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Abstract: The design and implementation of a multi-stage PID (MS-PID) controller for non-inertial
referenced UAVs are highly complex. Symmetrical multirotor UAVs are unstable systems, and it is
thought that the kinematics of the symmetrical UAV rotor, such as the quadrotor and hexacopter
resembles the kinematics of an inverted pendulum. Several researchers have investigated the struc-
ture and design of PID controllers for high-order systems during the last decade. The designs were
always concerned with the enhanced response, robustness, model reduction and performance of
PID controllers. An accurate tuning process of such a controller depends on the engineer’s experi-
ence level. This is due to the number of variables and hyperparameters tuned during the process.
An adaptive genetic algorithm (AGA) is utilized to optimize the MS-PID controllers for controlling
the quadrotor in this study. The proposed method optimizes the offline-planned approach, provid-
ing several possibilities for adapting the controllers with various paths and or varying weather con-
ditions. The MS-PID parameters are optimized in parallel, as every PID controller affects the other
controller’s behavior and performance. Furthermore, the proposed AGA generates new chromo-
somes for “new solutions” by randomly developing new solutions close to the previous best values,
which will prevent any local minima solution. This study intends to investigate the design and de-
velopment of a highly tuned robust multi-stage PID controller for a symmetrical multirotor UAV.
The work presents a model for a non-referenced inertial frame multirotor UAV (quadcopter). Once
the model is defined, a robust multi-stage PID controller for the non-inertial referenced frame sym-
metrical multirotor UAV is designed, tuned, and tested. A genetic algorithm (GA) will be used to
tune the MS-PID controller. Finally, the performance comparison between the proposed and con-
ventional methods is presented. The results show that the proposed method provides stability im-
provement, better transient response, and power consumption.

Keywords: GA; UAV modeling; non-inertial frame of reference; multi-stage PID controller; robust-
ness; nonlinear control

1. Introduction

The real-time PID control of autopilots has been used to control the online navigation
systems of symmetrical UAVs. This is due to structural simplicity, ease of implementa-
tion, and acceptable performances. In such cases, the implementation of controllers is suc-
cessful as it does not require complex mathematical development. However, parameter
adjustment or tuning is needed to improve performance through the operating envelope.
Therefore, the choice of the tuning method is essential to guarantee optimum controller
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parameters. Several research works were conducted to develop a tuning method to opti-
mally tune PID parameters to achieve adequate performances, including fast response,
minimum error, and minimum overshoot/undershoot [1,2]. The tuning difficulty of the
PID controller is due to complex criterion requirements and limitations of system actua-
tors. The traditional PID controller works well with low-order systems; however, it lacks
robustness against large systems as it cannot handle parameter uncertainties, resulting in
an adequate time-domain response, including overshoot and settling time [3].

UAVs utilize multiple PID controllers [4] to emulate conventional control surfaces
and engine throttle. UAVs have several flight modes, including manual, homing, altitude,
and targeting modes. Therefore, UAVs’ control strategy must use several back-to-back
PID controllers to form one input/output loop. This is usually important in complicated
cases, such as autonomous flight, where the control system of a UAV should be optimally
tuned for each flight mode; multirotor UAV “drones” applications are increasing; some
of these applications play an essential role in our life: fire-fighting, precision agriculture,
weather forecast, shipping and delivery, aerial photography, search and rescue, and oth-
ers [5-7]. For such applications, in all cases, special controllers should be designed to con-
trol multicopter flights under severe weather conditions. This process requires selecting a
unique path to achieve the task and is directly related to the Non-Instrument Flight Rules
(NIFR) during its execution. A complete symmetrical multirotor UAV structure under-
standing is required for the construction and modeling of the system; previous studies [8-
10] confirm that the symmetrical multirotor UAV system is nonlinear. However, previ-
ously, researchers neglected many terms while converting the nonlinear into a linear sys-
tem. In some cases, the linear system representation was as a state-space model [11,12].
All influential forces and torques enabling the symmetrical multirotor UAV to maintain
stability under adverse weather conditions are considered in this study.

The system’s kinematics are usually described using Euler angle representation [13].
However, in some cases, the Euler angle fails, as it is susceptible to gimbal lock [14]. This
problem is solved using quaternion mathematical representation [15]. Keeping in mind
that gimbal lock happens only in rare cases, thus, to simplify mathematical formulation,
Euler angles are considered for angle representation.

