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ABSTRACT
This paper addresses the parameter tuning problem of cascade PID control for quadrotor UAVs, which are characterized by 
nonlinearity, strong coupling, and underactuation. An improved particle swarm optimization (PSO) algorithm is proposed to 
optimize the parameters of the cascade PID controllers. First, the kinematic and dynamic models of the quadrotor UAV are 
established, and its motion characteristics are analyzed. The structure of cascade PID control and its application in UAV systems 
are introduced, highlighting the limitations of the traditional Ziegler-Nichols tuning method. To overcome these limitations, the 
PSO algorithm is enhanced by adopting the ITAE criterion as the fitness function and introducing a boundary rebound 
mechanism to improve particle diversity and avoid local optima. A complete cascade PID control system, including altitude, 
horizontal position, and attitude controllers, is built in MATLAB/Simulink based on the DJI Spark UAV model. The improved PSO 
algorithm is then applied to tune 36 PID parameters. Simulation results demonstrate that the optimized system achieves faster 
response, lower overshoot, and higher steady-state accuracy in both position tracking and attitude regulation, validating the 
effectiveness and superiority of the proposed method. Future work is discussed, including hardware-in-the-loop verification, 
robustness enhancement, and integration with advanced control strategies.
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1　Introduction
1.1　Research Background And Research Significance

In contemporary society, the quadrotor UAVs can move in the three-dimensional space. As an air machine which has 
four propellers, quadrotor UAV has the characteristic of vertical take-off and landing, hovering, flexible mobility and so on. 
Therefore, the quadrotor UAVs have a wide application prospect and a position of great research value in aspects of aerial 
photography, three-dimensional space reconstruction and multiple drones ’  cooperation [1]. Nevertheless, due to the 
nonlinear characteristics (strong coupling, underactuation) of quadrotor UAVs, their dynamic models are relatively 
complex and extremely sensitive to external disturbances [2]. So, it confronts various challenges to achieve stable and 
precise flight control. Although traditional PID control theory is applied widely in actual control engineering, even the 
proportions of application in some fields are more than 80%, parameters of PID are relatively fixed so that the UAV is hard 
to tackle slow response, large overshoot and so on. Thus, to combine optimization algorithm with PID control is the key to 
handle the problems [3]. As an optimization algorithm based on swarm intelligence, particle swarm optimization (PSO) 
simulates group behaviors such as bird foraging. It searches out the best solution through mutual cooperation and 
information sharing among particles [4].

1.2　The Main Research Work of This Thesis

In this study, the integration of particle swarm optimization (PSO) algorithm with cascade PID control introduces novel 
perspectives to aircraft control theory. This paper thoroughly investigates the mechanism of optimizing cascade PID 
parameters using the PSO algorithm and its impact on the complex system of a quadrotor UAV. Furthermore, it enhances 
the control theory for nonlinear and strongly coupled systems, providing valuable insights for related research.

2　Model of Quadrotor UAV And PID Control
2.1　Basic Principle of Quadrotor UAV

2.1.1　Fundamental States of Motion of Quadrotor UAV

Before studying the motions of UAV, this paper need to firstly introduce two coordinate frames to describe its motions: 
As for translation of drones, Earth-centered, earth-fixed (ECEF) coordinate system is utilized to describe its translation from 
one position to another position in three-dimension space. ECEF coordinate system is shown in Figure 1. As for rotation of 
drones, Body coordinate system is utilized to describe its rotation from one posture to another posture in three-
dimension space. Body coordinate system is fixed in the body of the drone. It is shown in Figure 2. In the most case of 
rotation analyzing, Euler angles are used to depict rotation motions:

Roll angle(ϕ): rotates along xb axis.
Pitch angle(θ): rotates along yb axis.
Yaw angle(ψ): rotates along zb axis.
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Figure 1　ECEF Coordinate System Figure 2　Body Coordinate System And The Euler Angles

Quadrotor UAV has four independent rotors which distributed in an "X" shape. It can adjust its posture via shifting 
velocity of each rotor. The kinematic and dynamic characteristics of the rotors are highly coupled with each others. The 
torque and lift force generated by rotation of each rotor of a quadrotor UAV are shown in Figure 3. The adjacent rotors are 
oriented in opposite directions to ensure that the total torque is zero.

