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  GRAPHICAL ABSTRACT
 

  ABSTRACT
The  dynamic  variation  issues  of  variable-load  unmanned  aerial  vehicle  (UAV)
used in agricultural plant protection activities was addressed by a disturbance-
resistant  control  system  based  on  PD  (proportional-derivative)  sliding  mode
control.  First,  a  time-varying  dynamic  model  was  developed  by  analyzing  the
variations in mass, center of gravity and moment of inertia across time. Then a
trajectory  tracking  control  approach  based  on  PD  sliding  mode  control  was
designed  to  develop  an  inner-loop  attitude  controller  and  an  outer-loop
trajectory  controller  to  accomplish  precise  and  closely  coupled  trajectory
tracking.  Numerical  simulations  were  conducted  to  verify  the  trajectory
tracking  performance,  demonstrating  accurate  tracking  of  the  desired
trajectory  with  standard  deviations  of  0.0507,  0.1613  and  0.0002  m  in  the
horizontal,  lateral  and  vertical  directions,  respectively.  In  terms  of  attitude
control, the system exhibited favorable performance on the roll, pitch and yaw
axes,  with  small  transient  errors  and  rapid  convergence.  Flight  experiments
further demonstrated that the UAV accurately followed the specified path, and
errors  in  both  straight  and  twisting  segments  satisfied  control  criteria.  This
control  system  ensured  efficient  and  steady  trajectory  tracking,  offering
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theoretical  and  application  references  for  intelligent  and  precise  agricultural
plant protection activities.
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1    Introduction
 
The  variable-load  unmanned  aerial  vehicle  (UAV),  as  an
essential component of smart agriculture, is particularly useful
for the prevention and control of agricultural pests and diseases
because of their straightforward design, adaptability in terms of
mobility and ease of use[1]. These UAVs operate on a rotorcraft
platform  and  have  specific  pesticide  spraying  equipment,
which allows them to operate in a range of agricultural settings
and  gave  suitable  environmental  adaptability.  Variable-load
UAVs  have  been  used  extensively  in  agriculture  and  have
emerged  as  a  key  intelligent  tool  in  the  pesticide  spraying
process  because  of  their  high  operating  speed,  less  risk  of
chemical  drift  and  improved  crop  coverage[2].  Despite  their
remarkable  success  in  real-world  applications,  UAVs  provide
control  systems  with  previously  unconsidered  arising  from
their  intricate  operating  environments  and  mission
requirements.  In  particular,  the  pesticide  liquid  gradually
diminishes  over  time  during  spraying  operations,  causing
concurrent temporal changes in the overall  mass and moment
of  inertia  of  the  UAV.  Although  these  modifications  occur
smoothly, they add time-varying dynamics to the UAV system,
which  raises  the  modeling  requirements  for  precise  trajectory
tracking  control  and  attitude  response.  Current  research  in
UAV  dynamics  and  control  predominantly  focuses  on
modeling  frameworks  under  constant-mass  assumptions[3],
while  studies  on  variable-load  systems  mainly  concentrate  on
solid  suspension  systems[4,5] and  abrupt  mass  changes.
Although these methods have made strides in resolving abrupt
structural  changes,  they  typically  ignore  the  ongoing  dynamic
changes brought on by the slow loss of liquid payloads during
processes  like  agricultural  spraying.  This  work  systematically
models  the  effects  of  liquid  loss  on the  center  of  mass,  inertia
distribution  and  flight  response  of  the  UAV  by  explicitly
introducing time-varying functions for both mass and moment
of inertia in order to address this realistic practical case. A new
approach to  modeling and controlling variable-mass  UAVs in
agricultural missions is thus provided by the establishment of a
dynamic model with parameter variation and the selection of a
trajectory  tracking  controller  physically  compatible  with  this
time-evolving behavior.

In  the  research  on  UAV  suspension  systems,  Yi  et  al.[6]

investigated the coupling problem between the aircraft and the
suspended load, applying the Newton-Euler method to analyze
the system modeling of the load swinging effect. Qian & Liu[7]

developed  the  suspended  load  dynamic  models  within  a  two-
dimensional  plane  framework.  Tran  et  al.[8] developed  a
nonlinear  six-degrees-of-freedom  dynamic  model  for
quadrotor  UAVs.  In  the  research  of  UAV  mass  control,
Pounds  et  al[9] performed  dynamic  modeling  for  the  aerial
refueling phase of aircraft. System stability problems during the
continuous  airlift  process  of  the  aircraft  were  investigated  by
Xu[10]. The studies above mostly concentrate on simulating the
suspension and mass control of large aircraft. The variable-load
modeling  and  control  of  small  rotary-wing  UAV  require
further research.

