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Intelligent control of miniature holonomic
vertical take-off and landing robot

Mohammad A. Jaradata,b,∗, Mohamed Al-Fandia, Omar Alkhatiba and Yousef Sardahia
aDepartment of Mechanical Engineering, Jordan University of Science and Technology, Irbid, Jordan
bDepartment of Mechanical Engineering, American University of Sharjah, Sharjah, UAE

Abstract. This paper discusses the development of a fuzzy based controller for miniaturized unmanned aerial vehicle (UAV).This
controller is designed to control the center-of-gravity (CoG) in a new configuration of coaxial miniaturized flying robot (MFR).
The idea is to shift the CoG by controlling two pendulums located in perpendicular directions; each pendulum ends with a small
mass. A key feature of this work is that the control algorithm represents the original nonlinear function that describes the dynamics
of the proposed system. The controller model incorporates two cascaded subsystems: PD and PI fuzzy logic controllers. These
two controllers regulate the attitude and the position of the flying robot, respectively. A model of the proposed controllers has
been developed and evaluated in terms of stability and maneuverability. The results show that the presented control system can
be used efficiently for the MFR applications.

Keywords: UAV, MFR, VTOL, nonlinear modeling, nonlinear control

1. Introduction

Unmanned aerial vehicles (UAVs) in general and
Vertical Take-off and Landing vehicles (VTOL) in
particular have become vital platforms in many applica-
tions, such as exploration purposes, ground attacks and
civil engineering tasks [4, 6, 7] because of their unique
characteristics. These special traits include the ability
to take-off and land vertically from unprepared sites,
fly at low altitudes, and hover and maneuver in tightly
constrained environments. Furthermore, UAVs are less
costly [1–5]. In fact, UAVs are more advantageous than
manned aircrafts in missions that are dangerous for
crewmembers or those that are impossible for manned
aircrafts because of their large size [8, 9]. As a result,
there has been a considerable amount of interest in
developing palm size vehicles that are able to navigate
and perform simple missions using micro and/or nano
components.

∗Corresponding author. Mohammad A. Jaradat. Tel.: +96 2272
01000-22568; E-mail: majaradat@just.edu.jo.

In the literature, different controller schemes that
autonomously controlled the UAV have been intro-
duced. Some of these controllers were based on neural
networks [10], fuzzy systems [11, 12], a hybrid com-
bination of fuzzy methods and neural networks [13],
PID controllers [14], adaptive controllers [15, 16] or
genetic algorithms [17, 18]. In particular, the topic
of vertical taking-off and landing was addressed by
numerous research groups [4, 19–21]. In this con-
text, different steering concepts were evaluated such
as using swash plates to apply cyclic pitch to the
rotor blades [22], using flaps to change the orienta-
tion of the down wash [18] or to displace the CoG
[23]. The last mechanism has many advantages, includ-
ing simplifying the mechanical design of the flying
system and freedom of servo motor placement [21,
24]. Hence, CoG has been utilized as a successful
steering mechanism in many growing investigations of
MFR [23, 24]. In this research, a steering mechanism
that depends on the displacement the CoG of MFR
is discussed.

1064-1246/15/$35.00 © 2015 – IOS Press and the authors. All rights reserved
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However, the actual nonlinear models that describe
the real behavior of the UAV using the CoG steer-
ing technique is not been addressed yet. Most of the
presented nonlinear control systems were applied on
linearized models. Since UAVs are highly nonlinear, a
nonlinear control system is needed. Therefore, a fuzzy
logic control system has been developed to automate
the vertical taking-off and landing phases of a flying
robot. This control system applies an intelligent con-
trol technique to a redesigned coaxial MFR as will be
described in forthcoming sections. In fact, the novelty
of the proposed controller resides in developing a cas-
caded structure consisting of PD-fuzzy logic controller
and PI-fuzzy logic controller. This cascaded control
system is designed and implemented on a realistic non-
linear model of a real unmanned helicopter platform;
the Newton-Euler model. The main core of this control
system is the steering subsystem that consists of two
controlled pendulums moving in perpendicular direc-
tions. Each pendulum ends with a small mass, which
by changing the position of each pendulum, leads to a
change in the total center of gravity (CoG).

