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In this study, an unmanned aerial vehicle (UAV), quadrotor particularly, with
six degree of freedom (6-DOF) is modeled and a novel arrangement of fuzzy
logic controller (FLC) are designed to control quadrotor’s attitude and
altitude. The UAVs are high nonlinear in terms of dynamic equations and are
in class of under-actuated systems with six degree of freedom and four
propeller’s speed as inputs. So, designing an appropriate controller is the
main challenge in UAV’s applications. The controller architectures is
composed of three FLCs. A MIMO FLC is implemented to control angles and
altitude which is fed by two first output controllers, namely desired roll and
pitch angles. Then, an octagonal helix path is constructed in such a way that
an octagonal schema is generated in X-Y plane and is developed in vertical
direction. By applying the windflaw to the system as a disturbance, which is

blew in three directions, namely x, y, and z, the performance of designed
controller is investigated. Finally, results are presented to show the
controller performance for tracking purpose in presence of a wind as
disturbance.

© 2016 The Authors. Published by IASE. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the last few years, scientists and researchers
are interested in under-actuated systems, systems
with fewer independent control actuators than
degree of freedom to be controlled. Quadrotor is an
under-actuated system since it has 6-DOF (position
(x,y,z) and angles (roll, pitch, and yaw)) and four
control input (four propeller's speeds). So, it is
difficult to design efficient controller for quadrotor
(Mian et al., 2008). Each of the rotors on the quad-
rotor helicopter produces both thrust and torque.
Given that the front and rear motors both rotate
counter-clockwise and the other two rotate
clockwise, the net aerodynamic torque will be zero.
Early designs of quadrotor were performed in the
1907’s by Louis Charles Bréguet (1880 - 1955) and
then were developed by Etienne Edmond Oehmichen
(1884-1955) and George de Bothezat (1882 - 1940).
With advances in technology, quadrotors were
extended in smaller size. Two model-based control
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techniques are applied to quadrotor by bouabdallah
et al. (2004); a classical approach PID assuming
simplified dynamics and a newer technique LQ
(linear quadratic), based on more complete model
(Bouabdallah et al., 2004). Pounds et al. (2006) are
developed X-4 flyer with an onboard embedded
attitude controller to stabilize flight. Also, a linear
SISO (single input-single output) controller was
designed to regulate flyer attitude (Pounds et al,,
2006). In 2008s, a nonlinear model of an under-
actuated quadrotor aerial robot is derived, based on
Newton-Euler formalism, and back-stepping based
PID control strategy is implemented for the derived
model by Mian and Daobo (2008). A robust control
methodology for a quadrotor mechanism is
developed by Sangyam et al. (2010). Also, a
conventional proportional-integral-derivative (PID)
controller and self-tuning PID based on fuzzy logic
are compared and analyzed (Sangyam et al., 2010). A
fuzzy control is designed and implemented to
control a simulation model of the quadrotor with the
desired values of the height, roll, pitch and yaw are
considered as the inputs, is presented by santo, et al,
(2010). A design of a controller based on the block
control technique combined with the super twisting
control algorithm for trajectory tracking of a
quadrotor helicopter is presented by Luque-Vega et
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al. (2012). A nested loops control architecture in
implemented by Nagaty et al. (2013). A nonlinear
Backstepping controller is implemented for the inner
stabilization loop and the reference trajectories for
the inner loop controller to reach the desired
waypoint is generated by the outer loop controller.
Moreover, to ensure boundedness of the reference
trajectories, a PD controller with a saturation
function is used for the outer loop (Nagaty et al.,
2013). In (Rabhi et al.,, 2011) an algorithm based on
robust fuzzy logic controller to ensure stabilization
of the quadrotor is proposed. Also, other control
methods are performed to control the quadrotor
parameters, For instance, Lyapunov theory
(Bouabdallah et al., 2004; Dzul et al., 2004; Lozano et
al., 2004; Salazar-Cruz et al,, 2005), linear quadratic
regulator (LQR) (Lozano et al, 2005), dynamic
feedback (Mokhtari and Benallegue, 2004; Mistler et
al, 2001), neural networks (Tarbouchi et al.,, 2004),
reinforcement learning (Waslander et al., 2005), and
visual feedback (Guenard et al., 2008; Hamel et al,,
2005).