General quadrotor UAVs possess following several states of motions:
Translation motions: forward and backward motion (move along the x axis); leftward and rightward motion (move 

along the y axis); upward and downward motion (move along the z axis).
Rotation motions: rolling motion (rotate along x axis); pitch motion (rotate along y axis); yaw motion (rotate along z 

axis).
Hovering (total lift force equals to the gravity).

2.1.2　Kinetic And Dynamic Model of Quadrotor UAV

In the absence of elastic vibration and deformation [5], it is clear to derive 12 equations of kinematics and dynamics of 
motions through classifying basic motions to translation and rotation:

x = vx (1)

y = vy (2)

z = vz (3)

m vx

.
= Ft( cosϕcosψsinθ + sinϕsinψ ) (4)

m vy

.
= Ft( cosϕsinθsinψ − cosψsinϕ ) (5)

m vz

.
= Ftcosϕcosθ − mg (6)

ϕ = p +( rcosϕ+ qsinϕ ) tanθ≈ p (7)

θ = qcosϕ− rsinϕ≈ q (8)

ψ =
1

cosθ ( rcosϕ+ qsinϕ )≈ r (9)

Ix p =( Iy − Iz ) qr + τp (10)

Iyq =( Iz − Ix ) pr + τq (11)

Izr =( Ix − Iy ) pq + τr (12)

Note: Ft represents the total lift force, Ft = F1 + F2 + F3 + F4.
Fi∝ fair (i = 1,2,3,4), where fair is the air reaction.
p, q and r respectively represent angular velocities of Euler angles ϕ, θ and ψ.
Ix, Iy and Iz respectively represent rotational inertias of UAV along x, y and z axes.

Figure 3　The Torque And Lift Force Generated by Rotation of Each Rotor of The UAV
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τp is rolling moment, τp = F2 l − F4 l.
τq is pitching moment, τq = F3 l − F1 l.
τr is yawing moment, τr =(F1 + F3 − F2 − F4 )d. (d is the torque coefficient).
(1) - (6) are equations of linear motion, (7) - (12) are equations of angular motion. From these equations above, it is 

clear that quadrotor UAV is an extremely strong coupled system.

2.2　PID Control And Z-N Method

2.2.1　PID Control And Cascade PID Control

PID is a controller based on the proportion, integration and differential of errors, which is used widely in almost all UAV 
controlling [6]. By contrast, cascade PID control is more suitable to strongly coupled, nonlinear and multivariate system 
resembling quadrotor UAV. It is composed of two or more PID controllers in cascade and is divided into an outer ring and 
an inner ring [7].

The equation of PID control is shown:

u ( t ) = KP  e ( t ) + KI ∫
0

t

e ( τ ) dτ + KD 
de
dt

(13)

Note: e(t) is the resulted error, e(t)= r(t)− y(t). After the Laplace transform, (2.13) can be convert into (2.14): (the time 
domain is changed to the complex domain)

U ( )s = KP  E ( )s + KI 
1
s

E ( )s + KD  s  E ( )s

=( )KP +
KI

s
+ KD  s E ( )s

(14)

Note: KP is proportional coefficient

KI is integral coefficient, KI =
KP

Ti

, Ti is integration time.

KD is differential coefficient, KD = KP  Td, Td is differential time.
Generally, PID control can be divided into three links:
Proportional link(KP): This part is to respond to the error signals of the control system timely. The greater the value of KP, 

the faster the response of the system. Nevertheless, excessive proportional gain will result in excessive overshoot, which 
will decrease the stability of the system.

Integral link(KI 
1
s

): This part is to eliminate the steady-state errors in order to improve indifference of the system. The 

shorter the Ti, the stronger the integral action effect. Nevertheless, the import of the section will result in reducing 
stability and deferring dynamic response of the system. Thus, integral link is usually combined with other links to form PI 
control or PID control.