Ultimately, to validate the performance of the config-
ured CoG control mechanism, a real-time experiment,
where, the experimental flight emphasizes the capa-
bility of such configuration to steer the robot in a
per-defined direction based on CoG shifting.

2. Dynamics of the flying mechanism

2.1. System platform

The first goal of this research is to design a minia-
ture flying coaxial robot platform. Figure 1 shows
the proposed robot model. This system consists of
two main sub systems: the coaxial subsystem and the
steering/control subsystem. The coaxial subsystem is
responsible of the hovering mechanism; it uses two con-
tra rotating rotors to compensate each other’s torque.
The control subsystem consists of two controlled pen-
dulums, one in the x-direction and the other in the
y-direction. Each pendulum ends with a small mass.
By changing the positions of the two masses, the total
center of gravity of the flying system is changed. In
other words, by controlling the positions of the two
pendulums masses, the center of gravity of the flying
system varies, thereby affecting the flying system by
a controlling torque. Sequentially, this torque changes
the attitude of the system. Two micro-servo motors were
used to drive the two pendulums masses simultaneously
to achieve the desired holonomic motion.

Fig. 1. Coaxial flying robot layout with CoG steering mechanism.

2.2. Mathematical model

In this paper, the controllers are developed based
on a general nonlinear dynamic model of the fly-
ing robot system. In this model, the robot position is
defined by the vector ξ = [x, y, z]T , the robot rota-
tion is defined by an orthogonal rotation matrix A

BR:
RA → RB, where RB = {XB, YB, ZB} is the system
frame, RA = {XA, YA, ZA} is the world frame and
R ∈ SO(3). The orientation of the robot represented
by the three Euler angles: yaw, pitch and roll angles
denoted by η = [γ β α]T , respectively. The general
coordinate for the flying robot is given by q = [ξ η] ∈
R(6).

A
BR (η) = Rz (γ) · Ry (β) · Rx (α)

=

⎡
⎢⎣

cγcβ cγsβsα − sγcα cγsβcα + sγsα

sγcβ sγsβsα + cγcα sγsβcα − sαcγ

−sβ cβsα cβcα

⎤
⎥⎦ (1)

The free body diagram of the proposed flying system
is illustrated in Fig. 2. It includes the main forces applied
by the flying system: the system’s weight, the total lift
force generated by the two rotors and the total force
applied by the pendulums to the flight system. When the
position of CoG changes, a torque is produced, which in
turn changes the roll, pitch and yaw angles. As a result,
the attitude and the velocity of the whole flying robot
system change accordingly.

The rigid body dynamics of the robot’s fixed frame
can be represented using the general Newton-Euler
model [25].
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Fig. 2. A free body diagram for the proposed flying system.
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Where, m is the mass of the body, I is the identity
matrix, q is the acceleration of the center of mass, F is
the total force acting on the center of mass and τ is the
total torque acting about the center of mass. According
to the frame shown in Fig. 2, the full translational and
rotational dynamic model for an inertial fixed frame is
given by [2, 25, 26]
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Where, Fon.system is the total force applied on the
system, Mtotal denotes the total moment that affects the

system and
⇀

Fonsystem represents the summation of the
exerted force from the pendulums on the flying mech-
anism plus the total force produced by the robot rotors.

