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1. INTRODUCTION

Quadrotor is an unmanned aircraft that has four motors with BLDC type at each end and has been
widely used in civilian applications, military, team search and rescue (SAR) and aerial photographs because
its maneuverability, vertical takeoff and landing, hover position and its ability flying in dangerous areas [1].
However, quadrotor is a non-linear system that are very difficult to stable, therefore many researchers have
conducted studies to stabilize quadrotor by controlling the fourth rotors using various methods and
algorithms. The commonly used conventional controller is a proportional integral derivative (PID) which is a
linear control [2].

In addition to PID control, there are modern controls used for control optimization of a quadrotor
such as by Raffo et al. [3] who used Hoo control algorithms, and blackstepping algorithm used by Besnard et
al. [4] and Zheng et al [5] to stabilize the position of the quadrotor. Model Predictive Control Algorithm and
linear quadratic control is one of the modern controls used to control quadrotor by Rinaldi et al. [6] and
Alexis et al. [7] respectively. In addition, the proposed method is also based on artificial intelligence to
control optimization quadrotor, namely Genetic Algorithm [8], Adaptive Neuro-Fuzzy Inference System
(ANFIS) [9], and fuzzy logic algorithms [10]. Such methods provide optimal results and can be implemented
because they do not contain a lot of mathematical equations.
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PID Control is a linear control for linear systems such as magnetic actuator [11], Position Control
[12], Trajectory Control [13], Brushless DC motors [14], and Brushed DC Motor [15] so that the PID
controller has been widely used by some researchers for example by Ziegler Nichols [16], as a motor
controllers since PID has a simple structure with a method of determining a common PID parameter, thus it
has the ability in suppressing an interference well. However, it results in a large percentage of overshoot and
the control signaling used tends to be large, which may cause saturation in the actuator. Great gesture control
requires big energy in which several methods proposed to improve the control of the gesture by using hybrid
control that is Particle Swarm Optimization (PSO)-based PID control [17] and fuzzy logic algorithm-based
PID control [18].

Some researchers such as Zefang He and Long Zhao [19] used PID control with Ziegler-Nichols
tuning used for quadrotor stability. By using feedback linearization theory, a nonlinear Quadrotor is modeled
into a linear one. Other researchers such as Hassan Tanveer et al. [20] and Bolandi et al. [21] used Taylor's
method for quadrotor model linerization so that the MIMO quadrotor model converted to SISO. Tuning PID
using IAE was used by Bolandi et al. [21] to optimize the control of quadrotor. While auto tuning method
was used by Tanveer Hassan et al. [20] to optimize PID control. Some researchers used the methods of
modern control and intelligent control such as Chen et al. [22] using Neural Network for tuning the PID and
Mian & Wang [23] using backstepping for Tuning the PID.

Fuzzy linear programming has been widely used by some researchers such as Azadeh et al. [24]
using it for setting in the greenhouse. Besides being used for the greenhouse, the method was used to control
irrigation by Lu et al [25]. It can easily be applied to a linear system and has a powerful programming
structure.

The purpose of this paper is to present an altitude control algorithm for quadrotor to hover stably at
a certain height by using fuzzy linear programming algorithm that is PD. The systematics of this paper
consists of quadrotor modeling, altitude control strategies, fuzzy controller algorithms, analyzing result and
conclusion.

2. RESEARCH METHOD

Quadrotor system is a non-linear system that has 4 rotors at each end that can be modeled by using
Eulerian angles [26]. In this paper, quadrotor is modeled by using eulerian angel thus the quadrotor system
has six degrees of freedom defined by twelve states shown in Figure 1 [27]. Six out of the twelve states
regulate the attitude of quadrotor system including quadrotor’s Euler angles of roll, pitch, yaw i.e.