The  UAV  control  for  agricultural  plant  protection  mainly
includes  proportional-integral-derivative  (PID)  control
algorithm[11–15],  linear  quadratic  regulator  (LQR)  control
algorithm[16–19],  active  disturbance  rejection  control  (ADRC)
algorithm[20–23],  adaptive  control  algorithm  and  sliding  mode
control (SMC) algorithm[24–27], and others. The PID algorithm
is  easy  to  implement  and  relatively  mature,  but  parameter
tuning  is  challenging,  and  the  system  robustness  is  relatively
weak[28].  LQR  control  algorithm  is  a  linearized  method,
making  its  effectiveness  in  nonlinear  UAV control  limited[29].
ADRC algorithm has  suitable  disturbance-rejection capability,
but  coordinating  multiple  adjustable  parameters  is  difficult,
and  it  has  poor  real-time  performance[30].  Adaptive  control
handles  parameter  changes  and  variable  loads,  making  it
suitable for time-varying trajectory control of UAVs. However,
it  is  complex,  hard  to  tune,  demands  high  computation,  and
may  degrade  under  strong  disturbances[31–33].  The  SMC
algorithm  offers  strong  robustness  and  effectively  suppresses
parameter  uncertainties,  making  it  suitable  for  attitude  and
pose  control  of  variable  payload  multirotor  UAVs  for
agricultural plant protection. Hence, it is essential to investigate
how  to  design  a  robust,  disturbance-rejecting  controller  to
ensure the stable flight of variable-load UAVs.
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This  paper  develops  a  time-varying  dynamic  model  for
variable-load UAV and a disturbance-rejection control system
based  on  PD  (proportional-derivative)  sliding  mode  control.
The  specific  contributions  include  the  following.  (1)  Rigid-
body  dynamics  and  CFD-based  estimation  are  combined  to
create  a  time-varying  dynamic  model.  This  model  treats  the
UAV  frame  as  a  rigid  body  and  uses  CFD  simulations  to
approximate  the  variation  in  mass  and  inertia  of  the  payload
(pesticide tank). This method makes it possible to characterize
the  dynamic  behavior  of  the  UAV  more  accurately  under
variable  loading  conditions  and  offers  a  reasonable
representation  of  the  impact  of  payload  variation  on  system
dynamics.  (2)  A  disturbance-rejection  control  strategy  is
created  by  combining  sliding  mode  control  and  PD  control.
This  improves  system  robustness  and  guarantees  the  UAV
flight  stability  and  accuracy  in  challenging  situations  by
enabling a quick response to control errors through the sliding
surface design. (3) Actual flight test is introduced to verify the
effectiveness of the proposed model and control method.
 

2    Materials and methods
  

2.1    Mathematical modeling and problem
description of variable-load UAVs
A  payload  module  that  can  be  adjusted,  4-foldable  arms,  and
several motors and rotors make up the variable-load UAVs for
agricultural  plant  protection  activities.  Based  on  the  needs  of
the task, the payload module can be classified as either a liquid
spraying  module  or  a  solid  delivery  module.  Fixing  the
pesticide tank to the frame and using a pump to pressurize the
liquid to the spraying nozzle is the basic idea behind the liquid
spraying  payload.  The  stability  and  mobility  of  the  UAV  are
greatly  impacted  by  the  progressive  consumption  of  pesticide
liquid  in  agricultural  plant  protection jobs,  where  the  payload
mass  progressively  changes  as  the  pesticide  concentration
drops.

Owing to  this  special  mechanical  structure,  the  system can be
separated  into  two  main  modules:  the  pesticide  tank  module,
whose  mass  varies  gradually,  and  the  constant-mass  frame
module.  Given  the  disparities  in  mass  distribution,  inertia
properties  and  motion  dynamics  between  these  modules,
multibody  dynamic  modeling  was  performed  to  characterize
their  dynamic  coupling,  which  effectively  captures  how
payload variations impact UAV performance. 

2.1.1    Mathematical modeling of constant-mass frame
module
An inertial coordinate system E(X,Y,Z) connected to the center
of  the  Earth  and  a  body-fixed  coordinate  system  B(x,y,z)
connected to the center of gravity of the quadrotor are defined
as shown in Fig. 1 in order to build the mathematical model for
the  constant-mass  frame  module.  The  roll  angle ϕ about  the
x-axis, pitch angle θ about the y-axis and yaw angle ψ about the
z-axis  are  the  definitions  of  the  attitude  angles.  The  rotation
matrix R can  be  used  to  interconvert  these  two  coordinate
systems.

The  positional  relationship  between  the  two  coordinate
systems can be written as follows, assuming that the gyroscopic
effects of the quadrotor are disregarded:
  

X
Y
Z

 = R


x
y
z

 (1)

 

R =


CθCψ S θS ϕCψ −S ψCϕ S ψS ϕ +S θCϕCψ

S ψCθ CϕCψ +S θS ϕS ψ S θS ψCϕ −CψS ϕ

−S θ S ϕCθ CθCϕ

 (2)

where,  [X,Y,Z]ᵀ and  [x,y,z]ᵀ,  respectively,  are  the  position
coordinates  in  body-fixed  and  inertial  coordinate  systems,
S and C are  the  sine  and  cosine  functions,  respectively,  and
Cψ − Sθ is a shortened form of cosψ – sinθ.

According  to  the  relationship  between  the  Euler  angles  and
angular velocities, the following equation can be obtained:
  

p
q
r

 =


1 0 −S θ

0 Cϕ S θCθ

1 −S ϕ CϕCθ



ϕ̇

θ̇

ψ̇

 (3)

where,  the  angular  velocity  in  the  body-fixed  frame  is

 

 
Fig. 1    Definition of coordinate system.
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[ϕ̇, θ̇, ψ̇]T

represented by [p, q, r]T and the corresponding angular velocity
in the inertial frame by .

Four  separate  control  inputs  represent  the  single  force  and
three  moments  that  the  frame  experiences  during  flight:
vertical  force  input U1,  pitch  moment  input U2,  roll  moment
input U3 and  yaw  moment  input U4.  The  following  matrix
equation represents the dynamic model of the frame:
  

U1

U2

U3

U4


=



F1 +F2 +F3 +F4

(F4 −F2) l

(F3 −F1) l

D2 +D4 −D1 −D3


(4)

where, l is the distance between the rotor center and the origin
of the body-fixed coordinate system, Fi is the lift that each rotor
produces  and Di is  the  response  torque  that  each  rotor
produces.