�Fon.system = −mc

⎡
⎢⎣

−2g.sβ + �aXball.net

2g.cβsα + �aYball.net

2g.cβcα + �aZball.net

⎤
⎥⎦ +

⎡
⎢⎣

0

0

2CT �2

⎤
⎥⎦

(4)
The ball pendulum acceleration is given by

Equation 5:

�abal ln et = �aball.C + �aball.D

=

⎡
⎢⎣

ẍsystem

ÿsystem + b
(
cθθ̈

)
z̈system + b

(
cθθ̇2

)
⎤
⎥⎦ +

⎡
⎢⎣

ẍsystem + b
(−cφφ̈

)
ÿsystem

z̈system + b
(−sφφ̈ + cφφ̇2

)
⎤
⎥⎦

(5)
The produced total torque consists of the following:

the torque generated by the lift force of the two rotors, as
illustrated in Equation 6 and the torque resulting from
the control subsystem due to a position change of CoG,
as shown in Equation 7. The CoG is shifted through
appropriate control commands according to two pen-
dulum angles � and θ. Then, a net torque is generated,
representing the difference of each rotor, as shown in
Equation 8.

τ1 =

⎡
⎢⎣

−g (mcb sin θ)

g (mcb sin φ)

0

⎤
⎥⎦ (6)
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τ2 = rc × �FP.on.system.C + rd × ⇀

FP.on.system.D

= −mcb

⎡
⎢⎣

cθ (�aYball.C + g.cβsα) + sφ (�aZball.D + g.cβcα) + cφ (�aYball.D + g.cβsα)

−sθ (�aZball.C + g.cβcα) − cθ (�aXball.C − g.sβ) − cφ (�aXball.D − g.sβ)

sθ (�aYball.C + g.cβsα) − sφ (�aXball.D − g.sβ)

⎤
⎥⎦ (7)

τ3 = �Q1 − �Q2 =

⎡
⎢⎣

0

0

Q1 − Q2

⎤
⎥⎦ (8)

Thus, the total system’s dynamics are governed by
the aerodynamic, gyroscopic, inertial torque and grav-
itational effects. While, the translational and rotational
motions depend on the generated commands from the
control subsystems.

3. Flying mechanism intelligent controllers

Most miniature vertical takeoff and landing robots
(MVTLR) are maneuvered by controlling their attitude
angles: roll, pitch, and yaw. These flight controllers
mainly consist of two cascaded controller subsystems:
an attitude controller that has a fast transient response
time in order to serve the fastest system dynamics
and a translational controller that controls with the
slower system dynamics [11]. This separation of the
control system has many advantages [30]. Firstly, it is
appropriate for UAVs control due to their model mech-
anism. Secondly, the resulted control scheme is not
complicated and it can be implemented and tuned eas-
ily. Finally, this separation of the control system has
been used for many years in many aerospace applica-
tions such as spacecraft, launchers, aircraft, and UAVs,
and the obtained results were acceptable. A block dia-
gram of the proposed flight controller of the MVLTR
is shown in Fig. 3. As shown in this diagram, the inner
subsystem controller’s inputs are the desired attitude

Fig. 3. Flight controller design.

angles (α, β, γ)d and the outputs are the servo-motor
control commands (θ, ϕ). The outer subsystem con-
troller takes the desired position of the MVTLR Pd =
[xd yd zd]T as input and generates the desired atti-
tude angles (α, β, γ)d that produce the final desired
position.

3.1. Inner loop subsystem control

The inner loop subsystem control was mainly devel-
oped based on a fuzzy logic PD controller since its
transient response is fast. The PD fuzzy control action
(U) is represented as shown in Equation 9 [27–29]:

U = h × Defuzzification

{R (Fuzzifitaction (g0 × e, g1 × �e))} (9)

where, g0, g1 and h are the scaling gain factors. This
system is mainly composed of the expert fuzzy If-Then
rule base (R) that partitions the universe of discourse
of the input variables: the error (e) and change in the
error (�e).

e =

⎡
⎢⎣

αd − α

βd − β

γd − γ

⎤
⎥⎦ (10)

A common format for the expert fuzzy If-Then
rule base which describes the system’s dynamics is as
follow [28, 29]:

