desired flare path, A,

Yd%

Fig.2 Flare-path geometry.

Flare control is more difficult than the glide-path maneuver. At
the start of flare, the rate of descent of the aircraft is reduced, and
it must be decreased to less than about 2.0 ft/s before touchdown.
The required pitch attitude at touchdown is between 0 and 5 deg,
depending on the type of aircraft and the conditions at the start of
the flare maneuver. The trajectory of the flare maneuver is shown in
Fig. 2.

For the desired flare trajectory, an exponential flare command
that decays exponentially from 4 ;¢ to zero is employed. The flare
command model employed is given by

I’l/ = I’l/g e_ﬂf = I’l/ = _(hf/T) (4)

with the initial vertical velocity of the flare equal to the rate of altitude
of the glide path

h(0) = —th(0) = tVysiny, )
where T =2.667 s and & ;o =30 ft are used for simulation.

B. Aircraft Model Description

A simple longitudinalmodel for a medium-sizedtransportaircraft
is employed in controller design for automatic landing using fuzzy
logic for a nominal approach flight condition with landing gear
and flaps deployed. The trim conditions are given by V; =250 ft/s,
y =—2.5 deg, x,, =0.25¢, and H =750 ft (half-way down the
glide slope). The aircraft weight is 162,000 Ib. It has two turboprop
engines, each developing 30,000 Ib of static thrust at sea level. The
wing area S is 2170 ft*, the wing span is 140 ft, the average chord
length ¢ is 17.5 ft, the length is 90 ft, and the pitch-axis inertia is
4.1 X 10% slug-f. The aircraft dynamics is described by

i = Ax + Bu (6)
where the states are

vr longitudinal velocity
angle of attack
= pitch attitude (7
pitch rate
altitude

SRR O R

and the control inputs are the engine thrust &, and the elevator
deflection o, given in degrees as

u=[8, 81" ®)

with the A and B Jacobian matrices for the given timed flight con-
dition as

—0.038 18984  -3214 0 1.32¢—4 0
—0.001 —-0.632 5.6e—3 1.0 3.75¢—6 0
A= 0 0 0 1.0 0 0
7.8¢—5 —0.759 —7.9¢—4 —-0.5183 —3.08¢—7 0
—0.043 —2497 249.76 0 0 0
0 —2500 2500 0 0 0
- ©)
and
10.1 0
—1.54e—4 0
B = 0 0 (10)
2.46e—-2 —1.07¢-2
0 0
0 0

The throttle servo and engine lag is modeled by 5-s lag and the
elevator servo by 0.1-s lag, that is,

&n = —1/ 7k + 1/ T Sheom (1

and

5e = —I/TL,CSL) + I/Teéccom (12)

with 7, =5 s and 7, =0.1 s. The elevator servo is limited to deflec-
tion of +20.5 deg.

The primary goal of this paperis to design a fuzzy control system
that is simple but robust enough to perform a difficult maneuver
of a nonlinear aircraft model with the nonlinear coupling terms
and other uncertain nonlinearities. The six-DOF nonlinear aircraft
model employed in this paper is constructed from a scale model
of an F-16 airplane tested in the NASA Langley Research Center
wind tunnel. The data collected from the wind-tunneltestis reduced
to obtain the approximate mathematical model. The aerodynamic
forces and moments are calculated from the two-dimensional data
lookuptable and a linear interpolationroutine. The wind-tunnel data
includesamodel of the F-16 afterburningturbofanengine. Complete
descriptions of the longitudinal model of a medium-sized transport
aircraft and the nonlinear model of an F-16 fighter aircraft are given
in Ref. 15.

II1I. FLC

The successful design of a fuzzy control system for an automatic
landingof an aircraftusing the nonlinearaircraftdynamicsis the key
contribution of this paper. The fuzzy control system design starts
with a simple longitudinal aircraft model given by Egs. (9) and (10),
rather than the nonlinear model that is employed at a later stage.
The values of the FLC scaling factors selected for the longitudinal
model are simply changed to obtain the fuzzy control system for
the nonlinear aircraft dynamics. Note that the fuzzy control system
developed for the longitudinal transport aircraft dynamics can be
easily adapted to a nonlinear fighter aircraft model by changing
the FLC scaling factors only. Note that the resulting fuzzy control
system for the nonlinear aircraft dynamics contains two more FLCs
for the lateral control inputs, that is, the aileron &, and the rudder J,.

