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ABSTRACT

The stability control of quadrotor UAV system is a challenging problem due to its nonlinearity, strong coupling and
underactuation characteristics. In this paper, a fractional order PID control strategy (FOPID) is proposed to realize the
high-precision control of UAV system by utilizing the multi-degree of freedom characteristic of FOPID, SA-PSO is used
to tune the parameters of FOPID. Compared with the standard PSO optimization process, the convergence speed is faster
and the accuracy is higher. Simulation results show that the proposed PSO parameter optimization based on SA algorithm
makes FOPID controller have better performance than traditional integer order PID controller.
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1. INTRODUCTION

Quadrotor unmanned aerial vehicle (UAV) carries an important role in the field of military and civilian drone, which has
become the most commonly used type of multi-rotor UAV because of its strong stability, high maneuverability, small size,
portability and other characteristics, quadrotor UAV has a complex dynamics model with six degrees of freedom and four
control variables. It is also a nonlinear control system with strong coupling and underactuation, so it is particularly
important to realize its stability control.

At present, various control methods can realize the stability control of quadrotor UAV, the most commonly used is the
classical PID control, PID attitude controller is designed in Reference!, and the IAE index is used to optimize the controller
parameters. As for aspect of controller parameters optimization, the control effects of PID, LQR, LQR-PID and other
controllers on the height subsystem are compared in Reference?, there are also control schemes combined nonlinear control
and PID control. The parameters of PID controller are tuned by fuzzy controller in Reference®, which has superior dynamic
performance of system. A method based on combination of RBF neural network and PID control is proposed in Reference?,
which has become an extension of PID controller design and achieved good control effects.

Podlubny’ proposed a fractional order PID controller (FOPID) in 1999. Compared with integer order PID controller,
FOPID controller has two extra adjustable parameters, which makes the system more superior®’. The fractional control
system has achieved good results in the control of subway trains and the adjustment control of water wheels, so it has also
been applied to the control of UAV®®. A fractional order PID controller was designed in Reference'?, which applied to the
trajectory tracking of quadrotor UAV, and the performance of the controller was verified. Parameter tuning of fractional
order PID controller is relatively difficult due to the large number of designed parameters, which needs optimization
algorithm to optimize. The stability control of quadrotor UAV is achieved by using genetic algorithm to tune fractional
order PID parameters in Reference!'!. NSGA algorithm was used to tune FOPID parameters in Reference!?, which also
achieved good control of quadrotor UAV.

In this paper, particle swarm optimization (PSO) with simple structure and easy expression is combined with simulated
annealing algorithm (SA) with strong local search ability to optimize FOPID parameters, and achieve better control of the
quadrotor UAV system further.
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2. PROBLEM DESCRIPTION
2.1 Dynamics model of quadrotor UAV
The dynamics model of quadrotor UAV'? is established in the following equation:
X =(cosgpsin@cosy +singsiny)U, / m
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In the last equation, x, y, z represent the spatial coordinates of the three directions of the quadrotor; ¢, 6, v represent
pitch, roll, yaw three attitude angles; m is the total mass of the quadrotor body, I, I,, I, are moment of inertia of the
body rotating about the x, y, z axis; d is the distance between the quadrotor body’s center of mass and its rotor axis;
g s the acceleration of gravity at the earth’s surface; U,, U,, Us, U, are virtual control quantity in the control process.

2.2 Fractional order PID controller
The definition of fractional derivative mainly has two following formations.

The fractional derivative of Caputo'? is defined as:
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where «a is the fractional order, n — 1 < @ <n, ne N. I'( — ) is Gamma function.

The fractional integral of Riemann-Liouville'? is defined as:
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where «a is the fractional order, 0 < a < 1.