Their correlations with rotor speed ωi are expressed as:
 

Ti = ktω
2
i , Di = kdω

2
i (5)

where, the moment constant is kd and the thrust constant is kt.
From  this  equation,  the  following  relationships  can  be
obtained:
  

U1

U2

U3

U4


=



kt

4∑
i=1

ω2
i

kt(ω2
4 −ω2

2)l

kt(ω2
3 −ω2

1)l

kd(ω2
2 +ω

2
4 −ω2

1 −ω2
3)


(6)

where, Fx, Fy and Fz are  the  corresponding  components  of FB

along  the x, y and z axes  in  the  inertial  coordinate  system,
respectively.

With FB representing  the  force  produced  by  the  rotors  in  the
body-fixed coordinate system is:
 

FB =


0
0

U1

 (7)

The  relationship  between FB and Fx, Fy and Fz based  on  the
coordinate transformation matrix R is:
  

Fx

Fy

Fz

 = RFB = U1


CϕS θCψ +S ϕS ψ

CϕS θS ψ −S ϕCψ

CϕCθ

 (8)

Newton’s  second  law  and  mechanical  analysis  yield  the
dynamic equations of the frame:
  

ẍ =
Fx +K1 ẋ

m
=

U1
(
CϕS θCψ +S ϕS ψ

)
+K1 ẋ

m

ÿ =
Fy +K2ẏ

m
=

U1
(
CϕS θS ψ −S ϕCψ

)
+K2ẏ

m

z̈ =
Fz +K3ż−mg

m
=

U1CϕCθ +K3ż
m

−g

(9)

where, m is  the  mass  of  the  UAV  frame  and Ki is  the  drag
coefficient in linear motion.

The diagonal matrix I can be used to define the inertia matrix
of the UAV if its mass and structure are symmetric:
 

I =


Ix

Iy

Iz

 (10)

The  total  moment M operating  on  the  quadrotor  can  be
explained as follows using Euler’s equation:
 

M = I


ṗ

q̇

ṙ

+


p

q

r

× I


p

q

r

 (11)

By calculation, this can be simplified to the following form:
  

ṗ =
LU2 +

(
Iy − Iz

)
qr

Ix

q̇ =
LU3 + (Iz − Ix) pr

Iy

ṙ =
LU4 +

(
Ix − Iy

)
pq

Iz

(12)

The final mathematical model of the frame is:
  

ẍ =
Fx +K1 ẋ

m
=

U1
(
CϕS θCψ +S ψS θ

)
+K1 ẋ

m

ÿ =
Fy +K2ẏ

m
=

U1
(
CϕS θS ψ −S ψCθ

)
+K2ẏ

m

z̈ =
Fz +K3ż−mg

m
=

U1CϕCθ +K3ż
m

−g

ṗ =
LU2 +

(
Iy − Iz

)
qr

Ix

q̇ =
LU3 + (Iz − Ix) pr

Iy

ṙ =
LU4 +

(
Ix − Iy

)
pq

Iz

(13)
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2.1.2    Mathematical modeling of the pesticide tank module
The  outflow  of  liquid  from  the  pesticide  tank  causes  notable
variations  in  the  instantaneous  mass  attributes  of  the  UAV,
such  as  overall  mass  and  moment  of  inertia,  during  the
agricultural plant protection operations of a variable-load UAV
with a quadrotor design. The accuracy and stability of the light
control  system  may  suffer  as  a  result  of  these  modifications.
This study makes the following assumptions to guarantee both
computational viability and physical plausibility.

Assumption  1:  the  pesticide  tank  is  a  rectangular  cuboid,
symmetric  about  the x and y axes,  and  its  center  is  aligned
along the z-axis of the body-fixed coordinate system.

Assumption 2: the pesticide tank has damping grids put inside,
which  creates  a  comparatively  stable  liquid  surface  while  the
spraying is going on. Therefore, when simulating the variable-
load UAV during agricultural plant protection missions, liquid
sloshing effects are disregarded.

Assumption  3:  the  thickness  of  the  pesticide  tank  walls  is
omitted, and only the contribution of the interior liquid to the
overall mass and moment of inertia is considered.

The  fluid  volume  (FV)  multiphase  flow  model,  which  tracks
the  interface  between  phases,  is  used  in  this  work  to
numerically  evaluate  the  variation  in  the  moment  of  inertia
brought  on  by  liquid  leakage  during  spraying  operations.  The
study  focuses  on  the  gas-liquid  two-phase  flow  inside  the
pesticide  tank.  A  time-varying  mathematical  model  of  a
quadrotor  variable-load  UAV  is  developed  based  on  these
simulations.  The  FV  approach  provides  a  volume  fraction
function,  with φq the  fraction  of  liquid  within  each
computational  cell,  so  permitting  the  tracking  of  the  dynamic
evolution  of  the  free  surface  without  explicitly  following
individual fluid particles on the liquid interface.

The pesticide is represented in the simulation as water since its
physical characteristics, such as density and viscosity, are quite
comparable  to  those  of  liquid  water.  The  computational  fluid
dynamics (CFD) program ANSYS Fluent is used to do a three-
dimensional  transient  simulation  of  the  liquid  motion  inside
the pesticide tank. The computational domain is separated into
two regions:  the external flow field,  which represents the area,
where the liquid is sprayed into the surrounding space and the
internal  flow  field,  which  represents  the  liquid  inside  the
pesticide  tank.  The physical  model  is  built  in  SolidWorks  at  a

1:1  scale.  For  numerical  analysis,  the  model  is  integrated  into
the simulation program after being exported in STL format.