In the following sections, the basic conceptions of
the quadrotor movement are described since the FLC

rules are depended to these maneuver descriptions.
Then, in modelling section, the dynamic model of the
quadrotor with 6-DOF is derived through robotic
methods to implement the quadrotor system in
MATLAB Simulink. Then, a novel arrangement of FL.C
is designed to control attitude and altitude of the
quadrotor. An octagonal helix path is constructed in
such a way that an octagonal schema is generated in
X-Y plane and is developed in vertical direction
constructed to validate the controller performance.
Finally, simulation results are presented in result
section.

2. Basic concept

The main advantages of the quadrotors are high
maneuverability and vertical takeoff and landing
(Alexis et al.,, 2011). All maneuvers are supplied
through four basic maneuvers as shown in Fig. 1.
These maneuvers and resultant movement are used
to design FLC so that the quadrotor is stabled in the
air (section 3).

) Wy + Aw

Fig. 1: Basic maneuvers of the quadrotor (Zare et al., 2104)

eThrottle movement: This movement is provided by
increasing (decreasing) four propeller speeds
simultaneously by the same amount (Fig. 1a). The
quadrotor is raised, when the resultant forces of the
propeller speeds are more than the gravity, and is
moved down, when the resultant forces of the
propeller speeds are less than the gravity. Also, the
amount of Aw is enough small while the model of
quadrotor eventually be influenced by strong
nonlinearities.

eRoll maneuver: This maneuver is provided by
increasing (decreasing) the left propeller speed and
decreasing (increasing) the right one (Fig. 1b). It
leads to a torque with respect to the x-axis which
makes the quadrotor turn. Also, the overall vertical
trust remains constant.

ePitch maneuver: This maneuver is provided by
increasing (decreasing) the front propeller speed
and decreasing (increasing) the rear one (Fig. 1c). It
leads to a torque with respect to the y-axis which
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makes the quadrotor turn. Also, the overall vertical
trust remains constant.

eYaw maneuver: This maneuver is provided by
increasing (decreasing) the right and left propeller
speeds and decreasing (increasing) the front and
rear ones (Fig. 1d). It leads to a torque with respect
to the y-axis which makes the quadrotor turn. Also,
the overall vertical trust remains constant.

3. Mathematical model

In this section, mathematical model of the
quadrotor with 6-DOF is derived through robotic
and Newton-Euler method. Some assumption is
considered to derive dynamic equations of the
model. Two frames have to be defined:
oThe earth inertia frame (E-frame),
oThe body-fixed frame (B-frame).

The equations of motion are more conveniently
formulated in the body-fixed frame because of the
following reasons (Bresciani, 2008):



Zare et al/ International Journal of Advanced and Applied Sciences, 3(8) 2016, Pages: 43-51

¢ The inertia matrix is time-invariant.
e Advantage of body symmetry can be taken to
simplify the equations.
* Measurements taken on-board are easily converted
to body-fixed frame.
e Control forces are almost always given in body-
fixed frame.

A generic 6-DOF rigid body is defined as (Eq. 1):

§=Jov (1)
where £is the generalized velocity vector with
respect to E-frame, v is the generalized velocity
vector with respect of B-frame and Jg is the
generalized matrix (Fig. 2).