In the conventional linear control theory, the transfer function of
the proportional integral derivative (PID) controller is

Kp+ (K,/s)+ Kps (13)

and the controlsignalbased on theclosed-looperrore(t) =x, — x(¢)
has the following standard form:

de(?)

u(t) = Kpe(t) + K,j e(t)dt + K (14)
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The variable e(?) represents the tracking error, the difference be-
tween the desired value x,; and the actual output x(¢). Kp, K/,
and K are the proportional, the integral, and the derivative gains,
respectively. PID-type FLC has a similar structure and parameter
characteristics to the linear PID controller given by Eq. (13). The
design of FLC based only on the PD controller is considered.

The design of FLC starts with the formulation of fuzzy control
rules. The input of a PD-type FLC normally includes the error be-
tween the state variable and its set point, e( =x, — x), and the first
derivativeof the error, é. These input variables are scaled as follows:

e=S,¢" (15)
and
é=S,¢" (16)

where S, and S; are scaling factors for the input variables, the error
and the error rate, respectively. A typical form of the linguisticrules
is represented as

Rule ith: IF e is A; AND ¢ is B; THEN u* is C;

where A;, B;, and C; are the fuzzy sets for the error, the error rate,
and the controller output at rule i, respectively, and u* is the con-
troller output. The resulting rule base of FLC is shown in Table 1.
The abbreviations representing the fuzzy sets N, Z, P, S, and B in
linguistic form stand for negative, zero, positive, small, and big,
respectively, for example negative big (NB). Five fuzzy sets in tri-
angular membership functions are used for FLC input variables, e
and ¢, and FLC output, u*. The selection of rule base is explained
by Fig. 3. For example, in the region of negative error (¢ — N) and
negative error rate (¢ — N ), where the state is diverging, FLC is set
up to produce a large control value to change the current state to
the desired value or trajectory. Therefore, the output of FLC is set
to PB.

For the fuzzy inference or rule firing, Mamdani-type min-max
composition is employed. In the defuzzification stage, by adopt-
ing the method of center of gravity, the deterministic control u is
obtained as follows:

u = §,FLC(S.e, S;¢)

=S.u"
2w
=8§——— 17)
o myuy)

Table 1 Rule base for FLC

Fuzzy set, é
Fuzzy set, e NB NS Z PS PB
NB PB PB PS PS NS
NS PB PS PS NS NB
V4 PB PS V4 NS NB
PS PB PS NS NS NB
PB PS NS NS NB NB
e~ P
o 127
g 1 e-27
w o8l
06 +
e— P oal e-N
02+
0 t + {
028 2 4 8 \o
04 time
€— N -0.6 + .
081 A
e-P e—-N

Fig.3 Schematic explaining the fuzzy rule base of FLC.

Table2 Effects of scaling factors

Scaling factor Rise time  Overshoot S-S error
Se Decrease Increase Decrease
Se Increase Decrease Small change
Su Decrease Increase Decrease

vV, we .

d Velocity
____}( H v
FLC >
4,
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d + e FPA b Aircraft
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Fig. 4 Overall structure of fuzzy control system for the glide-path
capture.

where S, is the scaling factor for controller output, k is the number
of quantizationlevels of the output, u; is the control amount for a
quantization level corresponding to an integer j closest to the real
value,and p ¢ (u;) is its membership value in controlleroutputfuzzy
set C.

The values of scaling factors are selected considering three per-
formance requirements: rise time, overshoot, and steady-state error.
For example, when the controlled state position is far away from
the desired value, the values of input scaling factors are selected
based on reducing the rise time and then later switched to prevent
overshoot as the system output approaches the required state. The
output scaling factors are determined to limit the FLC outputto a
reasonable level. Another important role of the output scaling fac-
tors is to reduce the steady-state (S-S) error. Effects of each of the
scaling factors S,, S, and S, on a closed-loop system are summa-
rized in Table 2. Note that these correlations may not be exactly
accurate because S,, S;, and S, are dependenton each other and on
the fuzzy rule base. The values of the scaling factors are intuitively
determined; however they can be obtained more accurately using
advanced optimization techniques such as genetic algorithms.