The  boundary  condition  settings  are:  (1)  the  top  of  the
pesticide  tank  is  an  air  region  and  water  is  the  working  fluid
during  the  simulation;  (2)  a  clear  gas-liquid  interface  is
maintained during the spraying and drainage process, with no
interpenetration between the two phases; (3) the FV method is
used for transient multiphase flow calculation; (4) the standard
k-ε  turbulence  model  is  used  to  account  for  the  turbulent
characteristics  of  localized  flow  during  spraying;  (5)  the
spraying  velocity  is  set  to  0.43  m·s−1,  for  a  total  of  100  s;  and
(6) the tank is initially filled to 100% of its capacity with liquid.

A  user  defined  function  is  created  to  move  through  each
computational  cell  in  the  simulation  domain  in  order  to
determine  the  dynamic  variation  of  the  liquid  center  of  mass
and moment of inertia. The volume fraction indicates if liquid
is present in each cell,  and the liquid mass distribution, center
of  mass  and moment  of  inertia  are  then computed in  relation
to  a  coordinate  system  set  up  in  the  center  of  the  bottom
surface  of  the  tank. Figures 2 and 3 show  the  liquid  phase
distribution  diagrams  and  velocity  contour  maps  at  four  time
steps.

Figure 4 show the time evolution of the moments of inertia of
the  liquid  about  the  primary  axis  during  the  spraying
operation.  The  moments  of  inertia  in  all  three  directions
steadily  drop  with  time  and  approach  zero  at  the  end  of  the
spraying procedure (100 s).

To investigate the trends of variation in the moments of inertia
over time, a curve fitting analysis was performed. The data was
subjected  to  linear  models,  quadratic  polynomial  models  and
exponential  decay  models  in  the Ixx, Iyy and Izz directions,
respectively.  After comparing fitting ability of each model,  the
model  that  best  represented  the  time-dependent  variation  of
the moments of inertia in each direction was chosen based on
its goodness-of-fit (R2 and adjusted R2) and error metrics (MSE
and RMSE). Tables 1–3 summarize the fitted results.

The time history of the entire liquid mass is shown in Fig. 5. A
steady  and  continuous  spraying  process  with  a  constant
discharge rate is revealed by the linear and uniform drop of the
mass  from  an  initial  value  of  about  1.5  kg  to  zero  at  about
100 s.

Xin ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(3): 25662 https://doi.org/10.15302/J-FASE-2025662

 
https://journal.hep.com.cn/fase 25662-5

https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662


 

 
Fig. 2    Velocity contour plots at four time steps: (a) 25 s, (b) 50 s, (c) 75 s, and (d) 100 s.

 

 

 
Fig. 3    Water phase diagrams at four time steps: (a) 25 s, (b) 50 s, (c) 75 s, and (d) 100 s.
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Table 4 provides  a  summary  of  the  mass  of  the  tank  as  a
function of time.

Figure 6 shows the liquid center of the time-varying trajectories
of  the  mass  in  the x-, y- and z-directions.  A  homogeneous
discharge  of  the  liquid  along  the  vertical  axis  is  shown by  the
center of the overall  linear downward tendency of the mass in
the  z-direction.  There  are  not  many  changes  in  the x and y-
directions,  which  indicates  that  the  spraying  process  is  stable
and  symmetric.  Numerical  disturbances  resulting  from  the
depletion  of  the  liquid  are  probably  the  origin  of  the  small
oscillations seen near the end of the procedure.
 

2.1.3    Mathematical modeling of variable-load UAVs
The  time-varying  multibody  dynamic  model  of  the  variable-
load UAV can be obtained as follows using the synopsis of the
preceding two sections:
 

 

 
Fig. 4    Variation of moment of inertia over time. Ixx,  Iyy and Izz

represent the moments of  inertia  about the x-axis, y-axis,  and
z- axis, respectively.

 

 

Table 1    Regression model comparison for IXX as a function of time

Model Fitted function
Rank

R² Adjusted R² MSE RMSE

Linear y = 3.44 × 10−3 − 5.10 × 10−5x 0.984 0.984 1.60 × 10−8 0.000126

Quadratic y = 3.44 × 10−3 − 5.11 × 10−5x+1.67 × 10−7x2 0.9996 0.999 9.16 × 10−10 3.03 × 10−5

Exponential y = 0.00553 × e–0.0348x 0.800 0.800 0.237 0.487

 

 

Table 2    Regression model comparison for Iyy as a function of time

Model Fitted function
Rank

R² Adjusted R² MSE RMSE

Linear y = −3.56 × 10−3−3.86 × 10−5x 0.957 0.957 1.26 × 10−8 0.000112

Quadratic y = 3.56 × 10−3 − 3.86 × 10−5x + 1.92 × 10−8x2 0.998 0.998 1.26 × 10−8 2.45 × 10−5

Exponential y = 0.003002 × e–0.0389x 0.839 0.839 0.227 0.476

 

 