Several studies consider the Instrument Flight Rules (IFR) to reference the transfor-
mations between a body frame and a fixed frame. Therefore, all the position, velocity, and
acceleration transformations depend on the reference’s inertial frame. In some cases, the
UAV is launched from a moving air or sea vessel in search and rescue (SAR) operations
in some applications. In this study, the SAR operations over water are considered; hence,
the UAV should be referenced to a moving vessel. In that case, the symmetrical UAV
should be related to a NIFR. There are some known frames for IFR, such as the geodetic
coordinate system (latitude, longitude and altitude), the earth-centered coordinate sys-
tem, and the local north-east-down (NED) or north-east-up (NEU) coordinate systems
[11]. IFR is considered in the modeling of the multirotor UAV system used to determine
the system’s kinematics and dynamics. The NIFR relative reference is added to model the
multirotor UAV body frame position system. This idea of relating the drone to a NIFR can
aid in developing several practical applications.

Due to the circumstances mentioned above, a multi-stage PID (MS-PID) controller is
used for the symmetrical multirotor UAV control. The PID controller is one of the most
used controllers for controlling symmetrical multirotor UAVs [14-17]. The advantage of
this controller is its simplicity; however, such controllers fail in nonlinear systems control,
such as multi-rotors. For PID controller failure to be avoided under nonlinear conditions,
the PID parameters should be selected carefully by considering different operational con-
ditions. Therefore, an MS-PID controller is proposed to control the position (X,Y,Z) and
the angular position (¢,0,1) of the symmetrical multirotor UAV. Thus, six PID controllers
are optimized and used to control the multicopter to achieve high performance. A cus-
tomized genetic algorithm (GA) is used to optimize the PID controller’s parameter. Sev-
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eral previous studies applied GA to optimize the PID controller’s parameter [13-20]; how-
ever, these studies did not consider the asymmetric paths and did not optimize all six
controllers simultaneously. This directly affects the optimization process outcome, as
these controllers depend on each other to achieve the required stability. In the proposed
study, a modified GA is used to generate the new population of chromosomes using the
previous best solutions instead of making the conventional crossover between parent
chromosomes, resulting in an accelerated optimization process.

Most of the scoped applications in this research generally depend on a predefined
path. The importance of dealing with a predefined path is that optimizing PID parameters
can vary from one path to another under abnormal conditions. Many studies have con-
centrated on optimizing the controller parameter with ideal flight conditions. Under ab-
normal or severe weather conditions, optimal PID parameters will not provide a satisfac-
tory result, including flight stability failure. However, if the tests and optimization are
carried out with some of the extreme conditions considered, the resulting controller can
be used satisfactorily and maintain acceptable stability. However, suppose the wind dis-
turbances and the wind direction are taken into consideration during the optimization
process. In that case, the multicopter will always try to resist the wind effect. If the overall
flight error is studied, it can be seen that the error due to the wind direction is higher than
others, which is expected. However, suppose it is intended to optimize the flight for spe-
cific disturbances, as in offline path optimization and NIFR. In that case, the PID controller
optimization should be carried out in parallel, as suggested in the proposed method.

The structure of this paper is as follows: In Section 2, a mathematical model of the 6
Degrees of Freedom (6-DOF) quadrotor system is described, including the
transformations between IFR, NIFR and the body frame. Section 3 describes the
construction of multi-stage PID controllers to control the quadrotor system’s position and
orientation. AGA modification and the PID parameters optimization process are
introduced in Section 4. Section 5 illustrates the numerical simulations and results
discussions. In Section 6, the conclusions of the study are presented.

2. Symmetrical Quadcopter Modeling
2.1. Definition of Symmetrical UAV Quadrotor Variables

The following are important base terms and symbols, as they are used in equations
and matrices in this study. Table 1 illustrates the terms of symbols used in this study.

X () Up] U;
f = y:|’77= (7] 'Vb= lvb 'Vi= Ivil (1)
Z Wp Wi
N p A
§ = H'WZ [q],fz= 6.&=|y )
Z r Y| Z
u; D [
Vv, = vil,W= H,ﬁz 6 3)
w; 7 P

Table 1. Symmetrical UAV quadrotor modeling terms and symbols.

