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Abstract

An optimized fuzzy logic has been considered
to control a VTOL ducted fan UAV during
the vertical flight. The control design goal is
to have stable vertical flight in the presence
of wind disturbance. Genetic Algorithm has
been used as the tool for optimization. The
controller inputs are body components velocity
and roll rate error, whereas the output are the
commanded signal to the vehicle’s control sur-
faces. The results of this work are illustrated
by simulation, showing that the UAV is able
to operate autonomously in vertical flight and
maintain it stable orientation.

1 Introduction

Using unmanned aerial vehicles (UAVs) for
monitoring purposes is beneficial in both mili-
tary and civil applications. The UAVs that are
small, easy to manoeuver and able to operate
autonomously are usually needed to perform
these duties. It necessity becomes manifest
for the operations in restricted environment,
where ducted fan configuration offers some dis-
tinct advantages [7] over conventional UAV de-
signs since it has vertical take-off and landing
(VTOL) capabilities, in addition to ascribing
the typical aircraft characteristics.

One of the greatest challenges in the design
on this class of UAV is to automate the en-

tire operations of the ducted fan UAV which
involve; VTOL, hovers, manoeuvres, and tran-
sitions between vertical and horizontal flights.
By considering the design uniqueness, the exis-
tence of some uncertainties in the vehicle char-
acteristics and in predicting the stability, and
the requirements to perform all necessary flight
regimes in the presence of wind disturbance,
the use of an intelligence control system for this
type of UAV has becomes apparent [3]. In this
paper, we develop an autonomous vertical flight
using an optimized fuzzy logic control system.

2 Vehicle Configuration

The configuration of the ducted-fan VTOL
UAV has the novelty in a way that it blends the
design features of the following; existing UAVs,
rotary-wing airplanes and fixed-wing airplanes.
This ducted-fan UAV has approximately 3 kg
in maximum take-off weight and its propeller
is enclosed in an annular wing for extra thrust
and lifting force. This vehicle with the acronym
of RUAV is shown in multiple views in Figure
1. The RUAV take off and lands vertically and
will be able to hover. Once the RUAV is in
vertical flight, it can transit 90o into the hori-
zontal flight, making its fuselage parallel to the
horizon.

The top diagram in Figure 2 shows this
transition flight. The low speed forward flight
is performed by tilting the vehicle towards the
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direction of flight, so that the inclined thrust
vector is resolved as the lift and forward thrust.
The motion of low speed forward flight is shown
in the middle diagram in Figure 2. The re-
verse transition flight is showing in the bottom
diagram in Figure 2. In this manoeuvre, the
RUAV is bring to hover, before it can ascend
vertically to the landing platform.

X
Y

Z

Fig. 1 RUAV hover diagram

Fig. 2 The motions of RUAV

3 The FLC Design for Vertical Flight

In the search for an easy, efficient, cost-effective
control, fuzzy logic seems to provide a method

of reducing system complexity while increas-
ing control performance. Fuzzy logic seems to
provide a method for reducing system com-
plexity while providing enough control per-
formance. It also provides an easy, efficient,
and cost-effective control system technique [5].
Fuzzy theory was originally investigated by
Lukasiewicz and Knuth. But it was finally for-
malized by Zadeh in the 60’s. Since then, many
researchers have introduced fuzzy logic tech-
niques to solve different types of problems.

Theoretically, fuzzy logic is a set of mathe-
matical principles for knowledge representation
based on the degree of membership rather than
on crisp membership of classical binary logic
[6]. This section describing the development of
fuzzy logic controller (FLC) to automate the
RUAV in vertical flight. In vertical flight, the
desired flying characteristic and stability can be
achieved by assigning the controller to control
the velocity components of w, v, ḣ, and also roll
rate p. The corresponding control surfaces for
these velocities and angular rate are elevators,
rudders, engine throttle, and ailerons.

Fig. 3 RUAV vertical flight diagram.