Table 3    Regression model comparison for Izz as a function of time

Model Fitted function
Rank

R² Adjusted R² MSE RMSE

Linear y =−3.56 × 10−3 − 3.86 × 10−5x 0.9997 0.9997 3.36 × 10−10 1.83 × 10−5

Quadratic y = 3.56 × 10−3 − 3.86 × 10−5x + 1.92 × 10−8x2 0.9999 0.9999 1.55 × 10−10 1.24 × 10−5

Exponential y = 0.00593 × e–0.0318x 0.748 0.748 0.267 0.517
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

ẍ =
U1

(
CϕS θCψ +S ψS θ

)
+K1 ẋ

m

ÿ =
U1

(
CϕS θS ψ −S ψCθ

)
+K2ẏ

m

z̈ =
U1CϕCθ +K3ż

m
−g

ṗ =
LU2 + (IY − IZ)qr

Ix

q̇ =
LU3 + (IZ − IX) pr

IY

ṙ =
LU4 + (IX − IY ) pq

IZ

(14)

where:
  

m = 1.48−0.0154t+2.00×10−6t2

Ix = Ix1 + Ix2

IY = Iy1 + Iy2

IZ = Iz1 + Iz2

Ix1 = 3.44×10−3 −5.11×10−5t+1.67×10−7t2

Iy1 = 1.86×10−3 −3.30×10−5t+1.47×10−7t2

Iz1 = 3.56×10−3 −3.86×10−5t+1.92×10−8t2

(15)

 

3    Time-varying control system design
 
The  time-varying  multibody  dynamic  model  of  the  variable-
load UAV can be obtained using the synopsis of the preceding
two  sections.  As  depicted  in Fig. 7 (Control  system  block
diagram), this dynamic model serves as the core feedback and
simulation  basis  for  the  UAV’s  control  system,  where  key
parameters such as real-time load mass and moment of inertia
derived from the model are transmitted to the flight controller
to optimize control strategies and ensure flight stability.

In  the  dynamic  model, U2, U3 and U4 regulate  the  flight
attitude  of  the  UAV,  while U1 regulates  translational  motion
along  the X, Y and Z axes.  A  cascaded  controller  with  an
inner/outer-loop  topology  is  intended  to  meet  the  trajectory
tracking  goals  of  the  variable-load  UAV.  A  PD-based  sliding
mode controller is used in the attitude control loop to precisely
track  the  reference  attitude  angles  and  guarantee  attitude
stability.  To  allow for  high-precision  tracking  of  the  reference
trajectory,  the  position  control  loop  uses  a  sliding  mode
controller  for  the  position  subsystem.  Under  constantly
changing  payload  conditions,  system  stability  and  trajectory
tracking  performance  are  guaranteed  by  the  coordinated
operation of the dual-loop control.
 

3.1    Controller design
U1 needs to be broken down into three distinct virtual control
inputs, Ux, Uy and Uz,  which  correspond  to  the  control
components  along  the X-, Y- and Z-directions,  respectively,
because  it  functions  as  a  composite  input  for  controlling
displacement along the X-, Y- and Z-axes, but in real operation,
the control demands in these three directions are independent.
For  each  of  these  virtual  control  variables,  a  suitable  control
algorithm will be created separately. The dynamic model states
that these virtual control inputs are:
 

 

 
Fig. 5    Variation of mass of the tank over time.

 

 

Table 4    Regression model comparison for mass of the tank as a function of time

Model Fitted function
Rank

R² Adjusted R² MSE RMSE

Linear y = −1.48 − 0.0153x 0.9996 0.9996 7.93 × 10−5 0.00890

Quadratic y = 1.48 − 0.0155x + 2.00×10−6x2 0.9996 0.9996 7.80 × 10−5 0.00883

Exponential y = 2.644 × e–0.0336x 0.659 0.659 0.460 0.678
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
Ux = U1

(
CϕS θCψ +S ϕS ψ

)
Uy = U1

(
CϕS θS ψ −S ϕCψ

)
Uz = U1CϕCθ

(16)

Inverse computation can be used to determine the desired roll

angle  (ϕd),  the  desired  pitch  angle  (θd),  and  the  desired  yaw

angle  (ψd)  based  on  the  dynamic  model  given  above  and  the
input U1:
  

U1 = m
√

u2
x +u2

y + (uz +g)2,

ϕd = arcsin
(

m(ux sinψd −uy cosψd)
U1

)
θd = arctan

(
m(ux cosψd +uy sinψd)

uz +g

) (17)

The  purpose  of  the  outer  control  loop  is  to  achieve  reference
trajectory tracking of the position of the UAV in the X-, Y- and
Z-directions.  Assuming  the  reference  trajectory  is  represented
as (xd, yd and zd), the position tracking error is:
  

ex = xd − x
ey = yd − y
ez = zd − z

(18)

The  derivative  yields  the  following  rate  of  change  for  the
position tracking error:
  

ėx = ẋd − ẋ
ėy = ẏd − ẏ
ėz = żd − ż

(19)

To guarantee  the  tracking quick convergence  of  the  error,  the
sliding surface is described as follows. It is specifically designed
to  include  both  proportional  and  derivative  terms,  thereby
embedding  the  dynamic  response  characteristics  of  a  classical
PD  controller  into  the  sliding  mode  control  framework.  This

 

 
Fig. 6    Variation  of  the  liquid  center  of  mass  over  time:  (a) x-
direction, (b) y-direction and (c) z-direction.

 

 

 
Fig. 7    Control system block diagram.