Fig. 2: The inertia Frame (E) and the body frame (B) (Rodi¢ and Mester, 2011)

€ is composed of the quadrotor linear I'E (m) and
angular ©F (rad) position vector with respect to E-
frame as (Eq. 2):

§=[r*e*]"=[XYZ @6 Y] (2)

Similarly, v is composed of the quadrotor linear
VB (?) and angular w® (%) position vector with
respect to B-frame as (Eq. 3):

Jo

Re 03><3] 3)

03z To

The rotation Rg and the transfer Tg matrices are
defined as (Eqgs. 4 and 5):

CwCe - SIIJC(p + ClIJSGS(PSLIJS(p + CwSeC(p
Rg = [SyCoCyCyp T SySeSe — CySe T SySeCe
_SGCGS¢C6C¢
(4)
1 S(ptec(pte
To = |0 Co ~So¢ (5)

0 s(p/cecq,/ce

where C, = cosk, S = sink, t, = tank.
The dynamic of a generic 6-DOF rigid body is
obtained by Eq. 6:
VB
[v’vB] *
(6)

where the notation I;,; means a 3 times 3 identity
matrix. VB (SEZ) is the quadrotor linear acceleration

mlsyz  Ozy3

whB x (mVB)] _ [FB]
O3x3 I 8

wB x (IwB)

rad

vector, &P (52) is the quadrotor angular

acceleration vector, FB (N) is the quadrotor forces
vector and t® (N.m) is the quadrotor torques with
respect to B-frame. Also, two assumptions are
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considered in this approach. The first one states that
the origin of the body fixed frame, Og, is coincident
with the center of mass (COM) of the body.
Otherwise, another point (COM) should have been
taken into account and it would have considerably
complicated the body equations. The second one
specifies that the axes of the B-frame coincide with
the body principal axes of inertia. In this case the
inertia matrix I is diagonal and, once again, the body
equations become easier.

A generalized force vector A can be defined as

(Eq. 7):

A = [FB®] = [F,F, Pty T, )
Therefore it is possible to rewrite Eq. 6 in matrix
form, as (Eq. 8):
MgV + Cg(V) v =A (8)
Where, My and Cg are system inertia and Coriolis-

centripetal matrix, both with respect to B-frame,
respectively.

The overall propeller’s speed Q(%) and the

rad

propeller’s speed vector Q ( . ) are defined as (Eq.
9):

(9%
2
Q3
Oy

Q=—0,+0, — Qs +0Q, Q= 9)

rad

where, (%) is the front propeller speed, (1, (T)
is the right propeller speed, Q3 (%) is the rear

propeller speed and , (%) is the left propeller
speed.
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The action of the movement vector on the
quadrotor dynamics is shown as (Eq. 10):

0 0
0 0
2 2 2 2
U(Q)_EQZ_ [J1 _ b(Ql+Qz+Q3+Q4)
s@ =B =)= piez-n |

Us [ bi(3 — 1) J
U ld(d + 03 - 02 —ad)
(10)

Where, 1 (m) is the distance between the center of
the quadrotor and the center of propellers. Uy, U,, Us
and U, are the movement vector components
introduced in the previous section. The movement
matrix Eg is shown as (Eq. 11):

0 0 0 O
0 0 0 O
b b b b

B = 0 —bl 0 bl (11)
—bl 0 bl 0
-d d —-d d

It is possible to describe the quadrotor dynamics
as (Eq. 12):

MB\.) + CB(V)V = GB(E) + OB(V)Q + EBQZ (12)

By rearranging Eq. 12 it is possible to isolate the
derivate of the generalized velocity vector with
respect to B-frame v as (Eq. 13):

v = Mgt(=Cg(v)v + Gg(§) + 0g(V)Q + EgQ? +

Dg(Cyyz V)V) (13)
Where, Gg and Ogdefined as (Egs. 14 and 15):
mgsg
—mgceS,
FB —mgcgC
Gg = [ G ] = ¢ 14
= o,., 0 (14)
0
0
[ 0 0 O 0 1
0 0O 0
— 0 0O 0
P P P P
0o 0 o0 o0

Eq. 16 shows the previous expression not in a
matrix form, but in a system of equations.
where, the propeller’s speed input are given through
the Eq. 17.

The Eq. 17 states the quadrotor dynamics in the
body fixed frame. Eq. 18 shows Eq. 16 not in matrix
form, but in system equations.