Figure 3 shows the RUAV in symmetric xz
plane. In the figure, u and w represent ve-
locity components along x and z axes respec-
tively, pitch rate q, vehicle weight mg, and F
and M which are the force and moments with
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respect to the subscripted axes. All the quan-
tities shown in the figure are in their positive
sense. The governing equations for the FLC are
derived from the six degree of freedom equation
of motions for aircraft. Representing the equa-
tions in the matrix forms, we have: ẇ
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M̄w M̄q 0
0 0 1


 w
q
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The overscore force and moment terms in
Equation 1 to 3 indicate the terms have been
divided by the vehicle mass and inertia respec-
tively, and these terms are stated in a stan-
dard mechanic of flights notation for stability
and control derivatives. As mentioned previ-
ously, these force and moment derivatives are
estimated from the theoretical methods. Ver-
tical flight control is analogous to the control
problem of the inverted pendulum, except in
vertical flight, it has the upward or downward
motions. Thus, the control effort is to main-
tain the RUAV in a straight vertical motion.
Furthermore, the presence of wind makes the
control system more challenging.

Figure 4 shows a typical vertical flight of
RUAV. The v and w velocity components will
cause the RUAV to sway on the horizontal
plane, thus the FLC need to control its de-
sired magnitude. For example, if the RUAV
is slanted towards the starboard that possi-
bly due to the wind gust, the control action
is to bring the RUAV back to vertical motion

Fig. 4 RUAV in vertical flight.

by controlling the v velocity. Physically, this
could be done by deflecting the ailerons. The
controller also need to correct vehicle orienta-
tion and heading angle that may deviate due
to external disturbances. Based on this princi-
ple, the FLC is designed to control the deflec-
tion of control surfaces so that the generated
forces and moments can finally can maintain
the RUAV in a stable vertical motion.

3.1 Fuzzy Rules, Input, and Output
Variables

The error in three velocities components and
roll rate that need to be controlled become
FLC input variables for vertical flight FLC.
The different between the actual and com-
manded signals in these variables are the
error. Thus, we have four input variables
in this vertical flight FLC; w error (∆w),
v error (∆v), p error (∆p), and ḣ (∆ḣ)
error. The FLC is to drive the system to
minimize these error. Five linguistic terms
represent the inputs variables which are
NegativeBig(NB), NegativeMedium(NM),
Rathersmall(NS), PositiveMedium(PM),
and PositiveBig(PB). The method for giving
precise meaning to these linguistic terms is
described in the membership function that
uses the triangular type as shown in Figure
5. The vehicle control surfaces are the FLC
output variables. In the case of vertical flight,
the useful control surfaces of the RUAV are
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Fig. 5 Membership function of input variables.

elevator (δe), rudder (δr), aileron (δa), throttle
(δth). From the dynamical relationship in
equation 1 to 3, it can be observed that these
control surfaces are controlling the vehicle’s
velocity components v, w, ḣ, and roll rate p.
A simple first order lag was used to model the
control surfaces actuator dynamic response.

The motion of vertical flight is initiated
by the throttle and the corresponding veloc-
ity component is ḣ. An offset of the throttle
setting at 40% is maintain throughout the ver-
tical flight and this setting required for ascend-
ing at 0.5 m/sec. For each deflection angle of
the control surface, the respective forces and
moments are obtained from the equations of
motion developed earlier. These forces and mo-
ments drive the vehicle to perform the vertical
flight in a ascending or descending manners.

The linguistic terms that represent the
control surfaces deflection are similar to those
applied on the input variables that are ;
NegativeBig(NB), NegativeMedium(NM),
Rathersmall(NS), PositiveMedium(PM),
and PositiveBig(PB). The chosen linguistic
terms of the input and output variables has
result in a 20 fuzzy rules. The development
of these rules is based on consecutive tests
on the system, and example of the rules are
demonstrated as:

If ∆w is PB Then δe is NB
If ∆p is PB Then δa is NB

4 Optimization of Fuzzy Logic Con-
trollers

Although the use of fuzzy logic for control pur-
poses has proved great advantages, the designer
should be made aware of several important fac-
tors that evidently effect the performance of
the FLC. Careful attention must specifically be
given in choosing these parameters ; the num-
ber of linguistic terms and rules that should be
used and how they are being connected, the de-
fuzzification method, and the best membership
functions of the conditions and actions vari-
ables the FLC.