T
p=lp 0 vl and angular speed of the quadrotor iefi= [P a T on three orthogonal axes of the body.
T

Six other states are three positions namely pi=lx y 1] , and three linear speed of the center of mass of the

quadrotor associated with fixed reference frame (frame earth) ie.Ps L Z]T. This quadrotor system

.
model used 12 equations of non linear state in a global framework as x=[x .. x] with the state

Variablesasxz[ﬂl By B '84]T.

N\l/ E
D

Figure 1. Quadrotor modeling with Eulerian angles

Figure 1 shows that there are two coordinate frames, one of which is the earth and the other frame is
the body in the center of gravity of the quadrotor [28]. In the figure it is seen that the movement of the
quadrotor by 6 degrees of freedom involving the movement of translation based on the x, y and z axis. The
rotation of the quadrotor is roll rotation on the x-axis, pitch rotation on the y-axis, and yaw rotation on the z-
axis. Each axis rotation matrix can be written as:
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1 0 0 co 0 S6 Cy -Sy 0
R(X,¢): 0 Cg -S¢ R(y,9): 0 1 0 R(Z,l//): Sy Cy O
0 S¢ C¢|. -s6 0 Cco|. 0 0 1 )
By using the equation (1), ZYX rotation matrix is defined as
¢.c, S,5.C,-CsS, CS,.C,+S,S,
R=/C;S, S,,S,+C,C, CS,S,-S,.C,
-S, S,Cy C,C, @)
Thus, transformation matrix obtained is as follows
p) (1 0 S& Y4
ql=|0 Cg —Sgco|o
r 0 S¢ CgCo )y 3)
where ¢ = cos, t =tan and s = sin.
Based on Newton's second law of motion translational, the following equation is obtained
F:mv+(60><mV) (4)
L LTT
where @=[p 4 [ andvz[X y Z] i
p X
F=m|y|+|]|d|xm|y
z r z
&)
In Figure 1, the force acting on quadrotor is obtained formulated as
F= Fg - Fthrust (6)

Substituting Newton's second law with the force acting on the quadrotor, the following equation is obtained

% b X 0 0
myl|+/|g|xmyl|=| 0 [-R]0
z r z mg T )
Substituting the transformation matrix, the following equation is obtained
] [-Tle,s8, +5,5,) p] [x
my|= —T(c¢sgsw+s¢cy,) -m{|qg|x|y
z mg —T(c¢c9) r z )
Thus the equation of linear acceleration in the x, y, z is as follows:
" 1 e
K = _HT (c¢sgcv +5,5, )— (gz - ty) ©
1
y=-—TIc,s,S, —s4C, )—(PX—pz
m ( ¢ 0 ¢y ) ( ) (10)
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2=9-—T(c,e,)- (py-a0)

Based on Newton's second law of motion rotation, the following equation is obtained:

F=1o+(wxlw)

where, I is the moment of inertia Quadrotor as shown in following equation

I, 0 0
1=/0 1, 0
0 0 1,

while "=l 7 T

So that the angular acceleration equation in the x, y, z is as follows:

=% _ |8
Ix Ix |
T, I,-1
[ z pr
ly I,
z—z IY_IX A
=1 I Pq

)

(12)

(13)

(14)

(15)

(16)

Angular speed, p; q and r can be obtained from the level of the Euler angles using a transformation matrix.

o ¢
q|=w|é
I %
_p 1 0 —3y ¢
q|={0 ¢, s,,|0
LT 0 —s, ¢,y

So that the angular speed of roll, pitch and yaw of the quadrotor can be determined as

¢ Co S¢Sé) C¢Se p
0 s 0 ¢, —s,cd
| 10 s, c, |r

Thus, the roll, pitch and yaw are

$=p+s,t,q+C,t,r

O=c,q+s,r
S c
p=—"tg+tr
CG CH

)

(18)

(19)

(20)

ey

(22)
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3. CONTROL AND STRATEGY

