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ABSTRACT: In this study, a detailed mathematical nonlinear dynamic model of the quadcopter system
which is derived using the Newton-Euler method. PID controllers are used for controlling the roll, pitch,
yaw, and altitude movements of the quadcopter. Manual tuning of PID controllers does not always give
acceptable results, consume a long time, and difficult. Therefore, the tuning process of PID controllers
is done by particle swarm optimization algorithm (PSO). A new adaptive particle swarm optimization
(APSO) algorithm that gives better search efficiency and convergence speed than standard particle
swarm optimization is suggested. It enables the automatic control of inertia weight which controls the
global and local search abilities of the PSO algorithm. Comparing with the trial and error method and
standard PSO algorithm, the adaptive PSO algorithm gives better performance in terms of convergence
speed and permanent movement toward the optimal solution region.
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1. INTRODUCTION

The quadcopter is the most popular unmanned aerial vehicle (UAV). Recently, it becomes an attractive
platform for UAV researches. It is preferred because it has a simple mechanical structure and can
perform a different set of tasks. Besides, it has the ability to hover and vertical take-off and landing
(VTOL). Quadcopters are used in many civil applications including real-time monitoring, search and
rescue operations, disaster management, supplying wireless coverage, remote sensing systems,
infrastructure inspection, security and surveillance, delivery of goods, and perform precision agriculture
(Shakhatreh et al. 2018).

PID controller is the most widespread type of controller used for ensuring quadcopter stability because
it is simple to use and able to offer an effective solution. The tuning process of the PID parameters is
too complex and requires enough knowledge about the system being controlled. PID controller
performance totally relies on the tuning process of its parameters. A lot of evolutionary algorithms are
used for optimal tuning of the PID parameters such as genetic algorithm (Gundogdu, 2005), artificial
bees algorithm (Coban et al. 2012), particle swarm optimization algorithm (Berber et al. 2016).
Particle swarm optimization (PSO) algorithm is a population-based search algorithm. It has proved that
it can solve many complex optimization problems. In this study, a mathematical modelling of the
quadcopter system has been used and performance comparison between various strategies to find the
optimal PID parameters has been tested. These strategies are trial and error, standard particle swarm
optimization algorithm, and adaptive particle swarm optimization algorithm (APSO). The inertia weight
is the most important parameter in particle swarm optimization algorithm. It is the most effective
parameter to control global and local search processes. Adaptive particle swarm optimization algorithm
(APSO) provides automatic control of inertia weight over time for each particle and iteration. In this
study, a new adaptive particle swarm optimization algorithm has been suggested in order to control the
local and global search processes and enhance the total performance of the PSO algorithm.

2. MATERIAL AND METHOD
2.1. Quadrotor Model

The basic dynamical model of the quadcopter is the starting point for lots of researches and generally is
derived by the Newton-Euler equations or Euler-Lagrange equations (Luukkonen, 2011). Assuming that
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the quadrotor has symmetrical structure the inertia matrix (/) will be diagonal matrix with (/x), (/,y), and
(I::) the inertia of the vehicle across each axis.

I, 0 O
r=lo 1, 0 (1)
0O 0 [

zZ

The thrust force (fi) created by each rotor (i) is vertical to the X-Y plane of the body frame and in the
rotor axis direction.
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Where (k) is the lift constant, (w;) is the angular velocity for a specific rotor (i), (b) is the drag constant,
and (/) is the inertia moment of the rotor. The angular velocity and acceleration of the rotor also create

torque (Tas) that acts to rotate the vehicle about the z-axis. But as the small effect of (@, ) it is usually

)
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The total lift forces of rotors create thrust (7) in z axis direction of the body frame. And by decreasing
() and increasing (w4) the roll torque is obtained. Likewise by decreasing (w;) and increasing (w3),
pitch torque is acquired. Also Yaw torque is created by increasing of (w, w4) and decreasing (w;,w3).
(Ts) is thrust in the body frame.
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Where (18) is torque in the body frame and (/) is the arm length of the quadrotor.
Iv+vx(Uv)+T =1 (5)
The external torque (7) in the body frame created by the angular acceleration (v ), gyro scoping forces,

and moments (I') applied by rotors. Therefor the change in roll (p), pitch (g), and yaw (r) rates can be
obtained from this equation:

p| | Lop p| |0
v=I"~|q |x| Lyqg |-I-| q |x| 0 |wr+7
r Lr r 1
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The rotation matrix (R) from the inertial frame to the body frame using the aerospace rotation sequence,
and this matrix has special importance in resolving the velocity and position state equations.