The overall structure of the control system for the glide-pathcom-
mand controlis shown in Fig. 4. The key features of the three FLCs
used in the glide-path capture are discussed next.

A. FLC for Pitch Stabilization

The FLC for pitch stability is employed to stabilize the pitch at-
titude at a particular value. The pitch attitude is changed until the
required constraint, for example, zero deviation error, or a desired
FPA is met. Another important role of this FLC is to provide a sat-
isfactory control of both the natural frequency and the damping of
the longitudinal dynamics. The pitch-axis stability is achieved by
employing the pitch rate as the feedback signal. The block diagram
of FLC for pitch attitude stabilizationis shown in Fig. 5. To stabilize
the pitch attitude efficiently during the glide-pathmaneuver, scaling
factors for fuzzy input variables are switched between two prede-
fined values. For example, when the error e, used as the performance
measure, reaches a given threshold value TH ,, the initial input er-
ror scaling factor S1, is switched to a larger value S2,, to produce
large enough control output to reduce the S-S error by raising the
sensitivity of the FLC. Note that the value of the initial input error
scaling factor S1, is selected based on reducing the rise time. On
the other hand, the input error rate scaling factor S1; is initialized
to a large value and then switched to a smaller value S2,, which re-
sults in increasing the damping and reducing the overshoot. In this
work, the controlleroutputscaling factor S;,, is fixed and determined
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Fig. 6 Schematic of scaling factor switch in FLC for deviation error.

considering the overall stability and performance of the system and
to limit the controller output.

B. FLC for Deviation Error

The main goal of automatic controller design for the glide-path
capture is to command an aircraft to follow a given trajectory. The
block diagram of FLC for controlling the deviationerroris shownin
Fig. 6. This is identical to the FLC used for pitch stabilization con-
trol, except for the different values of the scaling factors employed
for fuzzy controller input and output variables. The glide-path or
altitude deviation error and its error rate obtained from Eq. (1) are
used as FLC input variables. The FLC for deviation error is aimed
at driving the deviation error back to zero, which consequently re-
sults in keeping the FPA to a desired value. To achieve this goal
successfully, the FLC output J,, is simply added to the output of
FLC for pitch attitude stabilization, and thus, the resulting elevator
deflection angle becomes 6, = 6,; + 6,,. Note that the value of the
deviation FLC output scaling factor depends on that of pitch FLC.
In fact, changing Ss,, can change the effectof S, . The value of S,
is selected to be less than that of S;,, which is intended to put more
emphasis on aircraft longitudinal stability.

C. FLC for Velocity

In addition to the pitch attitude stabilization and altitude control
by the elevator, a complete automatic landing is accomplished by
designing the engine thrustcontrollerto keep the aircraft speed con-
stant. The aircraftspeed control in the landing approachis critical to
hold the required trajectory by providing the aircraft with the neces-
sary aerodynamic forces. The same structure as shown for the pre-
vious two FLCs in Figs. 5 and 6 is employed for the FLC for engine
thrustcontrol,exceptagain for differentvalues of the scaling factors.

IV. Numerical Simulations
A. Simulations Using a Linear Longitudinal Transport
Aircraft Model
The initial conditions employed in simulation of an automatic
landing for the glide-path capture using a linear longitudinal trans-

portaircraft model are as follows: v7(0) =20 ft/s, a(0) = —0.1 rad,
6(0) =0.1 rad, ¢(0) =0 rad/s, d(0) =0 ft, and 2(0) =1500 ft.
The initial conditions employed for the flare maneuver are as fol-
lows: vy (0) =0 ft/s, (0) =0rad, 6(0) = —0.04 rad, g(0) =0rad/s,
h,4(0) =30 ft, and 2(0) =30 ft.