Rn : If e is Ai AND �e is Bj Then u is Cij

Where, A, B and C are the fuzzy linguistic vari-
ables that partition the inputs and output universe of
discourses. Each linguistic variable is specified by a
membership function �, this function provides the
input/output variables with its truth value µAi(e) : R →
[0 1] for i = 1, . . . , n, where n is the fuzzy member-
ship functions’ number for the input fuzzy variable e.
The input variables were divided into five linguistic
terms [Negative big (Nb), Negative small (Ns), zero
(Z), Positive small (Ps), and Positive big (Pb)]. Each
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Fig. 4. Membership functions for the inputs of the inner loop.

linguistic term was represented by triangular member-
ship as illustrated in Equation 11 [27]. The partitioned
universe of discourse for the input variables is shown
in Fig. 4.

∀e ∈ � : µAi (e) =

⎧⎪⎨
⎪⎩

max
{

0, 1 + e−ci

0.5wi

}
if e ≤ ci

max
{

0, 1 + ci−e
0.5wi

}
otherwise

(11)
Five linguistic terms for the fuzzy controller out-

put variable were adapted: Negative big (Nb), Negative
small (Ns), Medium (M), Positive small (Ps) and Posi-
tive big (Pb). These linguistic terms were represented by
crisp membership as depicted in Equation 12 [27]. The
partitioned universe of discourse for the input variables
is shown in Fig. 5.

∀u ∈ � : µci (u) =
{

1 if u = δi

0 otherwise
(12)

The set of rules which maps the expert knowledge
into the input/output state spaces is shown in Table 1.
This set of rules describes the system’s dynamics as a
multi-input-single-output (MISO) control system. The
contribution of each rule can be generally represented
as a fuzzy relation defined by Equation 13 [27], based
on the t-norm operator.

Fig. 5. Membership function for the output of the inner loop U =
[θ ϕ �diff ]T .

Table 1
The inner control subsystem’s fuzzy rules

U e

Nb Ns Z Ps Pb

�e Nb Pb Pb Ps Ps Medium
Ns Pb Ps Ps Medium Ns
Z Ps Ps Medium Ns Ns
Ps Ps Medium Ns Ns Nb
Pb Medium Ns Ns Ns Nb

errorDelta_error

ou
tp

ut
1

Fig. 6. Fuzzy control surface.

∀n : Rn : un =
∫

e×�e

t(µAi (e), µBj (�e))/(e, �e)

(13)
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The accumulated output fuzzy set based on the whole
expert rules is given by Equation 14 utilizing Mamdani
min-max t-norm/co-norm operators as an inference
engine.

µ(u) = n∪
k=1

Rk = n∪
k=1

µk(e ∩ �e)oRk(u), (14)

The center of area was used as a deffuzzification
method as in Equation 15 [27–29]. In this equation,
µ(u) is the accumulated output as indicated before.
By the deffuzzification, the output of the controller
becomes a single real value Uc.

Uc =

∫
u

uµ(u)du∫
u

µ(u)du
(15)

3.2. Outer loop subsystem control

The outer loop subsystem control was mainly devel-
oped based on a fuzzy logic PI controller. It is
well-know that this controller is accurate since it elim-
inates the steady-state error. The output of the control
system in this case can be expressed by the following
equation [27–29]:

δu = Defuzzification

{R (Fuzzifitaction (g0 × e, g1 × �e))}
u = ui−1 + h × δu (16)

Where, δu is the inferred change in the fuzzy con-
troller output and u is the accumulated control action.
The input state variables; the error e and the change in
the error �e, were defined in Equation 17 for a given
reference position vector Pd .

e = Pd − P (17)

A common format of the expert fuzzy If-Then rule
base, which describes the PI dynamics, is as follows:

Rn : If e is Ai AND �e is Bj Then δu is Cij

The set of fuzzy linguistic variables A, B and C that
partition the inputs/output universe of discourse by the
fuzzy sets during fuzzification with each term mem-
bership function � are shown in Figs. 7 and 8. The
same convention is used as in the inner loop controller
subsystem.