Differential link(KD  s): This part is to optimize the response speed and stability of the system. Different from integral 
link, the larger the Td, the stronger the differential action effect. An appropriate value of KD can effectively diminish 
overshoot and settling time. Differential link can be regarded as a high-pass filter so that it has a amplified action to noise 
interference as well [8]. Therefore, the role of differential links cannot be blindly strengthened.

Cascade PID control is a controlling structure to improve system control performance by using multiple PID controllers 
working in series, having outer loops and inner loops. Outer loop is to directly handle the final controlling target of the 
system. Its calculated error is inner loop ’ s input. Inner loop is to response out loop ’ s command quickly, focused on 
responsiveness. When adjusting parameters, debugging should be done loop by loop from inside to outside [9].

Figure 4　The Flow Frame Chart of PID control

Figure 5　The Outer And Inner Loops of Quadrotor UAVs
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As for the quadrotor UAV shown in Figure 5, position control is the first loop; velocity is the second loop; attitude angle 
is the third loop; attitude rate is the fourth loop. So, the first loop need to be adjusted is attitude rate control and the last is 
position control. Cascade PID can decompose complex problems into inner and outer loop tasks through hierarchical 
control strategy, taking into account response speed and stability, and is suitable for high-precision or anti-interference 
systems like quadrotor drones.

2.2.2　Ziegler–Nichols Parameters Setting Method

Ziegler-Nichols method(Z-N method) is a frequently-used method of setting the control parameters of PID controller. 
[10] shows the method proposed in the 1940s. Z-N tuning method is typically executed via a systematic procedure. Initially, 
KI and derivative KD gains are set to zero. The proportional gain KP   is then incrementally increased from zero until the 
ultimate gain Ku is reached, at which the control output exhibits sustained, constant-amplitude oscillations with a period 
referred to as the ultimate period Pu [11].

Figure 6 shows a simulation in MATLAB/SIMULINK which need to manually adjust Ku until constant wavelength and 
amplitude oscillations occur, where F(s)=(s3 + 6s2 + 5s)−1 is an arbitrary transfer function. When the constant wavelength 
and amplitude oscillations occur, Ku = 30, Pu = 2.810. The output scope is shown in Figure 7, where the yellow function 
image is a step signal and the blue one is the image of constant wavelength and amplitude oscillation.

Figure 7 is a founded PID control used Z-N method by MATLAB/SIMULINK. In this PID controller system, the last row of 
data in Table 2 (when the control type is complete PID, the relationship between the three parameters KP, KI, KD) is used. It 
is obvious that the system include Proportional, Integral and Differential three sections. The output scope of this PID 
control simulation is shown in Figure 9.

Figure 8　Output Scope of Figure 6 Figure 9　Output Scope of Figure 7

Table 1　Comparison of Ordinary PID Control And Cascade PID Control

Structure
Parameters Adjusting
Anti-interference Capability
Applicable System

Ordinary PID Control
Single Loop

Simple
Weak

Univariate, Low Coupling

Cascade PID Control
Multi Loop
Complex

Strong
Multi-variable, Strong Coupling

Table 2　Conclusions of Z-N Method

P Control

PI Control

PID Control

KP

0.5Ku

Ku

2.2

0.6Ku

KI

-
1.2KP

Pu

2KP

Pu

KD

-

-

0.125KP  Pu

Figure 6　Searching for Ku and Pu of The Debugged F(s) by MATLAB/SIMULINK

Figure 7　PID Control Simulation Utilized Z-N Method in MATLAB/SIMULINK
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After the preliminary simulation of Z-N method on MATLAB/SIMULINK, it is not hard to find that the convergence of the 
simulated signal is not ideal. Therefore, utilizing another method to set parameters is extremely essential to the multi-
variable and strong coupling system especially the quadrotor UAV. Optimization algorithm is a valid way to tackle the 
problem.