Description Symbol Units

Absolute linear position of the symmetrical quadrotor
defined in the inertial frame

'3 meters (m)

Angular position referenced to the inertial frame n radian (rad)

Linear velocities of the body frame Vp meter/second (m/s)
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Linear velocities of the body expressed in the inertial

frame coordinate &V meter/second (m/s)
Angular velocities of the body frame w radian/second (rad/s)
Angt.ﬂar velocities of the body frame expressed in the 1 radian/second (rad/s)
inertial frame

Linear acceleration of the body frame expressed in the -

. . &V, m/s?

inertial frame

Angular acceleration of the body frame W rad/s?

Angular acceleration of the body frame expressed in i rad/s?

the inertial frame

Zp Z4

2.2. Transformation between Frames

To explain the kinematics of the symmetrical UAV quadrotor, it is necessary to
understand the transition between the inertial frame and the body frame. The transition
between frames may be represented by a set of rotations. The rotation matrices are used
to transform any point from the inertial frame to the body frame. The rotation matrix can
easily be explained by the vector projections of each axis as follows:

X1°Xo Y1°Xo Z1°Xg
R=1|X1"Y0o Y1'Yo Z1 Yo 4)
X1°Zo Y1'Zo Z1°Zy

Table 2 illustrates the vector projection of the symmetrical UAV quadrotor, and when

considering the rotation about Z-axis by angle 1, as shown in Figure 1.

Table 2. Vector projection.

X1 Xg = cos() Y1 Xg = —sin(y) z "% =0

X1 " Yo = sin(l) Y1 Yo = cos(l) z1°Y=0

X 20=0 Y1 Y% =0 z1°2p0=1
Z4 Y4}

Pitch(s)

Roll(¢)
X1 4 Y1Y2 X2X3 Y2

Xz

Figure 1. Roll-Pitch-Yaw rotations.

A set of rotations can represent a transformation between the inertial frame and body
frame; thus, rotation matrices can be used to transform any point from the inertial frame
to the body frame. The rotation matrix can easily be explained by the projections of each
axis vector [18]. From the projections of the three vectors, the resultant rotational transfor-
mation matrix for the Roll-Pitch-Yaw representation “ZYX Euler angles” is as follows:

CoCy CySeSy—CySy SSy+ CpCySo
—So CoSy CoCy
Linear velocity in the inertial frame £ = [* y 2]” is obtained by multiplying rota-
tion matrix R by the linear velocity of the quadrotor in the body frame V, =
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[up v» Wp]". For linear velocity, the transformation matrix does not change with time.

. . . . o
On the other hand, the angular velocity transformation matrix depends on time w = %.

The derivation of the rotation matrix, such as the skew matrix, is used to determine the
angular velocity vector. The rotation matrix can be derived as follows:

dR dRdO , . _
= == 2o = OSOR® = S(w(®)R(®) ©)

where S(w(t)) is the skew-symmetric for the angular velocity vector w(t), w(t) is the
angular velocity vector of a rotating frame referenced to the fixed frame at time t, 8 is the
angle of rotation. Thus, the general rule is:

RY = S(w§,)RY 7)

where wg,, links the current frame with the base frame and next frame. Rj is the rotation
matrix between frames,

0 _ .0 0,1 0,.2
wWo3 = Wy + Riwi,; + Ryw3 3 (8

For the quadrotor, three axes should be considered. Thus, three relative transfor-
mations are done to obtain the angular velocity vector,

1 0 —sin (0)
wds= 0|+ | cos (®) |&+ |cos (@)sin (¢) |9 ©
0 —sin (¢) cos (¢p)cos (0)

The angular velocity vector of the quadrotor in body frame w = [P q 7]T is ob-
tained by:

—sin (¢p) cos (p)cos (0)

The angular velocity vector of the quadrotor in the inertial frame obtained by the
inverse of the angular velocity matrix,

p 1 0 —sin (0) ¢
[q] = |0 cos(¢p) cos(@)sin(d)| |6 (10)
r 0 P

¢ 1 sin(¢p)tan(0) cos(Pp)tan(0) |p
ol=10 cos () —sin (¢) q 11)
P 0 sin(¢)/cos (0) cos(¢p)/cos(0)|r

It can be seen that many forces affect the linear and rotational motion of multicopter.
The most essential and effective forces as, gravitational force Fg, thrust force F, and aer-
odynamic drag force F; are considered in this research. It is assumed that the quadrotor
is a rigid body, so all the forces produced by the rotors will have only one direction par-
allel to the Z-axis of the body frame [19,20].

fo= ifl:kiw% 12)
i=1 i=1

where f; is the force generated by each rotor i with an angular velocity w; along z,
axis, k is the lift constant.
S¢Sy + CpCySo
F,=|CySeSy — CySy| f, (13)
CoCy