 

Xin ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(3): 25662 https://doi.org/10.15302/J-FASE-2025662

 
https://journal.hep.com.cn/fase 25662-9

https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662
https://doi.org/10.15302/J-FASE-2025662


structure enhances the ability of the system to respond rapidly
to  tracking  errors  while  retaining  the  robustness  inherent  to
sliding mode control:
 

si = KPiei +KDiėi (20)
With si =  [sx,sy,sz]  being  the  sliding  surface, Kpi, KDi are  the
proportional  and  derivative  gain  vectors,  respectively,  and  all
elements  positive.  The  time  derivative  of  the  position  sliding
surface is:
 

ṡi = KPiėi +KDiëi (21)
The sliding mode control law is:
 

ṡi = −αi |si|βi sgn(si)− ki si (22)
ṡi =

[
ṡx, ṡy, ṡz

]
αi =

[
αx,αy,αz

]
αi > 0 βi =

[
βx,βy,βz

]
0 ⩽ βi ⩽ 1 ki =

[
kx,ky,kz

]
ki > 0

where, , , , ,
, , 

To  mitigate  the  chattering  phenomenon  in  the  UAV  system,
the  continuous  hyperbolic  tangent  function tanh(x)  is  used to
replace  the  discontinuous  sign  function  sgn(x),  thereby
reducing  sliding  mode  chattering.  The  modified  sliding  mode
reaching law is expressed as:
 

ṡi = −αi |si|βi tanh(si)− ki si (23)
where:
 

tanh(x) =
sinh(x)
cosh(x)

=
ex − e−x

ex + e−x
(24)

The final control laws for the three channels are:
  

ux = ẍd −dx +
(
KPx ėx − ṡx

) 1
KDx

uy = ÿd −dy +
(
KPy ėy − ṡy

) 1
KDy

uz = z̈d −dz +g+
(
KPz ėz − ṡz

) 1
KDz

(25)

Similarly, the control rules for the roll angle (ϕ) channel as U2,
the pitch angle (θ) channel as U3 and the yaw angle (ψ) channel
as U4 are:
  

U2 =
IX

KDϕ

(
KPϕ

ėϕ − ṡϕ
)
+ IXϕ̈d − (IZ − IY ) ψ̇θ̇

U3 =
IY

KDθ

(
KPθ

ėθ − ṡθ
)
+ IY θ̈d − (IX − IZ) ϕ̇ψ̇

U4 =
IZ

KDψ

(
KPψ

ėψ − ṡψ
)
+ IZψ̈d − (IY − IX) θ̇ϕ̇

(26)

 

3.2    Stability analysis
After  the  controller  design  is  completed,  a  stability  analysis  is
performed using the Lyapunov criterion. Taking the X-channel
as  an  example,  the  stability  of  the  control  law  is  verified.  The

Lyapunov function is chosen as:
 

Vsx =
1
2

s2
x (27)

By taking the derivative, the following is obtained:
 

V̇sx = sx ṡx

= sx
(
KPx ėx +KDx ëx

)
n

= sx
[
KPx ėx +KDx

(ẍd − ẍ)
]
n

= sx
[
KPx ėx +KDx ẍd −KDx

(ux +dx)
]
n

= sx

[
KPx ėx +KDx ẍd −KDx

(
1

KDx

(
KPx ėx − ṡx

))]
n

= sx

[
KPx ėx +KDx ẍd −KPx ėx −αx |sx|βx tanh(sx)− kx sx

]
n

= sx (−αx |sx| tanh(sx)− kx sx)n

− kx s2
x ⩽ 0

(28)
sx ṡx < 0

sx = 0, V̇xk = 0

Therefore, ,  the  above  analysis  satisfies  the  sliding
mode  stability  condition,  which  holds  if  and  only  if

, The closed-loop system is asymptotically stable,
meaning that sx approaches zero as t approaches infinity.
 

4    Simulation
 
The  PD  sliding  mode  controller  was  used  in  Simulink
simulation  trials  to  confirm  the  viability  and  efficacy  of  the
controller.  To  ensure  that  the  simulation  model  adequately
reflects  the  dynamic  characteristics  of  the  real  system,  the
controller  design  and  parameter  settings  were  based  on
measurement  data  and  computational  results  from  the  actual
UAV. Table 5 lists the particular parameters of the model along
with the values that correspond to them.

During the first 0–10 s, the UAV climbs 4 m along the positive
Z-axis to simulate the agricultural plant protection operation of

 

Table 5    Parameter and unit of variable-load UAVs

Parameter Value Unit

m 1.5 kg

Ix2 0.0072 kg·m2

Iy2 0.0072 kg·m2

Iz2 0.00102 kg·m2

l 0.18 m

K 0.012 (N·s)·m–1

g 9.81 m·s–2
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a variable-load UAV. From 10 to 100 s, it executes a uniform-
speed  boustrophedon  motion  in  the x-y plane  with  one
complete cycle.

It is evident from Figs. 5, 6 and 8 that the system is able to track
the  trajectory  effectively  along  all  three  axes  (X, Y and Z).  In
both X- and Y-directions,  as  shown  in Fig. 8(a,b),  the  actual
path  closely  resembles  the  desired  trajectory,  with  only  minor
deviations at curvature transitions that are promptly corrected
by  the  controller,  indicating  strong  stability  and  control
accuracy.  In  the Z-direction,  as  depicted  in Fig. 8(c),  even
though the desired trajectory involves a vertical rise from 0 to 4
m over the first 10 s followed by a steady hold at 4 m from 10 to
100  s,  the  actual  trajectory  mimics  this  profile  with  high
fidelity,  keeping  the  error  within  a  tolerable  range. Figure 9
further quantifies the trajectory tracking errors.