3　Particle Swarm Optimization Algorithm

3.1　Brief Introduction to PSO Algorithm

The particle swarm optimization (PSO) algorithm, first introduced by Kennedy and Eberhart in 1995, was initially 
developed to mimic the foraging behavior of birds [12]. At its core, the algorithm involves randomly initializing a swarm of 
massless, volumeless particles—each representing a feasible solution to the target optimization problem. A pre-defined 
fitness function is used to assess the performance of each particle as it traverses the feasible solution space, with its 
movement direction and step size governed by a velocity parameter. The PSO algorithm converges on the global optimal 
solution through iterative searching, where each particle dynamically adjusts its trajectory by tracking two key 
benchmarks in every iteration: its own historical best performance (pt

i  ) and the optimal solution achieved by the entire 
swarm (pt

g )[13].
Suppose a population of M particles traveling at a certain speed in D-dimensional space. The state properties of 

particle i at time t are set as follows:
x t

i =[x t
i1 ,x t

i2 ,⋯,x t
id ]T (15)

v t
i =[v t

i1 ,v t
i2 ,⋯,v t

id ]T (16)

pt
i =[pt

i1 ,pt
i2 ,⋯,pt

id ]T (17)

pt
g =[pt

g1 ,pt
g2 ,⋯,pt

gd ]T (18)

Note: 1≤ d ≤ D,1≤ i≤ M.
x t

id∈[Ld ,Ud ], Ld and Ud are the lower and upper limits of the search space respectively.
v t

id∈[vmin,d ,vmax,d ], vmin,d and vmax,d are the minimum and maximum velocities respectively.

The updating formula of positions and velocities of particles at time t + 1 is as follow:
v t + 1

id = v t
id + c1r1( pt

id − x t
id ) + c2r2( pt

gd − x t
id ) (19)

x t + 1
id = x t

id + v t + 1
id (20)

Note: r1 and r2 are two random numbers which are uniformly distributed in [0,1].
c1 and c2 are called learning factors, commonly existing: c1 = c2 = 2[14].

3.2　Standard PSO Algorithm

In 1998, Eberhart and Shi brought inertia weight ω into equation (19) and (20) as shown in (21) and (22), named 

Figure 10　Flowchart of Particle Swarm Optimization Algorithm
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standard particle swarm optimization algorithm [15]:
v t + 1

id = ωv t
id + c1r1( pt

id − x t
id ) + c2r2( pt

gd − x t
id ) (21)

x t + 1
id = x t

id + v t + 1
id # (22)

ω = ωmax − ( )ωmax − ωmin × T
Tmax

(23)

Note: T is the times of iterations and Tmax is the maximum number of iterations.
The standard PSO algorithm is utilized more commonly in scientific studies currently. Confirming the value range of ω 

is a high-profile scholar problem.

4　PID Control Based on Particle Swarm Optimization Algorithm
4.1　Preliminary Selection of the Fitness Function

Designing the fitness function is one of the most crucial steps in the PSO algorithm, as it directly determines whether 
the algorithm can find the optimal solution to the problem. The commonly used comprehensive performance evaluation 
criteria on PID adjusting are mainly based on the relationship between the system ’ s error e(t) and time t, owning 
following forms [16]:

(1) Integral Square Error (ISE): ∫
0

∞
e(t)2 dt (24)

(2) Integral Time Square Error (ITSE): ∫
0

∞
te(t)2 dt (25)

(3) Integral Absolute Error (IAE): ∫
0

∞ ||e(t)  dt (26)

(4) Integral Time Absolute Error (ITAE): ∫
0

∞
t|e(t)| dt (27)

In the process of controlling, the less these integral values, the better the function of adjusting the parameters of PID. 
After comparing, the PID controller with ITAE owns higher response speed [17]. So ITAE is chosen to comprise the fitness 
function.

To ensure the high velocity of response and limit the overshoot, introduce two auxiliary function:

RiseTime = { t90% − t10% t90% and t10% exist∞ otherwise
(28)

Overshoot =

⎧⎨⎩
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪

100max ( )0,
yp − yss

yss

tp < t90%

0 otherwise

(29)

Note: t10% and t90% are the time when the system response first reaches the final value of 10% and 90% respectively.
yp and yss are the peak value and stable state value of the system response respectively.
Thus, in this essay, preliminarily designing the fitness function as (30):

f ( t ) =
1

0.6ITAE + 0.2RiseTime + 0.2 ||Overshoot + 0.01
(30)

Note: The reason to add 0.01 is to avoid the denominator equalling to zero.