F; represents the thrust force vector generated by the rotors mounted over the quad-
rotor.
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D] A[v: 0 0][c,
Fg=|Dy|= Epairl 4110 V3 0]|C, (14)
D, 4;{lo o vZlIC:

where p is the density of air, A4; is the cross-sectional area of the quadrotor exposed to
wind, V is the speed of quadrotor relative to wind speed, C; is the drag coefficient refer-
enced to the inertial frame [21]. The total force vector affecting the motion of the quadrotor
will be:

% 0 S¢Sy + CpCySe D,
F= m[j" =| 0 [+]|CpSeSy —CySe|fe+ Dy (15)
z —mg CoCy D,

The linear acceleration of the quadrotor body is obtained from the resultant force F,

o ((S4Sy + €4CySo)f+ + Dy ) /m
¥ = ((C¢SBS¢ = CySy)fy + Dy)/m (16)
b

N:

(((coCy)f, + D,)/m) - g

The rotational dynamics investigation is achieved by Euler-Lagrange and Newton-
Euler methods. The Newton-Euler method sums all the forces that impact the quadrotor
body [12,22]. The main Newton—Euler equation is given as:

t=Iv+vx(v) +T (17)

where 7 is generated torques by rotors, [v is the angular acceleration generated by the
inertia of the quadrotor, v x (Iv) are centripetal forces, I' is gyroscopic forces. The total
torque vector generated by rotors can be expressed as follows:

T ¢r Cr Cr cr 1[@i]
‘[¢ _ 0 lCT 0 _lCT (‘)%
Ty - —lCT 0 lCT 0 {ng (18)
T —C Cc —C Cc
W o € € ol

where cr is the lumped variable of thrust factor proportion to the motor-prop system, ¢,
is torque factor for the motor-prop system, [ is the length of the quadrotor arm.

P Ip
vx(Iv) = q] x (1yyq (19)
r I,,r

where I, 1,, and I,, represent the moment of inertia terms relative to the center of

mass.
Py [0
I'=1.1q9(x|0]| wr (20)
r 1

where I is the moment of inertia for each rotor, wr is the summation of the angular
speed with respect to rotation direction, wr = w; — w, + w3 — w,. Thus, the angular ac-
celeration will be as follows:

P (Iyy = 1.)ar/Lx q/l.x To/Lix
V= |q|= (I, - Lopr/lyy (-1, -p/lyy|@r + To/lyy (21)
r (Ixx - Iyy)pq/lzz 0 TII}/IZZ

The resultant equation of angular acceleration in the body frame can be transformed
from the body frame to the inertial frame by finding the inverse of the above equations as
follows:
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. 6sy . oc,
0 ¢C¢Tg + F —¢S¢,C9 +7

_ 0 . o [[p P

i=|0 —$Sy —-$C, q|+wyt lq (22)
. . . . r ;
o @Cy s PSeTy  $Sy s 0CyT,y r

Co Co Co Co
The linear and angular acceleration vector of the system will be as follows:
€ "= y z ¢ & ¢ (23)
From this vector, we can derive angular acceleration vector, linear acceleration vec-
tor, angular position vector and linear position vector. At this point, the modeling of the
quadrotor is completed, and we can now design our controller. Some modifications were
carried out to transform IFR and NIFR. Generally, velocity expressed in the body frame is

multiplied with a rotation matrix to obtain an acceleration of the UAV quadrotor ex-
pressed in IFR as follows:

X}

Up
y;’, =R |V (24)
zL Wb

The relation between the quadrotor body frame and the vessel moving frame can be
obtained in two steps: First, by considering the relation between the body frame and IFR,
second, by considering the relation between the moving frame and IFR, which is followed
by combining them as:

T L I I
$p=8b — $m = |Vb|— || = Vb (25)
. - i 5m
zj, Zn Zp
Velocity error = émasired - EZ" (26)

where & is the position state vector of the body frame related to IFR, &, is the position
state vector of the moving frame related to IRF, while £ is the resultant position state
vector. Usually, the state feedback vector of position, velocity, angular position and angu-
lar velocity relation to IRF is expressed as follows:

x=[xyzuvwop0yppqr]’ (27)

In the case of NIFR, the state of position and velocity of the moving frame should be
included in the state feedback vector,

- [xb Vb Zp Up Vp Wp X Y Zin |7 (28)
L umvmwn¢0¥par

The error of position vector in the body frame is a combination of referencing the
position feedback state of the body frame with position feedback state of the moving
frame as given below,

xgrr = le + x:.n - xz (29)

where x7* is the desired position in the X-axis referenced to the moving frame (NIFR),

x!, is position state of the moving frame, x/, is the position state of the body frame refer-
enced to the inertial frame. The same procedure is used for the Y-axis and Z-axis.