CoCy  S4SoCy —CysSy  SsSy +CpSeCy
R=1|CoSy CyCy+S8sS0Sy CySoSy—S4sCy @)
—So S4+Co CyCo
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Where St = sin(x), Cx=cos(x). The matrix F, represents the transformation matrix for angular

velocities from the inertial frame (V) to the body frame (CD ).

d=H, v
¢ 1 TaSy ToCys || p
O|=10 Cs =Sy ||q
W 0 S4/Co C4/Col|lr
(8)

In the body frame, the needed force for the acceleration of mass m Vs and the centrifugal force
vx(mV3z) are equal to the sum of the gravity R’ G and the total thrust of the rotors T’ .
m Vs+vx(mVs)=R"G+Ts 9)

In the inertial frame, the acceleration of the quadrotor is affected just by the magnitude and direction
of the thrust and the gravitational force because the centrifugal force is cancelled.

mX =G+ RT5s

X 0 cysOce + sy sg (10)
V|=—g|0|+—| swsOco—cysd
Z 1 " cOcg

2.2. PID Controller Design

PID controller is the most widespread strategy to control the quadcopter system (Bolandi et al. 2013;
Mohammed et al. 2014). It is a type of feedback controller which is used to control the quadcopter
altitude with the roll, pitch, and yaw angles. The transfer function of the PID controller uses the
following form:

( de(t)
u=K, e(t)+1<,.je(t)dt+1<d y (11)
0
Ky, Kg, and K; indicate to the proportional, derivative, and integral parameters respectively that need to
be tuned. The PID controller goals to minimize the error signal () between the reference value and the
measured output.
The tuning process of the PID parameters determines the controller performance. In this paper, an
adaptive particle swarm optimization algorithm is used to tune the PID parameters in order to find its
optimal values. Besides, the tuning process is also done by standard particle swarm optimization and
trial and error method.

2.3. Standard Particle Swarm Optimization

Particle swarm optimization algorithm, a population-based evolutionary computational method, was
proposed by Eberhart and Kennedy in 1995 (Eberhart and Kennedy, 1995). It searches for the optimal
solution of a problem by iteratively improving the available solutions inspired by the flocking of birds
and schooling of fish.

PSO algorithm is initialized with a number of random particles and every single particle represents one
possible solution to the related problem. These particles are evaluated each iteration according to its
fitness function. Particles have velocities to steer them toward the current optimal particle. Figure 1
displays the flow chart of a particle swarm optimization algorithm.
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Figure 1. Flow Chart of Particle Swarm Optimization Algorithm

Each particle represents three parameters which are the proportional, derivative and integral gains of
PID controller. PSO algorithm starts the first iteration with a number of particles that carry random
values. These particles update their values in every iteration by the pbest and gbest particles. pbest
particles are the same particle's best-known position during all iterations, while the gbest particle is the
swarm's best-known position in the same iteration. PSO algorithm updates the particle's values and
velocities depending on the two best values with the following equations:

@+ _ w170 * 5. %k (D) (t) * 50 3k (4-(0) ()
V; =w Vl +C1 K (xi,best_xi )+CZ n (xgbest_'xi ) (12)

x,'(HI) zxi(t) +Vi(t+l) (13)

PSO algorithm uses the inertia weight (w), the acceleration coefficients (c¢i) and (¢2), and two random
numbers (11, r2) within the range [0, 1]. Standard PSO algorithm supposes that the inertia weight w=1
and the acceleration coefficients ci=c,=2. The fitness value of particles determines the pbest and gbest
particles in each iteration. The gbest particle is the particle that holds the best fitness value among all
particles in the same iteration. Also, the pbest particles are the particles that hold the best fitness value
among the same particles during all iterations. The stopping condition in PSO algorithm may be a
determined number of iterations or a constant value of the fitness value.

2.4. Proposed Adaptive Particle Swarm Optimization

Adaptive particle swarm optimization algorithm (APSO) provides control ability of inertia weight,
acceleration coefficients, and other algorithmic parameters in every iteration. Inertia weight parameter
noticeably affects the global search ability (exploration) and local search ability (exploitation) in the
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PSO process. Since the beginning of Inertia Weight in PSO, a large number of strategies to control
inertia weight have been proposed (Bansal et al. 2011; Alhasan and Gunes, 2017).
When inertia weight has a large value, the PSO algorithm facilitates the global search more than the
local search. The PSO algorithm also facilitates the local search more than the global search when inertia
weight has a low value. This balancing between the global and local search processes improve the
performance of PSO algorithm.
In this paper, we have adjusted the value of the inertia weight (w) adaptively by this new equation:

K F prest,i
v

P
F e
af, == (14)
2F pbest i

WK = Wmax - (Wmax _ Wmin) x (all,i + azlfi )

7

The inertia weight (w) values range from the upper limit 'Wnax=0.9' to the lower limits 'Wmix=0.3'. Every
particle in the swarm has a different inertia weight value in the same iteration. The values of (a1, a2)
determine the evolutionary states of the particles in the swarm. If a particle has an unsuccessful solution
(Fp>>Fpbesti>>Fgvest), the values of (a1, az) will be too close to zero and the inertia weight will have a
large value in order to enhance the global search ability. If a particle has a successful or a good solution
(Fp.i=Fpbesti=F gbest), the values of (a1, a2) will be too close to (0.5) and the inertia weight will have a low
value in order to enhance the local search ability.