4.2　Convergence Testing and Stability Testing

The convergence is the most necessary step in this loop. If the output y has no nonnumeric, infinite value or values 
exceeding 105, the response is convergent:

Convergence = { True no nonnumeric, infinite value or values exceeding 105

False otherwise
(31)

In order to guarantee the stability of system, avoid the particles focusing on locally optimal solution and eliminate the 
situation of aggregation on the boundary, giving priority to ensuring stability of system before optimizing is paramount. 
Therefore, the overshoot, settling time ts and steady state error ess are the factors need to be limited:

ts = min { t|∀τ≥ t,|y(τ)− yss≤ 0.02|} (32)

ess =|r − yss| (33)

Stability = { True Overshoot ≤ threshold, ts≤ threshold, ess≤ threshold
False otherwise

(34)
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The process of stability testing is a multi-objective optimization problem. The objective of multi-objective optimization 
is to find the Pareto optimal solution of the problem under consideration. In comparison to tradition method, the 
optimizing direction Pareto optimal method confronts the whole Pareto front rather than the single path.

After convergence testing and stability testing, the fitness function can be finally defined:

f ( )t =

⎧
⎨
⎩
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪

−106 Convergence = False

−104 Stability = False

(0.6ITAE + 0.2RiseTime + 0.2|Overshoot| + 0.01)−1 otherwise
(35)

4.3　Particle Boundary Rebound Rule

The particle boundary rebound effect can augment robustness of the system. The main principle is to simulate the 
elastic collision behavior of an actual physical system. Compared with direct truncation on boundaries, the particles will 
not gather on the boundaries, which extremely increases the diversity of particle swarm. So, the standard PSO formulas 
can be upgraded to the following:

x t + 1
id =

⎧
⎨
⎩
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪

Ld −( )x t
id − Ld = 2Ld − x t

id x t
id < Ld

Ud +( )Ud − x t
id = 2Ud − x t

id x t
id > Ud

x t
id + v t + 1

id otherwise

(36)

v t + 1
id =

⎧⎨⎩
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪

−0.7v t
id x t

id < Ld or x t
id > Ud

ωv t
id + c1r1( )pt

id − x t
id + c2r2( )pt

gd − x t
id otherwise

(37)

ω = ωmax − ( )ωmax − ωmin × T
Tmax

(38)

This paper employs formulas (36) - (38) as the improved PSO algorithm to optimize PID controller.

4.4　Simulation Experiment Result

Utilizing MATLAB to code the final PSO algorithm program and linking to the simulated PID model in SIMULINK. In the 
program, setting the thresholds as followed:

(1) Overshoot threshold = 150%
(2) Steady state error ess = 0.02
(3) Settling time ts = 10

Figure 11　Flowchart of Stability Testing
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In the SIMULINK model, randomly setting the transfer function as: 
1

s2 + 6s + 5
. After 50 iterations, eventually deriving 

three parameters:KP = 46.8103, KI = 5.1974, KD = 49.9677. The PID control simulation is shown in Figure 4.2 and the output 
scope is shown in Figure 4.3:

The blue curve is the Z-N method line and the orange curve represents PSO line. According to comparing with the line 
utilized traditional Z-N method, PSO algorithm is much better, owing to less overshoot, faster settling time and 
inappreciable stable state error.

5　Application of Optimized Algorithm in Quadrotor UAV System
5.1　Determination of the UAV Control System

Choose the classic type of UAV, DJI Spark as the testing object [18-19]. The technical parameters are shown in Table 3.

Build the UAV control system in SIMULINK as shown as Figure 14

The model includes three parts of controller. The blue module is height position controller, the orange module is 
horizontal position controller and the green module is attitude controller. These controllers are all utilized cascaded PID 
controller in order to augment the anti-interference capability, respectively shown in Figure 15, Figure 16 and Figure 17.