The calculation of fractional calculus has the following properties:
oD (DI f(O)= D" f(1)(0<a<1,0< f<]1)
oD (D f0)= D f(0),(0<a<1,0< B<1)

)

In 1999, Podlubny proposed a fractional order PID controller (FOPID) in the form of PI*D*. The transfer function has
the following form:

G(s)=K,+K;s" +K,s" (6)

where K, is proportional gain, K; is the integral gain, K, is differential gain, A is the order of integration, u is the
differential order, and 0 < A, u < 2. When A, u are both 1, equation is the traditional integer order PID controller. The
structure of FOPID controller and integer order PID controller is roughly the same, but the introduction of A, u adds two
adjustable parameters, which makes the controller design more flexible and has better system performance.
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Based on the advantages of fractional order PID with multiple degrees of freedom and the nonlinear and strong coupling
characteristics of quadrotor UAV system, the fractional order PID control strategy above is adopted to achieve more
accurate and more stable control.

3. CONTROLLER DESIGN

In this paper, the fractional order PID double closed-loop structure is used to control the quadrotor UAV, the inner ring is
attitude ring, and the outer ring is position ring. According to the dynamic model of quadrotor UAV established in Section
1, the expected values of three directions and three attitude angles of spatial coordinates are given, at the same time, four
virtual control variables U;, U,, Us, U, are introduced to jointly control the position and attitude of UAV system, as
shown in Figure 1.
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Figure 1. Control block diagram.

3.1 Position controller design

From equation (1) we can observe that the position subsystem is an underactuation system with output of x, y, z, a virtual
control quantity U, isused to control the position quantity in three directions, in order to control the underactuation system
at this position, control quantities u,, u,, U, in three directions of the position are defined, as shown in equation (7):
u, =(cosgpsinfcosy +sinpsiny)U, / m
u, =(cosgsin@siny —sinpcosy)U, / m (7
u, =(cospcosU, /m—g

The expected values given in three directions are x4, y,4, z; respectively, the position tracking error in the three directions
is set as:

e =x,—Xx
e, =y, ®)
e, =z,—z

Therefore, the design of location subsystem FOPID is as follows:
u,=(k,+ ks™ +k,s")e,

u, = (kp + kis_ﬂ +k,s" )ey 9)

u, =(k, +hs +k,s")e.

where, K,, K;, K, are proportional coefficient, integral coefficient and differential coefficient of the FOPID controller
of the position subsystem, A is the order of integration, x is the differential order.
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3.2 Attitude controller design

It can be easily concluded from equation (2) that the expected input of the attitude controller of the inner ring is determined
by the output of the position controller, the output of the position controller is the position control quantity w,, u,, u,in
the three directions set in the previous section. Where the expected value of yaw angle 1, is given directly from the
outside, therefore, the expected values of roll angle and pitch angle can be calculated from position control quantities u,,
u,, Uy, which is given by equation (1):

u, cosy +u, siny

6, =arctan(

)
u, (10)

cos 8, (u, siny —u, cos 1//))
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The tracking errors of the three attitude angles are as follows:

e(p :¢d_¢
e,=0,-6 (1)
ey/ :lr//d_l//

Therefore, the attitude subsystem FOPID controller is designed as:
_ -2
u,=(k,+ks”" +k;s%e,
uy = (k,+ ks +k,s")e, (12)
_ -2
u, =k, +ks " +k;s)e,
where K,,, K;, K, are proportional coefficient, integration coefficient, differential coefficient of attitude subsystem
FOPID controller, A is the order of integration, u is the order of differential.

3.3 The tuning of FOPID parameters

Due to huge amount of FOPID controller parameters, the selection of controller parameters directly affects the control
effect. If the trial-and-error method is used to select FOPID controller parameters, it has great limitations and precision
control is difficult. Therefore, it is particularly important to select an appropriate intelligent optimization algorithm for
parameter tuning. Particle swarm optimization (PSO) algorithm is a commonly used optimization algorithm. It simulates
the biological mechanism of nature and uses each individual in the population to cooperate with each other to search for
the best solution. Compared with genetic algorithm (GA), PSO algorithm has no complex operations such as crossover
and variation, and is easier to express and implement.