Altitude control uses fuzzy linear programming, while the system will be controlled by quadrotor in
a non-linear system. Therefore a linearization method for the system is needed. Non-linear models of
quadrotor is then linearized at the point of balance (equilibrium), so that the system can be processed in a
linear model. In conducting linearization, the point of equilibrium of the quadrotor must be determined and it
can be written as 0= f (X (a, 8,7,5)). So that the twelve non linear equations can be written as

X =X=X =0 (23)
X, =y=%X=0 (24)
>'<4:¢:x10+sx4tx5xn+cx4txsx12:0 26)
>‘<5=9=cxdx11+sx4x12=0 @7
S C
Xs =V/=CAX11 +CAX12 =0
*s % (28)
L )
X, =X=—-——T C,,Sx.Cx, T 5x,5x )= 0
(29)
Xg =y=——T (CMSXSst S, C, ): 0 o)
LTle,c,,)
Xe=72=¢g—-—T Cy,Cy, =0 G
-1
Xjo = _Tix_ : yXquz:O
I, I, (32)
T I, -1
n= IJ_ XI £ XX, =0
Yool (33)
I -1
Xlzzrzﬁ_ s XX10X11:O
I, I, (34)

If it is assumed that the equilibrium point is allocated to several positions in Cartesian coordinates
(x; y; z) and at some positions of yaw angle which is defined asx, = #, X, =} and X =0. Thus, the value of

the whole equation of state at this equilibrium point is X(a, B.v, 5), so that it can be written asX =,

X, =8, %=V, x,=0, X=0, X=0, x,=0, x=0, X =0, X,=0, X,=0, and x,=0. The
representations of the state equation and system output are shown as follows,

X = Ax+Bu
y=Cx+ Du’ (35)

where matrix A and B are obtained by using Jacobi linearization methods. Matrix A and B are derived
partially to the non-linear model.
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of of of of

aX'IX(a,ﬂ,y,(S) i\X(a,ﬂ,m) j\x(a,ﬁ,y,f?) j\x(a,ﬁ,yﬁ)

1 12 1 4

A= : : B= : :

aflz aflz aflz 8f12

2 X (a, 8,7,6) - =2 X(a,B,7,6 T2 X (a, f,7,6) - 2| X(a,B.7,6
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Then, the A and B matrixes are obtained as _ O |, with O is
A(llez) - o(2x3) N

(@) | ’ x4) =
(2x2) (2x1)  '(6x6) Biiza) M)

0
(4><6)
the zero matrix and I is the identity matrix. While the N and M can be defined as

b b b b

N(M){O _g} momoomom
9 0l 0o -2 0

M IX IX

(4x4) @ 0 7@ 0
Iy Iy

k _k ko _k

_Iz Iz Iz Iz_

The output of the quadrotor model can be defined by the y vector as follows
y=lx y z o

so that the C and D matrixies can be written as C _{qus) O(_m)} and D=0 with
(4x12) —

O L(
(1x3) 1x9)
| 1o) = [1 1100T1O00O0 ()]. Thus, the linearized model of the quadrotor is

X= Ay X+ B,,U

y=Cp X (36)

By linearization using equilibrium, the whole equations of state except x, y, z, and yaw are assumed
to be very small. This results in all the inputs for all four motors are assumed to have same speed. So that the
MIMO system can be simplified into SISO system by using the speed of altitude change and the altitude
which have the following equation

Xo=2=0 —LT(CXACX‘)
m ” (38)
The equation of the altitude system state of the quadrotor can be defined as follows
Xo = ApX+Bgu
y=CyX (39)

where the value of)'(cb=[)'(3 )'(9]T,X=[X3 Xg], A, = 01 ,» B = 0 , andc, =[1 o] So that the
0 0 " -4v

transfer function of z can be defined by the following equation

-4v
= 2

G
()7 g (40)
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4. FUZZY LOGIC CONTROLLER