3. Multi-Stage PID Controller

In this study, it is proposed to use a PID controller for the control of the quadrotor.
The PID controller is chosen as it will provide the desired stability with minimum math-
ematical calculations. The simplicity of the controller is important due to the limitation of
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X Command

processor, memory and physical microcontroller specifications. The mathematical formu-
lation of the PID is expressed in the s-domain as follows:

de(t)
dt

The main assumption in this study is to take a signal from a specific path as command
input to the system. The path provides the information of the X, Y and Z position in time-
series as an input to the system; also, the path command provides the required Psi angle
of the quadrotor. The Phi and Roll angle commands are passed after processing the X and
Y command. The overall structure of the system and controller is given in Figure 2. The
system block of Figure 3 contains symmetrical UAV dynamics. In the previous section,
the dynamics of the system were explained; the system block is considered as a black box
with inputs and outputs. The block system inputs are angular velocities of the rotors (w_1,
w_2, w_3, w_4), the outputs of the block system are the states of the system and contains
the symmetrical UAV velocity vector (u, v, w), the angular velocity vector (p, g, r), posi-
tion vector (x, y, z), and angular position vector (¢, 0, V), as shown in Figure 4. The con-
troller consists of three stages; the first stage is the X and Y position controller. The second
stage is the altitude controller to control the Phi, Theta, Psi and Z commands. The third
stage is the translation from Phi, Theta, Psi, and the altitude correction signals to a throttle
signal as an input to four rotors. The first stage controller inputs are the X, Y and Psi angle
commands where X and Y are feedback states, and U and V are the velocities as the change
of position feedback. The outputs are the Phi and Theta angles commands, as shown in
Figure 5. The representation of position error in the inertial frame is expressed as:

u(t) = Kye(t) + K;[ e(t)dt + K, (30)

i — i i
Xerr = Xcmd — Xstate (31)

Yel:rr = yémd - ysitate (32)

X Error | | Roll angle

Y Command . Position Controller Y Error - Velocity Controller | Pitch angle System -T—>

Z Command

PID Z Error R PID |_Yaw angle

System States Feedback

Figure 2. Block diagram of multi-stage PID control system.
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Input

Xand Y Command

Z and Psi Command

Desired Path

Output

Controller System
Position Controller
Attitude Controller Signals transformation block
P X &Y Command
Phi controlled Signal P Phi Signal M1 M1
Phi & Theta Command P Phi & Theta Command
=P State Feedback Theta controlled Signal P Theta Signal M2 P2
X & Y PID Controllers State Feedback Syetem States
Psi controlled Signal P Psi Signal M3 P{M3
P12 & PsiCommand 7 ¢ -1rolleq Signal —{Z Signal M4 M4
Phi, Theta, Psi & Z PID Controllers Phi, Theta, Psi & Z to Quadcopter Dynamics

Motor123 &4

yout

Figure 3. Symmetrical UAV (quadrotor) system and controller structure.

The error signal is multiplied with the rotation matrix to transform the error signal
from the inertial frame to the body frame.

Inputs Outputs
Motor Commands X __@ System states
X

z Se>)

Phi SN
@ w2 M2 The Pri@
M2 pei Theé@

" @Psi
Mo w Dy

P »Go"
(@D wa M4 Q »(11 ) F
M4 R » Q

R

System Dynamics

Figure 4. System dynamics block inputs and outputs.

Error

<X_cmd>

X_cmd

X Error inbody Frame

<Y_cmd>

State Input

Y_cmd

X

Y Error in Body Frame

Desired Xb Velocity

The_cmd
Xb Velocity

Theta Command Controller

<U>

Desired Yb Velocity
- Phi_cmd

<\/>

P Yb Velocity

Phi Command Controller

Figure 5. The structure of the first stage PD controller.

b
Xerr

b
Yerr

The_cmd

Phi_cmd

= xeirr cos(y) + yeirr sin(y)
= .Vel:rr cos(y) — yel:rr sin(y)

(33)
(34)

The x and y errors represented in the body frame will be transformed as a velocity
signal in the desired axis to overcome the error in that axis,

b — 4D
Ugesired = Xerr

35)
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vtli)esired = Yorr (36)

The velocity error will be the difference between the desired velocity ul,g;,eq in the

X-axis and the state feedback velocity uZ ... The output of the controller will be the angle

command 6,4. The maximum and minimum angle of inclination “bank angle” should
be considered to avoid losing control during flight.