For the quadrotor UAV control system in this paper, the specific implementation steps of the algorithm are as follows:
(1) Initialization of PSO algorithm

Algorithm parameters are set, including the number of individuals in the population, iteration times, learning factors, etc.
(2) Selection of the fitness function and calculate the fitness of each particle

For the quadrotor UAV system in this paper, the requirements of small overshoot and short response time should be met.
The following adaptive value function is selected:

J=Lm4m+wmm+¢ (13)
where a,b represent the controller’s emphasis on tracking error and response time respectively,and 0 < a, b <1, J is

adaptive value, for e(t) andt,, taking the height subsystem as an example, in the above formula, e(t) is the height
system deviation, t, is the rise time, u(t) is the controller output of the height subsystem, which is:
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u(t)=(k,+ k,.S_’1 +k,5")e_ () (14)
where K,, K;, K;, A, u are the proportional coefficient, integral coefficient, differential coefficient, integral order and
differential order to be optimized in FOPID controller respectively.

(3) Comparison of the fitness calculated in the previous step and selection of the local and global optimal values of the
particle

(4) Update of the velocity and position of particles
The velocity and position of the particle are updated by the following formula:

vy (1) = Wy () +C LB, =, (D] +Cs Gy —x, ()] (1)
X, (t+)=x,0)+v; (¢t +1) (16)

where w, c are inertia weight and learning factor respectively, r is the random number between 0 to 1, v, x represent
the velocity and position of the particle respectively, P, G respectively represent the optimal location of a single particle
and the entire particle swarm, which are local optimal value and the global optimal value found in the search process up
to now.

(5) Calculation and optimization of performance indicators

This paper adopts Matlab script file and Simulink parallel simulation method to optimize the FOPID controller of the
quadrotor UAV system, which improves the simulation efficiency of the system.

The parameters K,, K;, Ky, A,y of FOPID controller are assigned by the particle in sequence, run the Simulink model
in batches to obtain the performance indicators corresponding to the control parameters of this group, and judge whether
the performance indicators meet the end condition of the algorithm (reaching the maximum number of iterations), if the
conditions are met, exit; Otherwise, return to Step (2) for the next loop.

In the standard PSO above, as a result of the movement of each particle in the particle swarm is not selective, makes the
particle fitness function value of the next position is very poor, and in the later operation, the particle diversity decreased,
easy to fall into local optimum and slow down the convergence speed, which shows that the PSO algorithm in local search
ability is poor. If the PSO algorithm combined with simulated annealing (SA) algorithm, each particle has a high
probability to accept the non-optimal solution when the initial temperature is high under the algorithm, lead to jump out of
local optimal solution, and converge to the global optimal later at lower temperature, accurately locate the global optimal
solution, which greatly improved the local optimization ability of the standard PSO algorithm, it has better optimization
effect.

Based on the above ideas, the simulated annealing strategy and compression factor are added on the basis of the standard
PSO algorithm. The main steps are as follows:

(1) The position of a particle in a particle swarm is randomly initialized, and the fitness value of each particle is calculated.

(2) The initial temperature T, is set.

I,=f(p,)/In5 (17)
(3) The probability value of each particle at the current temperature is calculated by using the Metropolis criterion.
exp{- - /t
17 (=S P)= 1))/ as)

2 exp{-Lf(P)=f(p))/ 1}

where p; is the local optimal value, p, is the global optimal value, N is the number of population, the t is current
temperature.

(4) A global optimal alternative value from all particles is determined by using the roulette strategy, and then the velocity
and position of each particle is updated. The updated velocity and position are calculated by the following formula:
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The specific meaning of each quantity in the above formula has been given in the steps of the above standard PSO algorithm.
(5) The fitness value of the updated particle is calculated.
(6) Temperature reduction operation is carried out, T = 0.9 * T.

(7) We determine whether the algorithm stop condition is met, if the conditions are met, the search ends and K, K;, Ky,
A, u are output, otherwise we proceed to Step (4).

4. SIMULATION ANALYSIS
The basic parameters of quadrotor UAV are set as follows: I, I,, I, are 0.1745, 0.1745, 0. 3175, total fuselage mass m

x> ty>

is 1.5, d is 0.225. In order to verify the superiority of the FOPID control strategy and the optimization algorithm in the
stability control of the quadrotor UAV, Simulink simulation experiments are conducted on the above basic parameters.