The system provides adequate trajectory tracking performance
in  three-dimensional  space,  as  illustrated  in Fig. 10.  The
reference  trajectory  closely  resembles  the  actual  trajectory.
Robust  control  in  planar  motion  is  indicated  by  the  small
mistakes  seen  in  the X- and Y-directions.  The  ability  of  the
system to swiftly correct deviations and return to the reference
path  at  turning  points  demonstrates  its  dynamic  reaction

capabilities.  Strong  flexibility  and  steady  control  are
demonstrated  by  the  capacity  of  the  system  to  track  height
changes  in  the Z-direction  with  great  precision  and
consistency. Overall,  the system gave dynamic performance in
3D space and dependable control precision.

The  system  keeps  tracking  errors  within  allowable  bounds  on
all  three  spatial  axes,  based  on  the  data  in Table 6.  High
precision and consistent control are indicated by the maximum
error  of  0.177  m,  mean  error  of  0.0004  m,  and  standard
deviation of 0.0507 m along the X-axis. With a mean of 0.0281
m  and  a  standard  deviation  of  0.161  m  along  the Y-axis,  the
maximum  error  is  0.927  m,  indicating  high  adaptability  to
dynamic  changes.  The  mean error  and standard  deviation  are
insignificant, and the highest error for the Z-axis is under 0.002
m, indicating strong stability and outstanding vertical tracking
accuracy.

As  illustrated  in Fig. 11,  the  system  demonstrates  effective
control of the roll, pitch and yaw angles. With minor deviations
mostly  occurring  during  abrupt  attitude  changes,  the  actual
trajectories  closely  match  the  intended  ones.  These  mistakes
are little  in scope and are quickly fixed.  All  things considered,
the system meets the requirements for reliable flight control by

 

 
Fig. 8    Simulation results of trajectory tracking: (a) X-direction, (b) Y-direction, and (c) Z-direction.
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guaranteeing high precision in attitude control  and displaying
favorable dynamic response characteristics.

To  further  verify  the  advantages  of  the  proposed  control
method,  comparative  simulations  with  PID  control  and
conventional  SMC  control  were  conducted.  The  results
(Fig. 12)  indicate  that:  (1)  in  the X- and Y-directions,  PD
sliding  mode  control  tracks  the  reference  trajectory  with  high
accuracy,  while  PID  and  SMC  exhibit  noticeable  deviations;
(2)  in  the Z-direction,  PD  sliding  mode  control  achieves  the

fastest  response  and  the  smallest  overshoot,  demonstrating
superior  stability  compared  with  the  other  methods;  and
(3) overall, PD sliding mode control gave the best performance
in  terms  of  accuracy,  robustness,  and  dynamic  response  for
three-dimensional trajectory tracking.

These  results  not  only  confirm  the  reliability  of  the  proposed
method  but  also  clearly  demonstrate  its  superiority  over
conventional control approaches.
 

5    Experimental validation
 
Using a genuine quadrotor UAV, flight tests were performed to
confirm  the  viability  of  the  chosen  UAV  dynamic  model  and
the  time-varying  controller. Figure 9 shows  the  experimental

 

 
Fig. 9    Simulation results of trajectory tracking error: (a) X-axis, (b) Y-axis, and (c) Z-axis.

 

 

 
Fig. 10    3D  trajectory  tracking.  Black  dashed  line,  reference
trajectory; and red line, actual trajectory.

 

 

Table 6    Error analysis of trajectory tracking

Coordinate axis
Tracking deviation index (m)

Max Mean SD

X 0.177 0.0004 0.0507

Y 0.927 0.0281 0.161

Z 0.002 0.00002 0.0002
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Fig. 11    Results of attitude control: (a) roll angle, (b) pitch angle, and (c) yaw angle.

 

 

 
Fig. 12    Comparative results of three-dimensional trajectory tracking under different control methods: X-axis, (b) Y-axis, and (c) Z-axis. Black
dashed line, reference trajectory; blue line, actual position with PD sliding mode control; green line, PID control; and red line, SMC control.
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configuration.  The  Pixhawk  2.4.8  flight  control  system  is
installed  on  the  UAV.  To  ensure  stable  and  accurate  flight
control, precise attitude angle measurements are made using a
six-axis  measuring  unit  (MPU6050).  Reliable  functioning  in
challenging situations is made possible by the integration of an
M8N  GPS  module,  which  offers  high-precision  location.  To
handle  the  power  needs  of  the  UAV,  the  propulsion  system
consists  of  3507  motors  coupled  with  Letian  20A  electronic
speed  controllers.  Real-time  data  interchange  and  reliable
communication  are  maintained  by  using  a  PIX  2.4.8  data
transmission  module.  The  time-varying  controller  created  in
the previous section was used to provide flight control, and the
dynamic  reaction  of  the  UAV  during  actual  flight  closely
matches  the  simulation  results. Figure 13 shows  the  assembly
and configuration of a UAV for agricultural plant protection.

The  algorithm  validation  flight  test  was  conducted  in  Hebei
Province. The plants in the testing area were around 15 cm tall
and  were  situated  in  a  level  wheat  field.  The  level  and  broad
landscape  allowed  for  accurate  replication  of  real-world  field
conditions  and  was  ideal  for  UAV  agricultural  spraying
operations.  The  UAV  flew  at  a  consistent  4  m  altitude  and  a
steady  pace  while  carrying  a  full  water  tank.  During  the  test,
wind conditions were mild and airflow disturbances remained
minimal.  The  overall  environment  was  stable,  offering  well-
bounded conditions that effectively minimized the influence of
uncertain factors such as wind on the experimental outcomes.