The set of rules that describes the relation between
the inputs and the output fuzzy variables is shown in

Fig. 7. Membership functions for the inputs of the outer loop.

Fig. 8. Membership function for the output of the outer loop δu =
[α β �]T .

Table 2. The control surface, which depicts this rela-
tion, is shown in Fig. 9. As explained in this figure,
this relationship is nonlinear, which is one of the attrac-
tive advantages of the fuzzy controllers, in particular
when the controlled system is nonlinear. As in the
inner control system, the accumulated output fuzzy
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Table 2
Fuzzy rules of the outer controller subsystem

δu e

Nb Ns Z Ps Pb

�e Nb Pb Pb Ps Ps Zero
Ns Pb Ps Ps Zero Ns
Z Ps Ps Zero Ns Ns
Ps Ps Zero Ns Ns Nb
Pb Zero Ns Ns Nb Nb

errorDelta_error

D
el

ta
_o

ut
pu

t

Fig. 9. Fuzzy control surface.

set, which is based on the expert rules, was inferred
using Mamdani min-max t-norm/co-norm operators as
an inference mechanism. In addition, the final crisp
value of the controller was extracted using the center
of area as a defuzzifier operator.

Finally, a model inversion was designed to pro-
vide an appropriate rotational speed for each rotor
(�1, �2) based on the inferred � and �diff control val-
ues form the outer and inner subsystems, respectively,
as explained in Equation 18.

�1 = � + �diff

2

�2 = � − �diff

2

(18)

4. Results and discussions

A trajectory in a form of three-dimensional motion
is selected as in Fig. 10. The goal of this test is to prove
the ability of the controller to follow a path and, at the
same time, maintain a constant heading. In addition,
the sharp corners of the square path would induce a
step-like response of the system for observation.

(a)

(b)

Fig. 10. Response of the flying robot in a three dimensional
predefined path.

In this three-dimensional diagram, it is shown that the
proposed flying system can change its direction easily,
Fig. 11. In this evaluation test, the response of the inner
control subsystem is shown in Fig. 12. In this Figure,
the dashed line represents the desired attitude angles,
which are generated by the outer control system. As
shown, the inner loop dynamic was fast. The position of
CoG was determined by θ and ϕ commands as shown in
Figs. 12 and 13. From Fig. 12, it should be noted that the
position of the center of gravity is similar to that of the
system motion; however, it varies in two-dimensional
planes.

5. Conclusions

This paper proposed a new design approach of a
fuzzy flight control system. This closed-loop system
controls a configured unmanned MFR. The developed
controller was implemented on a general nonlinear
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Fig. 11. The flying robot’s response in the: (a) X-direction, (b) Y-direction, (c) Z-direction.

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.04 -0.02 0 0.02 0.04

x (cm)

y 
(c

m
)

(b)

(a)

Fig. 12. (a) Attitude with time, the dashed line represents the desired
angle. The solid line represents the actual angle (β) with time,
(b) Center of gravity position.

Fig. 13. (a) θ- action through the 3D motion, (b) ϕ- action through
the 3D motion.

dynamic model of the flying system and examined in
extensive simulations. The results demonstrated that the
controller was stable and robust against external distur-
bances and was able to achieve aggressive flying. In
particular, if the position of CoG changes, then the fly-
ing system is effected by a new torque that changes
the attitude (γ, β, α). Consequently, there will be no
need for the swash plate mechanism and hence, that
will simplify the mechanical design. Most importantly,
it has been proven that the nonlinear fuzzy controller
makes the system stable in a wide range of situa-
tions. In addition, the controller exhibits robust behavior
against external disturbances, where the system can
track curvilinear trajectories with an excellent settling
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time and overshoot values. Ultimately, it can be inferred
that the proposed controller, accompanied with the new
MFR design, have the potential to achieve excellent
performance for indoor applications.
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