4.1 Standard PSO algorithm

The initial parameters of particle swarm optimization are as follows: Number of populations N is 100, the spatial
dimension d is 5, maximum iteration M is 100, self-learning factor c; is 1.5, group learning factor ¢, is 1.5, for a, b
in the fitness function, considering that quadrotor UAV should not only ensure small tracking error, but also ensure small
control energy and fast response speed in the realistic flight process, the weight of tracking error a and rise time b are
respectively 0.6 and 0.4, and ¢ is 0.5. The reference values of both horizontal and vertical directions are 5. Running the
algorithm, the obtained IOPID parameters and FOPID parameters are shown in Table 1, and simulation results are shown
in Figures 2-5.

Table 1. IOPID and FOPID parameters based on PSO tuning.

Controller | Subsystem K, K; K4 A Hu
Horizontal  (0.0532 [0.0069 (0.3202 [* *
IOPID
\Vertical 0.0506 1[0.0032 [0.3301 ¥ *

Horizontal |0.0842 (0.0059 [0.5083 0.2147 (0.8613
Vertical 2.2015 10.0053 [3.5027 [0.1856 [0.9261

FOPID

Note: “*” means no value.

Figure 2 is the PSO optimization convergence process curve, and from the figure it can be seen that the algorithm completes
convergence during the 46th iteration. Figure 3 is the horizontal response process of the quadrotor UAV, the dotted line is
the traditional integer order PID control, and the solid line is the fractional order PID control. It can be seen from the
response curve that the quadrotor UAV controlled by the integer order PID has a large overshoot obviously in the horizontal
control. However, the quadrotor UAV system controlled by fractional order PID has an obvious improvement in overshoot.
In the vertical direction, FOPID is superior to IOPID in response speed, as shown in Figure 4. Figure 5 shows three-
dimensional annular trajectory tracking, indicating that the quadrotor UAV system controlled by FOPID can complete the
trajectory tracking test stably and has better control effect than the traditional integer order PID.
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6 T
= = =PSO-IOPID
PSO-FOPID
st
1
ﬁ 54
I 52
411 5
! ]
S | 48 '
S . I
83 4.6 1
@ 1 1
& | o4s !
! 0 20 40
2
I
]
o . . . . .
0 50 100 150 200 250 300
t/s
Figure 4. Vertical response curve. Figure 5. Loop tracking.

4.2 SA-PSO algorithm

According to the algorithm combined with the strategy in Section 3, running the SA-PSO algorithm, the new FOPID
parameters obtained are shown in Table 2. The system is simulated again, and the convergence process and simulation
results are shown in Figures 6-9 by compared with FOPID control optimized by standard PSO in Section 4.1.

Table 2. FOPID parameters based on SA-PSO tuning.

Controller | Subsystem K, K; K, A Hu
Horizontal  [3.3489 (0.0054 [3.2596 1(0.2436 [0.8505
\Vertical 3.6272 (0.0086 [3.5698 (0.1536 [0.9372

SA-PSO-FOPID

The simulation image show that the PSO based on simulated annealing algorithm greatly reduces the convergence time,
and the accuracy is better, specifically embodies in quadrotor UAV system improved the response speed further under the
condition of less overshoot, and improved the dynamic performance of the system again, so the simulated annealing PSO
in the field of quadrotor UAV system control is worthy of application.
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In this paper, the dynamic model of the quadrotor UAV is firstly calculated according to the Kinematic law, and the
fractional PID algorithm is proposed to control the quadrotor UAV system. Since the introduction of calculus order
increased controller parameters, which is difficult to tune, the PSO algorithm is adopted to tune parameters in this paper.
The results show that the fractional order PID has better control effect on quadrotor UAV than the traditional integer order
PID. However, due to the limited advantages of the standard PSO algorithm, it is easy to fall into the local optimal solution
in the process of optimization, and the convergence speed is slow. Therefore, the effective combination of simulated
annealing algorithm and PSO greatly improves the efficiency of the algorithm, and the precision of parameter tuning is
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Figure 9. Loop tracking.

improved to a certain extent, which has better control effect of the quadrotor UAV system.
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