Figure 12　PID Control Simulation Based on PSO Algorithm in MATLAB/SIMULINK

Figure 13　Output Scope of Figure 12

Table 3　Parameter summary table of DJI Spark

parameters
mass m
distance between shafts l
g

Ix

Iy

Iz

tension coefficient cT

moment coefficient cM

electromechanical time constant Tm

values
0.3kg
0.35m

9.8m/s2

0.004593kg  m2

0.004593kg  m2

0.009188kg  m2

1.4865 × 10−7N  s2 /rad2

2.925 × 10−9N  m  s2 /rad2

0.11ms

Figure 14　The Control Model of the DJI Spark Drone in MATLAB/SIMULINK
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In order to prevent excessive complexity, the horizontal position controller employs PID controller provided by 

MATLAB/SIMULINK. The output of the first MATLAB function in the controller represents 
⎡
⎣
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤
⎦
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥sinψ cosψ

−cosψ sinψ
. The second 

MATLAB function is used to make the result value greater than 0.2 equals to 0.2 and the value smaller than -0.2 equals to 
-0.2. Thus, the desired attitude value can be limited in a more controllable range.

In order to prevent excessive complexity, the attitude controller employs PID controller provided by MATLAB/
SIMULINK.

Therefore, according to the above three controllers, there are 6 parameters need to be adjusted in height position 
controller, 12 parameters in horizontal position controller and 18 parameters in attitude controller.

The red module called motor simulation and speed distribution is to simulate the dynamic responses of four motors of 
drone and distribute their rotate speed into four parameters: total lift forceFt, rolling momentτp, pitching momentτq and 
yawing momentτr. To control them directly in the UAV model, rewrite these four variables asU1, U2, U3 and U4 respectively.

The relationship between the total lift force and three moments is shown as follow:

⎡
⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
⎢
⎢
⎢
⎢
⎢ ⎤

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
⎥
⎥
⎥
⎥
⎥U1

U2

U3

U4

=

⎡

⎣

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎢

⎢

⎢

⎢

⎢ ⎤

⎦

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎥

⎥

⎥

⎥

⎥cT cT cT cT

2
2

lcT − 2
2

lcT − 2
2

lcT
2

2
lcT

2
2

lcT
2

2
lcT − 2

2
lcT − 2

2
lcT

cM −cM cM −cM

⎡
⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
⎢
⎢
⎢
⎢
⎢ ⎤

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
⎥
⎥
⎥
⎥
⎥ω2

1

ω2
2

ω2
3

ω2
4

 (39)

Note: ω represents the rotate speed of one motor.
cT and cM are two constants which respectively refer to tension coefficient and moment coefficient.
The dynamic response equation of the motor is based on the following first-order low-pass filtering model [20]:

ωss =
1

Tm s + 1
ω (40)

Figure 15　Height Position Controller

Figure 16　Horizontal Position Controller

Figure 17　Attitude Controller
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According to equation(1) - (12), construct the yellow module called UAV dynamic model, shown as following in 
Figure 19:

Taking one with another of the UAV control model, it needs four desired parameters: the desired position on axis x, y,
and z and the desired yawing angle ψ.

5.2　Optimizing PID Parameters in UAV Controllers Using PSO Algorithm

Using the PSO algorithm in the controllers, derive the optimized PID parameters shown in Table 4 And in the 
simulation model, the desired values of x, y, z and ψ are preset as 5m, 5m, 10m and 0 respectively. The six curves of three 
positions x, y and z, and three attitude angles ϕ, θ and ψ are shown in following:

The optimized PID parameters obtained by the PSO algorithm are presented in Table 4, and the corresponding 

Figure 18　Speed Distribution and Motor Simulation

Figure 19　UAV Dynamic Model

Table 4　PID Optimization Parameter Table

Control Channels

Horizontal Position Controller

Horizontal Position Controller

Height Position Controller

Attitude Controller

Attitude Controller

Attitude Controller

Parameter Type

Outer Loop(Position Loop)

Inner Loop(Velocity Loop)