Fuzzy logic algorithm is an artificial intelligence algorithms that are often used by some previous
investigators to make a decision [29],[30]. The design of the altitude control of the quadrotor to maintain
altitude is direct control as shown in Figure 2. The figure shows that there is altitude to control the quadrotor
system. The control design is proportional control which is a linear control. Altitude control equation used in
the system is proportional as seen in the following equation:

_ 4K, 41
6" g2y K,

where K, is a proportional constant and v is moment of inertia for each motorcycle. The stability of the

system from the equation is determined by using the root locus as shown in Figure 3(A). The figure shows
that there is one pair of poles on the imaginary axis in the image; that is poles located on the top side of the
imaginary axis valued 3 and poles located on the bottom on the imajinear axis valued 3. The system requires
settling time and has the smallest possible overshoot. Thus it takes a large damping for the control so that the
pole at the zero point of the real axis of the root locus will be shifted to the left of the real axis.

SETPOINT Error Altitude
Altitude "O_’ tontro] ¥ QUADROTOR

Z (ATTITUDE)

Figure 2. Block diagram of altitude control of quadrotor

Proof: by using the root locus it is seen that equation (40) has a pole value that is not on the left of
the imaginary axis, then the control is unstable. The control equation was tested by using the steps shown in
Figure 3(B). The figure shows that the system is not stable and there is continuous oscillation.

It proofs that Derivative in the control is necessary to become stable. Then PD control equation in
the quadrotor system is as follows:

Kd —4vK (42)

_ P
© 7S 1K, +K,

where K p Is a proportional constant and K is a derivative constant which values are obtained by using the

tuning respectively. The stability of the system in equation (42) is sought by using the root locus. Figure 4(A)
shows that there is a pole located on the left of the imaginary axis that indicates the system will be stable. The
equation, when tested by using steps, will perform oscillation for a short time and then will be stable as
shown in Figure 4(B). It can be is seen that by using derivatives, the system will first perform oscillation,
then the oscillations will be smoothed and finally it becomes stable.

et Lo i Ep R pernn

‘H

VA

(A) (B)

Figure 3. (A) Diagram of root locus proportional control (B) Test step for proportional control
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Figure 4. (A) Root locus of control that is proportional derivative. (B) Test step for proportional control of
Derivative

To be optimal, a tuning to get the variable values proportional and derivative is required, so that the
PID-like fuzzy linear programming is necessary for the control. This control uses SISO fuzzy of mamdani’s
type using three member variables for input and output that is negative small, zero, and positive small. By
using three input and output variables, the rule-based is as follows
if (Z is NS) then (outputl is NS)
if (Z is Z) then (outputl is Z)
if (Z is PS) then (outputl is PS)

Figure 5 shows altitude control using SISO control with fuzzy logic algorithms of mamdani’s
method. This paper presents two fuzzy controls i.e fuzzy control as proportional and derivative which have
three variables of input and output set member consisting of negative, zero and positive. The output of each
of the control will be summed and connected to throtell Quadrotor.

The first design conducted is fuzzy control design as propotional which has input with value error
data range, so that the set variables of the input of fuzzy control as proportional has a range from -15 to 15
shown in Figure 6 (A). It is seen that the member set not only uses the up linear set and down linear set, but
also uses a triangles members set. Member set is used for linear systems, while the quadrotor systems is a
non-linear system, so that a linearization model is needed.

Error Fuzzy
SETPOINT | [+ \frror | 3

Altitude - 5150
.—b QUADROTOR
Fuzzy
|—P 5150 _f |

Figure 5. Block diagram of PD-like Fuzzy linier programming control

In addition to the input, fuzzy control as proportional has output in motor speeds pulse range. The
determination of the output value is needed in order for the control to be optimum, so that the range for motor
speed value is - Speed and + Speed shown in Figure 6 (B). The figure shows that the input value of the speed
is 1200 derived from the peter Corke’s model [24].

input variable “input1” output variable "output1”

A) (B)

Figure 6. The set of input and output for fuzzy control as proportional
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The second design conducted is in input set design for fuzzy control as derivative shown in Figure 7.
In the figure it is seen that the input set of fuzzy control as derivative has a range from —dz to dz . The value
will affect the performance of the control system. When the range value is great, the overshoot on the
quadrotor can be smoothed due to the rapid acceleration values can be read by the derivative inputs, so that it
will generate the output value which will result in a decrease in the proportional control value.