The fuzzy logic control has many parame-
ters, and its control depends on the tuning of
its parameters. Therefore, a FLC contains sev-
eral parameters that can be altered to modify
the controller performance. They are ;the scal-
ing factors for each variable, the fuzzy set rep-
resenting the meaning of linguistic values,and
the selection of the rules. Post-analysis from
previous work [8] deduced that by tuning the
membership functions of the input variables,
a better controller performance is achieved in
term of reducing the overshoot.

However, the tuning process which is the
adjustment of all membership functions shape
was done off-line and by trial and error ap-
proach. Rather than carrying the task manu-
ally, this paper presents the tuning of the mem-
bership functions online and automatically, by
using a genetic algorithm. According to Chin
et al [4], genetic algorithms(GAs) are stochastic
search algorithms based on natural selection,
genetics, and evolution, through which the sur-
vival of the fittest principle is firmly applied.

A GA links with the problem it is solving by
two mechanisms or processes, namely encoding
and evaluation. Possible solutions are encode
into artificial chromosomes or strings, then it
will go through the natural processes; mating,
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crossover and mutation, and generates new off-
spring (chromosome). Then the fitness or the
performance of the newly generated chromo-
some is evaluates by using a pre-defined fitness
function. These processes will be repeated for
a number of generations until the termination
criteria is met, that is to say the optimal solu-
tion has been obtained.

GAs techniques have been acknowledged to
be efficient tools for dealing with global opti-
mization problems and have been used in wide
ranges of applications [1]. Because GAs are
based on the natural evolution process, it ex-
changes information between the peaks, thus
ending at global minimum, rather than at local
minimum in which the conventional optimiza-
tion methods such as hill climbing and random
walk search cannot comprehend.

4.1 Constraints and Encoding Scheme

In previous section, it states the membership
functions of the input variables are the param-
eters that need to be optimized. Here we choose
to optimize the membership functions of ∆w.
Since all these functions are of triangular type,
the optimization routine will relocate those tri-
angular corners in order to form the optimized
functions shape.

Specifically, it can be achieved by altering
the parameters of that membership functions
which are the 6 corner points of the peaks and
bases of the triangles (x1 to x6) as marked in
Figure 6. These points are allow to move within
their limits.

The search for optimal solutions are
bounded by two constraints. The first is it
requires all the concerned membership func-
tions corners lie in their predetermined range
on the universe of discourse. The ranges of the
movable points are to ensure at all time, all
the membership functions can be constructed.
Throughout the work, the constraints of cor-
ners are as follow; -0.7 ≤ x1,x4 ≤ -0.3, -0.2 ≤
x2,x5 ≤ 0.2, and 0.3 ≤ x3,x6 ≤ 0.7.

Fig. 6 Optimization points of membership
function.

The second constraint is the literal meaning
of the linguistic terms should always be consis-
tent. For instance the membership function as-
signed as NB should be ’zero’ on positive uni-
verse of discourse and ’non-zero’ on negative
universe of discourse. The next step is to rep-
resent all of the parameters that need to be op-
timized into chromosomes(strings)form. Each
point or the corner of the membership functions
is encodes into string, and each string is repre-
sented by 4 bits, thus resulting in total string
length of 6 x 4 bits = 24 bits.

4.2 The Fitness Function

The choice of fitness function is directly related
to the control system objectives. In this work,
it requires the controller to ensure the RUAV
is having a smooth and stable vertical flight.
The error of the inputs variables are contin-
uously send to the FLC block and this forms
an automatic feedback system. In a feedback
system, the minimization of sum of the errors,∑
e is clearly being the variable of concerned.