4. Fuzzy logic controller design

Fuzzy logic has been developed since 1965 by
Zimmermann (2010). FLCs are used to control

46

nonlinear systems special in a case of dynamic

equations are complicated and only some
information in system behavior is available.
However, other model based controllers are

depended on dynamic equations on the system.
Moreover, the performance of the controller and
stabilization of the system are independent of the
uncertainties of the system, since fuzzy logic
controller is designed regardless of the dynamic
model and system parameters (Zakeri et al., 2016;
Moezi et al., 2016; Moezi et al., 2014). Therefore, the
controller is robust against uncertainties (Zakeri and
Farahat, 2015).

U= (vr—wq) + gsg
V= (wp —ur) — gcgs,

, U
W = (uq —vp) —gcoCy +—

oyl (16)
p:lyﬁxxl qr—t—:qﬂ+ﬁ

IXX

N ]
q=zxpr 4 lepg 4 Us
lyy lyy lyy

. Ixx—1 U
f=—pq+-—2
k IZZ IZZ

U; =b(Q2 + Q% + 02+ 032)
U, = bl(QF — 03)

! U, = bI(Q2 — 02) (17)
U, =d(—0Q%+ 03 — Q% + Q)
Q=_QI+QZ_Q3+Q4
. U1
X= (sq,sqj + cq,secq,)g
Y = (—cyse + sll,secq,)%
. U
L=—-g+ (cecq,)ﬁ
] _ (18)
p= —InyXXI” qr — Eqﬂ + [U—z

R A U
q==2x XXpr+]T—PPQ+—3
lyy lyy lyy

Ixx—Iyy + Uy
Izz Izz

r=

In this study, a novel arrangement of FLCs is
proposed to control the Quadrotor system. One
MIMO FLC is designed to control roll, pitch, and yaw
angles and altitude of the quadrotor. Two FLCs are
also designed to feed third controller by suitable roll
and pitch angles through controlling x and y position.
So, there are two parallel FLCs which are connected
to third FLC. The Takagi-Sugeno-Kang model is used
to implementing FLC in following steps:

e Determining FLCs input: In all three controllers the
error and error rate are considered as input in
FLCs, which are determined by subtracting desired
values from actual values. The error and error rate
of x and y are considered as the controllers input
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for the two first FLCs, respectively. The error and
error rate of roll, pitch, and yaw angles and altitude
of the quadrotor are considered as the third FLC
input.

e Determining FLCs output: As mentioned, the third
FLC is fed by the two first FLCs by appropriate roll
and pitch angles. So, the outputs of two first FLCs
are roll and pitch angles. The third FLC is
connected to the system directly. As stated before,
four propeller’'s speeds are considered as the
system input, therefore, these angular speeds are
considered as FLC outputs.

e Determining membership functions (MFs): In this
system, there are five MFs for each input variable
determining by very small to very big and

considering as triangular and trapezoidal
functions, as bellow (Eq. 19):
MF_,, MF_;, MFy, MF,,, MF, (19)

Also, the general schema of the MFs is shown in
the Fig. 3.

(-)3 -2 -1

0

Fig. 3: The MFs schema

e Determining fuzzy rules: Fuzzy rules are designed
based on behavior of the system through
experience or human-liked sense. The network
output is obtained by weighted average of fuzzy
rules consequence output value since the TSK
model gives the crisp numbers. There are nine
consequences value by considering five MFs, as
below (Eq. 20):

0; ={0-4,030_,0_, 090471 04, 043044} (20)

Fuzzy rules are obtained by evaluating relation of
propeller’s speeds and the UAV movements, as
follows:
¢ Longitudinal movement: This movement achieved

by increasing (decreasing) pitch angle. So, the
fuzzy rules for longitudinal movement given by
(Eq. 21):

if error is MF; and error rate is MF; then Qgyont
and Qgearis constant, Qg is Oy
and Qright is O—(i+j) (2 1)

e Transvers movement: This movement achieved by
increasing (decreasing) pitch angle. So, the fuzzy
rules for transvers movement given by (Eq. 22):

if error is MF; and error rate is MF; then Qg;gp and
Qpesrls constant, Qprone 1S Oy
and 'QRear is O—(i+j) (22)
eVertical movement: This movement achieved by
increasing (decreasing) pitch angle. So, the fuzzy
rules for vertical movement given by (Eq. 23):

if error is MF; and error rate is MF; then Qgrop,
QRearr Qleft: and Qright is Oi+j (23)