The design of fuzzy control output as derivatives is needed to obtain optimum altitude control of
quadrotor. There are three set members that is negative small, zero, and positve small. This output variable
has range which the value is obtained from half of the proportional output shown in Figure 7. The figure
shows that fuzzy control output as derivatives has range value from -500 to +500.

0.2 0 0z 04 0 500 00 -200 0 200
input variable “input1” output variable "output1”

A (B)

Figure 7. The set of input and output for fuzzy control as derivative

5. RESULTS AND ANALYSIS

Altitude control system for quadrotor hover position uses PD-like fuzzy control consisting of three
parts: input, output and control. The control was tested by using peter Corke’s simulation with has a
specification shown in Table 1. The table shows that the quadrotor to be used for the simulation has 4 kg
weight and has a moment of inertia x, y, and z of 0.0820 kg.m* 0.0845 kg.m* and 0.1377 kg.m*. With the
specification data provided, the stability of the quadrotor system can tested by using unit step.

Unit step is used to test the quadrotor altitude control system for 1 meter as shown in Figure 8(A).
By using unit step for fuzzy logic controller algorithm the altitude control can stabilize the quadrotor, and it
takes a steady state at 2.98" second, settling time of 1.94 second, and raise time of 1.15 second which is
considered short. In performing take off and hover, there are no oscillation and overshoot on the quadrotor.

Having tested by using unit step, the results shows that there is no overhoot and oscillation, the
control is simulated in Peter Corke’s simulator. In the simulator, firstly the parameter is set to initial position
of quadrotor xy (-1,0), the desired height of 8 meter, and hover position of the quadrotor xy (-1.0). The
experiments are performed by involving vertical wind disturbance. The simulation result shows that the
quadrotor hovers at 8 meter altitude shown in Figure 8(B). There are four graphs shown in figure i.e set point,
disturbance, and Error z. Altitude controller quickly stabilizes the quadrotor, and it takes a steady state at
8.384™ second, settling time of 8.975 seconds and raise time of 4.02 second with PID-Like Fuzzy algorithm
but it takes a steady state at 13.39™ second, settling time of 13.9 seconds and raise time of 5.804 second with
PD Loop Shaping. At 15" second,the quadrotor is disturbed by upward vertical wind for 2 second, so that
the quadrotor is shifted upward from the initial position. By using PID-like fuzzy control, it is shifted 1 meter
only and return to its previous position.

Table 1. The characteristic of quadrotor

No Variable Value
1 G 9,81 m/s”
2 M 4kg
3 L 0.0820 kg.m’
4 I, 0.0845 kg.m’
5 I, 0.1377 kg.m®
6 B 1.2953 x 10° kg.m
7 D 0.165m
8 K 1.0368 x 107 kg.m®

Hover Position of Quadrotor Based on PD-like Fuzzy Linear Programming (Iswanto)
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Figure 8. (A) Test step for Fuzzy control such as PD (B) Graph of quadrotor test with disturbance
CONCLUSION

Fuzzy linear programming algorithm in PD controller used for a hover position on quadrotor has
presented in this paper. This algorithm is not used as PD tuning, but it is used for controlling the altitude

of the quadrotor. Based on simulation results, there are three graphs namely setpoint, altitude and disturbance
which show that the quadrotor can hover without overshoot or oscillation. When the quadrotor is disturbed
by vertical wind, the control can stabilize it and return it to its previous position. Thus, the fuzzy linear
programming algorithms can be applied on the quadrotor which has a non-linear system.
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