The integral of square error shown in Equation
4 normally gives a better performance [2] and
was used in this work to evaluate the fitness of
each chromosome that representing a particu-
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lar tuning point for the FLC.

f(t) =
∫ t

0
e2.dt (4)

The simulation of vertical flight control for
the RUAV was implemented using MATLAB,
Simulink, Fuzzy Logic Toolbox and Genetic Al-
gorithm and Direct Search Toolbox. Figure 7
depicts the simulation diagram of the GA op-
timized fuzzy logic control system. The dis-
turbance wind gust was modeled as a impulse
function with the magnitude of 10 m/s heading
towards north and acted on the RUAV’s centre
of gravity.

RUAV Model
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Fuzzy Logic 
Controller

UAV States
Integrate State

Derivatives

State_1
Workspace

Tsim

1
s

1
s

1
s

GA Optimization Clock

Fig. 7 The RUAV simulation.

5 Results and Discussions

This section will discuss the key simulation re-
sults of the UAV control system performance
and the effects of optimization on the con-
troller. The comparison between non-optimize
FLC and optimized FLC results will be pre-
sented. The discussions are based on exam-
ining two vehicle states which are north posi-
tion and vertical pitch angle. The point on the
ground that the vertical flight took place was
set to zero in north axis. Thus, if the verti-
cal flight was launched in a still air, the north
position should always zero. As mentioned be-
fore, a wind disturbance has been modeled in
the simulation.

The variation plots of the vehicle position
in north direction are shown in Figure 8.The
effect of the wind can be seen after two seconds
of the flight. Here, a 10m/s wind magnitude
caused the RUAV to drift away about 1.3m to
the north. The FLC responded to this situation
which is to bring back the RUAV to the north
zero position. In general, the time history of
vehicle response to correct its position was in
the oscillating manner and the optimized FLC
has proved a better response.

The response are quite similar to the second
order system response that normally desirable
to have a lower overshoot and settling time.
The optimized FLC response indicated by the
bold plot in Figure 8, caused a smaller over-
shoot and has a shorter settling time than the
response of non optimized FLC.

Fig. 8 The north deviation.

The wind disturbance also caused the
RUAV to tilted away towards the north. As can
be seen in Figure 9, it shows the response of the
vehicle to correct itself and in this case, θv is
the parameter of interest to be monitored. The
zero θv indicates the RUAV has been corrected
from it titled orientation. Similar in the previ-
ous discussion, the optimized FLC shows a bet-
ter response. It was measured in terms of the
overshoot and settling time. It was clearly seen
in Figure 9 the overshoot was reduced about 5o

for the optimized FLC response.
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Fig. 9 The vertical theta deviation.

Fig. 10 Optimized membership functions.

The smaller overshoot also indicates the ve-
hicle was having a more stable flight. The
optimization algorithm of the FLC that was
explained previously has improved the perfor-
mance of the controller. This is evident from
the previous two figures. The corresponding
optimal shape of the membership functions for
one of the input variable is depicted in Fig-
ure 10. This optimized membership functions
should be compared to its non optimized shape
depicted in Figure 6.

6 Concluding Remarks

This paper has discussed the development and
application of fuzzy logic for vertical flight con-
trol on a ducted fan VTOL UAV configuration.
Some simulation results have been highlighted

and discussed. The vehicle response demon-
strates a robust and good performance of the
proposed control system in a noisy flying envi-
ronment. It was evident that the UAV is able
to correct itself due to the wind disturbance
and have a stable vertical flight.

The main issue which is the use of genetic
algorithm to optimize fuzzy logic controller has
been addressed as well. The observed better
performance of the GA optimized FLC in this
paper is the evident that the randomness of GA
in searching the global space was able to find
the optimal solutions. In future, the formula-
tion of the optimization routine for this FLC
can be further improved. This may be done in
two ways; the coding of the possible solutions
and the termination criteria.
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