Outer Loop(Position Loop)

Inner Loop(Velocity Loop)

Outer Loop(Position Loop)

Inner Loop(Velocity Loop)

Outer Loop(Attitude Angle Loop)

Inner Loop(Attitude Rate Loop)

Outer Loop(Attitude Angle Loop)

Inner Loop(Attitude Rate Loop)

Outer Loop(Attitude Angle Loop)

Inner Loop(Attitude Rate Loop)

Parameters
KP_ox

KI_ox

KD_ox

KP_ix

KI_ix

KD_ix

KP_oy

KI_oy

KD_oy

KP_iy

KI_iy

KD_iy

KP_oz

KI_oz

KD_oz

KP_iz

KI_iz

KD_iz

KP_oϕ

KI_oϕ

KD_oϕ

KP_iϕ

KI_iϕ

KD_iϕ

KP_oθ

KI_oθ

KD_oθ

KP_iθ

KI_iθ

KD_iθ

KP_oψ

KI_oψ

KD_oψ

KP_iψ

KI_iψ

KD_iψ

Value
12.1963
17.0957

0.0000
5.5509
0.0000
4.0948

12.1963
0.0000

17.0957
5.5509
0.0000
4.0948

49.2589
0.0000

41.1652
9.5197

28.5752
6.1429
4.9440
0.0000
1.4085
2.4792
0.0126
0.1579
4.9440
0.0000
1.4085
2.4792
0.0126
0.1579
4.8382
0.0002
0.3952

28.9762
0.0003
0.4746
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dynamic response is shown in Figure 5.7. The simulation results show that the actual position of the DJI Spark quadrotor 
can quickly track the preset values of x=5m, y=5m, z=10m, and the yaw angle ψ stably converges to 0 without obvious 
overshoot, oscillation, or steady-state error. The roll and pitch angles exhibit only a small transient response at the initial 
stage and quickly return to stability, which is consistent with the strongly coupled dynamic characteristics of the 
quadrotor UAV.

These results fully verify that the improved PSO algorithm can effectively search for the optimal parameter 
combination for the cascaded PID controller, significantly improving the dynamic and static performance of the control 
system and overcoming the limitations of traditional manual tuning methods for nonlinear, strongly coupled systems.

6　Summary And Prospect
6.1　Summary

This paper focuses on the parameter tuning problem of cascaded PID control for quadrotor UAVs, which are 
characterized by nonlinearity, strong coupling, and underactuation. Taking the DJI Spark as the research object, the main 
contributions are as follows:

(1) An improved PSO algorithm is proposed, which uses the ITAE criterion as the fitness function and introduces 
boundary rebound rules to avoid local optima, significantly improving the parameter tuning efficiency and accuracy.

(2) A cascaded PID control system is built in MATLAB/Simulink, and the improved PSO algorithm is applied to tune the 
parameters of the height, horizontal position, and attitude controllers. Simulation results show that the optimized system 
exhibits excellent trajectory tracking and stability, validating the feasibility and superiority of the proposed method.

6.2　Prospect

Although the proposed method achieves good simulation results, there are still limitations that need to be addressed 
in future work:

(1) Hardware-in-the-loop and real-flight verification: The current research is based on ideal simulation conditions. 
Future work will involve building a hardware-in-the-loop platform and conducting real-flight tests to validate and refine 
the control parameters under actual environmental conditions.

(2) Robustness enhancement: The current model does not fully consider external disturbances such as wind fields and 
internal uncertainties such as mass changes. Future research will focus on improving the system ’ s robustness and 
adaptability to these factors.

(3) Algorithm fusion and function expansion: The proposed method can be combined with other advanced control 
strategies (e.g., model predictive control, sliding mode control) and extended to integrate autonomous flight functions 
such as path planning and obstacle avoidance, thereby expanding its application scope in complex environments.

Overall, the cascaded PID control method based on the improved PSO algorithm shows great potential in quadrotor 
UAV control. With further research and optimization, it is expected to play an increasingly important role in practical 
engineering applications.

Figure 20　Parametric Curves of Position and Attitude Angle
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