—12°, 0 <-12°
ecmd = Kp(U}i)esired - U.?tate) - KdU.?tate' —-12° <0 <12° (37)
12, 6 =>12°

Of course, the bank angle varies from one application to another; even some quad-
rotors are designed for acrobatic flights and sports competitions. In such cases, the bank
angle will be unlimited. The same procedure is followed to obtain ¢gp4.

Initially, all six controllers were PID controllers, but during the optimization process
with AGA, the controller of the x and y axes changed to PD controller. Hence, the opti-
mization process sets the integral parameter for the x and y axes controllers to zero. In
this case, the PD controller provided better performance than PID.

The inputs to the second stage controller are ¢.na, Ocma, Wema and Zemg command
signals, @seares Ostater Wstater Pstater Qstate and Rgeqre are feedback states to the controller.
For example, the controller compensates the angle commands and altitude (z) command as
a correction signal. The controller structure is given in Figure 6. The mathematical formula
of the second stage controller is given below, the same formula for ¢, ¥, and z:

9Comp (t) = Kp (ecmd (t) - gstate (t)) + Kif (Gcmd (t) - estate (t))dt + Kd * Qstate (t) (38)

=

Attitude Cmd Phi (Roll) PID Controller

r- Attitude Command
P Phi State Phi Compensation

PhiComp

PP State

Theta (Pitch) PID Controller

@==P| Attitude Command

»{Theta State  Theta Compensation

ThetaComp

Q State

Psi(Yaw) PID Controller

State Input
@==p| Attitude Command

P Psi State Psi Compensation

RS PsiCo
R State e

Z (Altitude) PID Controller

Desired Z

ZComp

Figure 6. The structure of the second stage PID controller.

The second stage’s output will be an input to the third stage; in this part, the control-
ler will translate the compensation values to the throttle command “Rotors command”.
The throttle signal Th; of each rotor, i can be given by:
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Thi] 1 -1 -1 —1][Zcomp
Th2 ! 1 -1 1 || Pcomp
Th:l - Il 1 -1 —1||Bcomp (39)
Th, 1 -1 1 1 I;bcomp
0, Th; < Thyin
Mémd —JaxTh; +b, Thpin <Th; < Thya (40)
a * Thmax + b, Th; = Thyay

where a and b are constants and obtained from the motor specification, the motor com-
mand is considered as an input to the motor’s dynamics system block. The output is the
rotor angular velocity given in a revolutions per minute (rpm) signal; the motor block
system is shown in Figure 7.

Throttle To Motor Command

INPUT (Throttle) OUTPUT (rpm)
- X' = Ax+Bu
@—»/— Y=aX+b y=Cx+Duﬂ
Throttle Saturation Motor_Dynamics

Figure 7. The structure of motor controller and system.

4. Genetic Algorithm

GA generally follows these steps: genetic representation, initial population, fitness
function, genetic operations. For genetic representation, every gene/individual represents
a PID parameter in decimal number format, each PID controller contains 3 genes repre-
sented as K, K; and K; values. Thus, we have 6 PID controllers for (x,y,z, ¢,6,1), one
chromosome consists of 18 genes.

The adaptive GA only differs from the conventional GA in the way it generates the
new population. In conventional GAs, generating a new population consists of selecting
parents and the crossover process. However, the proposed adaptive GA method divides
the generation process into three steps:

(1) The solutions are tested, then they are sorted as such that the first chromosome is the
best solution, then the second solution is the second chromosome, and so on. The
selection process is then accomplished by choosing the best half of the sorted popu-
lation. The best-sorted half of the population will be the new parent chromosomes.
Then, using the crossover process, 50% of the new population is generated.

(2) Generated constrained random solutions are around one-third of the best-sorted so-
lutions of the random gain range value (the gain range is very small), see Figure §;
30% of the new population is generated using this method.