Flight  data  were  acquired  using  the  Mission  Planner  ground
station.  The  mission  featured  a  vertical  takeoff  followed  by
altitude stabilization at 4 m. After completing the mission, the
UAV  flew  in  the X-Y plane  in  a  boustrophedon  pattern  and

returned  to  the  home  point.  During  the  test,  two  full-cycle
trajectory flights were conducted; Fig. 14 shows the actual flight
paths,  and Fig. 15 presents  the  actual  trajectories  of  the  test
UAV.

In both flying tests,  the UAV demonstrated suitable trajectory
tracking capability, as shown in Fig. 14. The actual path closely
matched  with  the  reference  trajectory  during  the  straight-line
regions of the planned trajectory (such as points 1–2 and 5–6).
This indicates that the control system retains excellent accuracy
and  stability  under  low  dynamic  situations.  The  plots  of
latitude,  longitude  and  altitude  over  time  in Fig. 16 further
demonstrate  this;  shortly  after  launch,  the  UAV  reaches  and
sustains  a  constant  altitude  of  roughly  6  m  (in  the  range  0–
20  s).  During  phases  of  rapid  turns  or  attitude  changes  (e.g.,
40–60  s,  100–120  s),  deviations  from the  reference  path  reach
approximately  0.2–0.3  m.  Nonetheless,  the  system  typically
returns  to  the  reference  trajectory  in  5–8  s.  Overall,  the  UAV
showed stable performance, indicating that the chosen control
strategy  satisfies  the  accuracy  requirements  for  repeated
agricultural  operations,  even  though  there  is  potential  for
improvement under high dynamic scenarios.

 

 
Fig. 13    Assembly  and  configuration  of  a  UAV  for  agricultural
plant protection.

 

 

 
Fig. 14    Experimental setup for UAV plant protection trials.

 

 

 
Fig. 15    Actual trajectories of the test UAV.
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The  system  gave  outstanding  overall  control  performance,  as
shown  in Fig. 17. Figure 17(a) plots  the  tracking  performance

of  the  roll  angle:  the  command signal  and the  actual  response
are  nearly  in  sync,  with  the  greatest  error  amplitude  staying

 

 
Fig. 16    Experimental results of trajectory tracking: (a) latitude (LAT), (b) longitude (LNG), and (c) height (h).

 

 

 
Fig. 17    Experimental results of attitude control: (a) roll angle, (b) pitch angle and (c) yaw angle.
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within  ±10°;  error  fluctuations  are  typically  small,  and  the
response  quickly  adapts  to  changes  in  the  command  signal.
Figure 17(b) depicts the pitch angle tracking, which also shows
a  high  degree  of  consistency,  with  errors  primarily  limited  to
±5°,  demonstrating  the  robust  dynamic  adaptation  and
disturbance  rejection  ability  of  the  controller. Figure 17(c)
presents the yaw angle tracking, which is especially noteworthy:
the  command  signal  nearly  exactly  matches  the  actual
response,  and  errors  stay  close  to  zero  for  most  of  the  flight;
only  during  abrupt  directional  shifts  do  minor  deviations
happen,  and  the  system  promptly  corrects  them.  All  things
considered, the system accomplishes accurate and dynamically
stable  attitude  control  along  all  three  axes,  demonstrating  the
efficacy  and  resilience  of  the  chosen  control  algorithm  and
offering  strong  experimental  backing  for  more  application-
focused study.
 

6    Conclusions
 
This  study  addresses  the  instability  and  model  uncertainty
challenges arising from load-induced changes in the dynamics
of  variable-load  quadrotor  UAV  used  in  agricultural  plant
protection tasks. There are three key conclusions. (1) The time-
varying  dynamic  model  of  the  variable-load  UAV  was
constructed as two parts: UAV body model and pesticide tank

model.  The  variation  in  rotational  inertia  caused  by  load
changes is  considered in the model  to reflect  the time-varying
nature.  (2)  A  PD  sliding  mode  control-based  flight  control
method  is  proposed  to  guarantee  quick  error  response  and
improved  performance  by  creating  a  nonlinear,  time-varying
dynamic model and utilizing the complimentary advantages of
sliding mode and PD control. (3) The proposed method greatly
increases  attitude  stability  and  trajectory  tracking  accuracy
with  dynamically  fluctuating  payloads.  With  small  average
absolute  errors  in  the X-, Y- and Z-directions.  Flight  tests
validate  the  method  efficacy  and  illustrate  its  flight
performance.  The  UAV  effectively  follows  the  predetermined
course  in  actual  flying  testing.  It  provides  valuable
technological  knowledge  for  improving  automation  and
intelligence in agricultural plant protection.

Future  research  will  focus  on  four  directions.  First,  fault-
tolerant  cooperative  control  for  variable-load  UAVs  will  be
developed  using  distributed  observation  and  adaptive
compensation.  Second,  fault-tolerant  containment  of  UAV
swarms will be achieved through sliding mode observation and
finite-time consensus. Third, sloshing-induced oscillations will
be mitigated by coupled load-fluid modeling and disturbance-
rejection  control.  Fourth,  robust  algorithms  based  on
disturbance  observation  and  dynamic  compensation  will  be
validated through flight experiments in perturbed wind fields.
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