¢ Rotational movement: This movement achieved by
increasing (decreasing) the right and left propeller
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speeds and decreasing (increasing) the front and
rear ones. So, the fuzzy rules for rotational
movement given by (Eq. 24):

if error is MF; and error rate is MF; then
Qpront 1S Oitj and Qgearis Oy, Qere 1 O_(i4j)
and Qright is O_(H'D (24)

Totally, the relation of MFs and fuzzy rules for
two first controllers is shown in Table 1. Since the
relation of MFs and fuzzy rules are hard to show in
table form, the third FLC is presented earlier by
formula.

Table 1: Relation of MFs and fuzzy rules

error
rate | MF_,

error
MF_, 0_4 0_3 0_, 0_4 [ON
MF, | O, | 0, | 0 0g 0.y
MF, 0_; 0_; 0o O4g O,
MF, 0_; 0y 04y O, 043
MF,, 0qg 044 04, 043 Os4

The FLCs configuration dealing with mentioned
inputs and outputs and wind as a disturbance are
shown in the Fig. 4.

5. Path planning

In this section, path generating procedure is
presented and an octagonal helix path is developed.
First, an octagonal schema is constructed in x —y
plane and then is extended in vertical direction, for
making octagonal helix path, which is shown in Fig.
5.

6. Simulation results

In this section, the behavior of system in presence
of wind as a disturbance is presented by applying a
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novel configuration of FLCs. As mentioned, an system in presence of disturbance is shown in the
octagonal helix path is considered as desired signal. Fig. 6. The sinusoidal wind applying to the system is
Then, a wind disturbance is applied to the system determined as shown in Egs. 25-27.

input by sinusoidal function. The schematic of the

| Desired Z :>
I FLC X, X
D::esired 0] 39FLC vy
Quadrotor z, 2
W1234 ;
nd 2.3
— 2% FLC — _m_ System ¢. ¢
Desired Y MIDesued ) 8 g
.
| Desired ¥
Fig. 4: System schematic with controllers in presence of wind as a disturbance
2 T T T T
1.5 n
l — —
05F .
—_
E o} -
—
05+ _
1 _
-151- .
_2 | | | | | | |
-2 -1.5 -1 -0.5 0 0.5 1 15 2
X (m)
(@
30
€20
N
10
0
2
2
0
1
2 X (m)
(b)
Fig. 5: a) Octagonal schema in the x — y plane, b) Octagonal helix path
D(x) = 0.5sin(t) (25) D(y) = 0.5sin(t) (26)
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D(z) = 0.5sin(t)

In the following Figs, behavior of the system is
presented both in presences of disturbance and

—
T
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Desired Signal

(27)

FLCs

Configuration| @1234 »

X%

¥y

Quadrotor 2.
System :> ¢, ¢
6,0

VAT

Fig. 6: The schematic of the system in presence of disturbance.
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——Desired path

30 —Tracked path
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Fig. 10: Octagonal helix path tracking

7. Conclusion

In this study, the dynamic mode of the quadrotor
with 6-DOF is derived and simulated in MATLAB
Simulink. The main contribution of this research is
focuses on the development of the FLCs with a novel
configuration to control the quadrotor system. An
octagonal schema is constructed in the horizontal
plane and is developed in vertical direction to create
octagonal helix path as a desired. Then, a
performance of the controller is evaluated by
simulation result for tracking purpose in the desired
path. Moreover, a wind in considered as a
disturbance with sinusoidal function. According to
the results, the proposed arrangement of the
controllers are effective and the system is imitated
the desired path in presence of the sinusoidal wind
as a disturbance.
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