(3) Generated constrained random solutions are around one-fifth of the best-sorted so-
lutions of the old population. The main difference between this step and the previous
step is the use of a wider gain range of a random value. The aim of this step is to
avoid falling into the local minimum solution. This step can be considered as a mu-
tation to refresh the optimization process.
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Figure 8. PID random values constraints.

Using decimal numbers format makes generating an initial constrained population
easier, and it will help to generate new constrained random chromosomes. The base val-
ues of the PID parameters were taken from a previous study [13], and then a constrained
random function with different weights generated 100 chromosomes close to the base val-
ues of the initial population. New chromosomes are generated by summing individual
genes with a random constraint weight. The formula for generating the initial random
population is given below:

k% (D) = k% (base) + (R * a — b)) (41)

where k is the gain parameter, m is gain type {P,I,and D}, n is the axis or angle
{x,y,2,9,0,y}, | is the number of the chromosome in the initial population, R is a ran-
dom number between zero and one, a is the width of random values, b is the offset of
random values. Limiting gain values prevents the system from entering an unstable re-
gion. It can prevent MATLAB from running the process normally —it can cause an infinite
processing loop if it happens. The fitness function can be the sum of squared error, abso-
lute error, squared time-weighted error, or a mix of other functions. In this study, the sum
of squared error and max of squared error was used. The fitness function was constructed
as a sum of squared error for each PID controller, the maximum error for each PID con-
troller, and the sum of squared error for all PID controllers’ results. Each term is multi-
plied by a weight value and these weight values can be changed by the user depending
on the response and performance of AGA operations. The overall fitness value (FV) will
be as follows:
[ee] 6 [oe)
Fitness value = w, * f el ()dt + z:(w2 * f ef(t)dt + ws * max (42)
- 0

0

where i represents PID source, i = {x,y,z,¢,0,¥}, e; represents an error of each PID
controller, e, represents the total error of all PID controllers. Each chromosome will
be evaluated depending on its fitness value. Then, the chromosomes are sorted; thus, the
best chromosome “solution” is the first chromosome in the population.

Adaptive GA advantages can be summarized as follows.

e It uses a small number of chromosomes within the population, resulting in a mini-
mized processing time for each iteration;

e Adaptive PID gains values for an improved control system, as shown in Equation
(41);
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e It improves performance by avoiding falling in the local minimum by widening the
range of the gains for 20% of a new generation;
e Eachiteration gains range change is based on the best solution.

5. Simulation and Results

For the simulation, the symmetrical UAV quadrotor specifications are based on ac-
tual measurements carried out by a previous study [13]. The symmetrical UAV (quadcop-
ter) weight is about 1 kg with a diameter of 44 cm. The results of the multi-stage controller
are obtained by employing a random path to obtain the desired coordinates (x,y, z,¥),
and the coordinates are given as a time-series signal. The signal is used as an input to the
multicopter system. In this study, the path is not symmetrical. This will be useful if an
offline optimization for specific paths is to be performed. In this study, the path is not
symmetric. Therefore, it is imperative to conduct offline optimization for a specific path.
The simulation steps are shown in Table 3, and the time-series function in MATLAB gives
a smooth and gradual transition between steps.

Table 3. Desired path represented in time-series.

Time (Sec-

Steps onds) x-Axis (Meter) y-Axis (Meter) z-Axis (Meter) Psi Angle (Degree)
1 0 0 0 3 0
2 5 0 0 3 0
3 10 20 0 3 0
4 15 20 5 3 0
5 20 40 5 3 0
6 25 60 5 3 0
7 30 80 10 3 0

The integral square error of both the conventional GA and the adaptive GA is given
in Table 4.

Table 4. Comparison of ISE between GA and AGA.

Number Conventional GA ISE Adaptive GA ISE
1 395,87 395,87
2 397,198 363,929
3 388,363 354,026
4 384,874 337,825
5 384,803 318,168
6 384,490 310,480
7 384,106 314,313
8 384,106 307,316
9 381,619 290,028
10 381,625 386,261

A comparison between the desired path and simulated path was carried out before
and after AGA optimization. Figure 9 shows the results in 2D for the x and y axes. The
unoptimized results show that the symmetrical UAV quadrotor missed the path after a
sharp turning by 1.77 m before recovering and following the correct path. However, the
genetically optimized quadrotor results missed the path by only 0.76 m. The results also
show that the symmetrical UAV quadrotor’s optimization process to recover and return
to the desired position is much faster, and is with better performance and less power con-
sumption. Meaning, that the optimization has significantly improved the response, which
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positively affected the command and the results of both Phi and Theta angles, as shown
in Figures 10 and 11, thus resulting in an improvement in the stability of the system.