The simulation results employing a linear longitudinal transport
aircraft model for an automatic landing, including the glide-path
capture and the flare control, are shown in Figs. 7-16. Figures 7 and
8, respectively, show that the actual and desired glide-path trajecto-
ries converge quickly, and the deviation error becomes negligible.
Figure 9 shows that the FPA is held near the desired constant value,
74 =—0.045 rad. Figure 10 shows that the disturbedinitial airspeed
isreducedto a desired value vy =0 ft/s smoothly without overshoot.
The time response of throttle for engine thrust and elevator deflec-
tion during the glide-path maneuver are shown in Figs. 11 and 12,
respectively.

For the final portion of the landing approach, the flare maneuver
simulation results are shown in Figs. 13-16. Figure 13 shows that
the difference between the actual and desired trajectories is kept
less than about 6 ft. Figure 14 shows that the pitch attitude at touch-
down remains within 1% of the desired value. Figure 15 shows
that the sink rate (the rate of descent) is reduced to less than 2.0
ft/s, which is small enough to achieve a smooth landing. The throt-
tle for engine thrust and elevator deflection during flare are shown
in Fig. 16.

B. Simulations Using a Nonlinear Fighter Aircraft Model

To ascertain the handling capability of fuzzy logic controller,
a six-DOF nonlinear fighter aircraft model is employed, and the
simulationsare performedfor the glide-path capture using the FLCs
developed for the linear longitudinal transport aircraft model.

The initial conditions, based on trim data, employed in sim-
ulation of an automatic landing for the glide-path capture us-
ing a nonlinear F-16 fighter aircraft model are as follows: Vr

fffffff Desired
— Actual

1600

1400

£ 1200
L]
o
£ 1000
<
800 | 5
600 E
0 10 20 30 40 50
time (sec)
Fig.7 Desired and actual glide-path trajectories.
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Fig.8 Time response of the glide-path deviation.
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Fig.16 Time response of elevator and engine throttle during flare.
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(true airspeed) =260 ft/s, a (angle of attack) =2.12¢—4 rad,
B (side-slip angle) =—3.6¢—9 rad, ® (roll angle) =0.1 rad, ©®
(pitch angle) =2.151e—1 rad, ¥ (yaw angle) = —0.1 rad, P (roll
rate) =0 rad/s, Q (pitchrate) =0 rad/s, R (yaw rate) =0 rad/s, and
H (altitude) = 1500 ft.

The command inputs for this case are V;, =250 ft/s and y, =
—0.045 rad. Note that the structure of the fuzzy control system
employed for the nonlinear aircraft model is basically the same
as for the preceding simple longitudinal aircraft model except for
different values of the input and output scaling factors and two ad-
ditional FLCs needed for lateral control inputs. As shown in Fig.
17, in spite of the unstable longitudinal dynamics and nonlinear-
ities of the aircraft model, the successful glide-path maneuver is
achieved by keeping the actual glide path close to the desired tra-
jectory. The time response of the deviationis shown in Fig. 18. Itis

1600+ e Desired 4
Actual

1400

1200
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Altitude
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S
S

800 B

600 | E

0 10 20 30 40 50
time (sec)

Fig.17 Timeresponse of the desired and actual glide-path trajectories.
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Fig.18 Time response of the glide-path deviation.
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Fig. 19 Time response of the angle of attack and pitch attitude.
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Fig. 23 Time response of elevator.
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Fig. 24 Time response of aileron and rudder.

observedin Figs. 19 and 20, respectively, that the FPA and airspeed
are held near the desired constant values as well. The time response
of bank and yaw angles and roll, pitch, and yaw rates are shown in
Figs. 21 and 22, respectively. The elevator control inputis shown in
Fig.23.Theresultinglateral controlinputsduring glide-pathcapture
are shown in Fig. 24.

V. Conclusions

The goal of this work has been to demonstrate the successful
application of FLC to the design of an automatic landing system.
The primary advantages of a fuzzy controller are its simple design,
its robustness for a wide range of initial conditions, and its abil-
ity to account for nonlinearity. The simulations for an automatic
landing system are performed using both a linear longitudinal air-
craft model and a nonlinear aircraft-dynamics model. It is shown
that a simple tuned fuzzy control system designed for a longitudinal
aircraft model is robust enough to give satisfactory performance,
both in terms of stability and negligible S-S error, for a nonlinear
aircraft-dynamics model as well.
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