The fitness function used to evaluate particles in PSO algorithm is sum square error (SSE) and as
follows:

F=025(4 —¢)’ +0.25(0. —0)’ +0.25(y, —y)* +0.25(z,— z)’ (15)

The symbols ¢,,60.,y,, andz, are the reference values of the roll, pitch, yaw, and altitude respectively.

3. RESEARCH FINDINGS

In this section a comparison and simulation results for three methods to tune the parameters of PID
controllers of the quadcopter system. These methods are trial and error, standard particle swarm
optimization (PSO) and the proposed adaptive particle swarm optimization (APSO).

PID controllers of quadcopter system are modelled and simulated using the MATLAB/Simulink
environment. In this simulation, initially, the roll ¢, pitch 8, yaw y angles are set to (0.2) radians and
altitude z initialized to (3) meters. The reference value of ¢, 0, and v angles is set to (0) radians, while
the reference value of altitude z is set to (4) meters. Figures (2-4) show the roll (¢), pitch (0), and yaw
(v) angles response using the PID controller which is tuned by three strategies. Altitude (z) response
using the tuned PID controller is shown in Figure 5.

The first strategy to tune the PID controller is a trial and error method. The second strategy to tune the
PID controllers is done using the standard particle swarm optimization algorithm. The inertia weight is
set to '1' and the acceleration coefficients are set to 2' in the second strategy. The third strategy to tune
the PID controllers is done using the adaptive particle swarm optimization algorithm where the inertia
weight is adapted according to equation (14) and the acceleration coefficients are set to 2.
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Figure 2. Time Response of the Roll Angle of the Quadcopter System Using PID Controller.
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Figure 3. Time Response of the Pitch Angle of the Quadcopter System Using PID Controller.
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Figure 4. Time Response of the Yaw Angle for the Quadcopter System Using PID Controller.
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Figure 5. Time Response of the Altitude for the Quadcopter System Using PID Controller.
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The time response specification of quadcopter system using PID controllers tuned by trial and error,
standard PSO, and the proposed adaptive PSO algorithm are given in Tables 1-4.

Table 1. Time Response Specification for the Roll Angle of the Quadcopter System.

Roll Angle (D) Trial and Error Standard PSO Adaptive PSO

Settling time(s) 11.1 2.15 1.42
Rise time(s) 1.14 1.24 0.7

Overshoot (%) 8.68 0.64 0.23
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| Steady state error | 0 | 0 | 0 |

Table 2. Time Response Specification for the Pitch Angle of the Quadcopter System.

Pitch Angle () Trial and Error StandardPSO Adaptive PSO
Settling time(s) 1.86 1.55 1.53
Rise time(s) 0.15 0.09 0.88
Overshoot (%) 36.85 12.87 1.21
Steady state error 0 0 0

Table 3. Time Response Specification for the Yaw Angle of the Quadcopter System.

Yaw Angle (y) Trial and Error Standard PSO Adaptive PSO
Settling time(s) 9.27 6.14 1.37
Rise time(s) 1.16 0.75 0.65
Overshoot (%) 33.43 12.19 0.48
Steady state error 0 0 0

Table 4. Time Response Specification for the Altitude Z of the Quadcopter System.

Altitude Position (Z) Trial and Error Standard PSO Adaptive PSO
Settling time(s) 6.82 2.22 1.39
Rise time(s) 0.47 1.24 0.72
Overshoot (%) 11.78 0.23 0.16
Steady state error 0 0 0

4. CONCLUSIONS AND DISCUSSION

In this study, a PID controller is designed and tuned in order to stabilize the quadcopter system. PID
controller is tuned by three strategies which are trial-and-error, standard particle swarm optimization
(PSO), and the proposed adaptive particle swarm optimization (APSO). The simulation results show
that the suggested adaptive PSO algorithm gives the best convergence speed and permanent movement
toward the optimal solution region.

The suggested adaptive particle swarm optimization algorithm (APSO) depends on the fitness values of
particles, pbest particles, and gbest particle to do an automatic control of inertia weight. The inertia
weight in the PSO algorithm does balancing between the global and local search processes. Inertia
weight must be large in the global search process and low in the local search process.

From the performance indices, the proposed adaptive PSO strategy gives the best PID parameters to
control the roll, pitch, yaw, and altitude that offers a response with the lowest overshoot, settling time
and has no steady-state error. The tuning process of the PID controllers using trial and error strategy has
the worst response specifications. The standard PSO strategy to tune the PID controllers gives acceptable
responses to control of the roll, pitch, yaw, and altitude. Besides, there is no steady-state error for all
PID controllers using the three strategies.
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