— — Command Path
-------- Path before GA
——Path after GA

\

10 —

k3
@
=
>
5
:
- L L 1 I 1 L 1 1 1
-10 0 10 30 40 50 60 70 80 90
X (meter)
Figure 9. The flight path is on the x-axis and y-axis.
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Figure 10. Result of Phi angle commands and responses.
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Figure 11. Result of Phi angle commands and responses.
Figure 12 shows the step response on the z-axis. It can be seen that the optimizations

significantly improved the overshoot and transient response as well as the overall perfor-
mance and power consumption.
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Figure 12. Controller response on the z-axis.

The close to zero overshoot result is due to a take-off command signal. This is simu-
lated as a sharp step signal over the z-axis without any movement in other directions;
optimizing this movement can be considered easier than others since the activity is on a
single axis. However, the next steps also affect the altitude, but fast recovery is achieved
due to the controller robustness. The enhanced performance results were made possible
by optimizing all the PID controller parameters in parallel.

The output of the Y-axis controller improves the Phi angle command. Figure 10
shows the controller commands and responses for the Phi angle. The sample interval be-
tween 15 and 17 s of flight simulation shows the differences between the command signals
and response signals before and after AGA optimization. In this interval, to reach the de-
sired position, the controller gave a command to the Phi angle to turn by 6.6 degrees;
however, AGA optimization reduced the command signal by about 30% to 4.8 degrees.
Thus, the symmetrical UAV quadrotor reaches the desired position with a smaller Phi
angle, which means more stability and less power consumption. The maximum delay be-
tween the command and control signal before AGA optimization is 0.6 s; in some cases,
this delay can affect the stability, but after AGA optimization, the maximum delay be-
tween the command and control signal becomes 0.14 s, which means a 75% improvement.

Figure 11 shows a scoped interval to study the characteristics of commands and re-
sponse signals. At the fifth second of flight simulation, a sharp step command was given
by the X-axis controller, trying to follow the desired position. The command signal
reached its predefined limit by 12 degrees; this action is shown as a step input on the Theta
angle; this action will aid in the system characteristics investigation. AGA improved the
rising time off ¢, = 0.84 s achieved by conventional GA down to t, = 0.28 s. The optimi-
zation improved the response time of the system, plus a clear overshot improvement from
PO =18.5% down to 5,25. The Psi angle command is zero; however, it is greatly affected
by the activities of other controller responses and actions.

The effect, as shown in Figure 13, is an oscillatory one that increases with time. Since
the oscillation amplitude increases, it can be seen that it will reach instability at some
point. Figure 12 shows the AGA optimization improved the controller’s ability to deal
with the oscillation. The results show that the optimized Psi angle controller fully recovers
after each side effect caused by the actions of other controllers.
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Figure 13. Result of Phi angle commands and responses.

The total thrust consumed during the test flight was 1.26 x 10%; however, the total
thrust consumed for the same flight employing the optimized controllers was 1.05 * 10°.
This is a clear indication that the AGA optimization introduced a 16.2% thrust consump-
tion improvement. To evaluate the efficiency of the proposed adaptive GA optimization
method a full test was carried out using a conventional GA to optimize the controllers.
This was then compared with the results [5] obtained using the AGA optimized control-
lers. In both tests, a population of 100 was used with 100 chromosomes in the initial pop-
ulation. The results were recorded for 10 iteration runs. In both cases, the evaluation is
based on the MSE for all the PID controllers.

6. Conclusions

In this study, complete modeling of a nonlinear 6-DOF symmetrical UAV quadrotor
system was introduced and included the relationship between the body frame of the sym-
metrical UAV quadrotor and the non-inertial frame of reference. A multi-stage PID con-
troller was designed and used to control the quadrotor system. An adaptive genetic algo-
rithm was developed and used to optimize the performance of multi-stage PID control-
lers. Optimizing multi-stage PID controllers with an adaptive genetic algorithm improved
the quadrotor system’s performance and power consumption. The AGA had an added
advantage over the conventional GAs; the AGA is guaranteed to avoid falling into local
minima. It also required fewer iterations to achieve highly improved optimization results.
From the results, it can be concluded that the use of the optimized multi-stage PID con-
troller improved the system’s overall performance. The results showed that the proposed
system outperformed the performance achieved by previous studies for similar system
specifications.
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