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Abstract: This paper proposes a trajectory tracking control scheme for vertical/short take-off and
landing (V/STOL) vehicles. Owing to their high number of controllable degrees of freedom and
strong nonlinearity, the design of flight control systems for such vehicles presents considerable chal-
lenges, particularly in developing controllers capable of accurately tracking specified trajectories.
Building on existing control strategies for various vehicle types, this study introduces an extended
control framework tailored for V/STOL systems. The proposed scheme consists of two nested loops:
an outer position control loop and an inner attitude control loop. The position loop employs a pro-
portional-integral-derivative (PID) control algorithm, whereas the attitude loop utilizes an anti-sat-
uration integral sliding mode control algorithm. This approach effectively alleviates the integral
oversaturation issue inherent in conventional sliding mode methods and suppresses buffeting
through a boundary layer technique. Simulation results demonstrate the efficacy of the proposed

control strategy.

Keywords: vertical/short take-off and landing (V/STOL); trajectory tracking; integral sliding

mode control

1 Introduction

Vertical /short take-off and landing (V/STOL)
aircraft constitute a specialized category of fixed-
wing platforms capable of operating in both ver-
tical take-off and landing (VTOL) and short
take-off and vertical landing (STOVL) modes.
These

propulsion system architectures and multimode

aircraft are distinguished by unique

flight capabilities, enabling them to combine the
high-speed cruise efficiency of conventional fixed-
wing platforms with vertical or short-field opera-
tional flexibility through specialized lift-genera-

tion mechanisms. Representative V/STOL con-
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figurations include tail-sitters, tilt-rotors (such as
the V-22 Osprey), and thrust-vectoring airfra-
mes. The latter group, exemplified by the F-35B
Lightning IT and Harrier series, has been predom-
inantly developed and deployed as combat air-
craft owing to their exceptional maneuverability
and reduced reliance on traditional runways.

For tail-sitter aircraft, [1] employed the
steepest descent method to compute an optimal
transition trajectory. This technique necessitates
numerical solutions for Lagrange multipliers,
which is computationally demanding and requires
substantial processing capacity from onboard
flight computers. In the case of tiltrotor configu-
rations, [2] developed a controller based on gain
scheduling correlated with wing tilt angle and
horizontal velocity. [3] introduced a robust con-
trol approach in which the transition profile is

constructed from a series of trim points.
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Concerning thrust-vectoring V/STOL  air-
craft control, [4] put forward a transition strat-
egy grounded in single-step optimization. This
method maximizes horizontal acceleration while
preserving aircraft attitude controllability, gradu-
ally aligning the three-bearing swivel duct nozzle
toward its target orientation to achieve the
fastest possible transition. [5] utilized a gradient
descent algorithm for optimizing transition tra-
jectories and accelerated convergence via an
adaptive moment estimation technique.

Current research on trajectory tracking con-
trol for V/STOL aircraft predominantly focuses
on longitudinal control. Studies on three-dimen-
sional trajectory tracking are less common for
these aircraft, though such research is more
prevalent for quadrotors. Insights from quadro-
tor studies can therefore serve as a valuable refer-
ence.

In [6], a dual-loop control framework was
designed, incorporating an inner attitude loop
based on an adaptive proportional-integral-
derivative (PID) algorithm and an outer posi-
tion loop utilizing a prescribed-performance adap-
tive PID strategy. This structure enhances the
disturbance rejection capability of conventional
PID control. [7] proposed an innovative inte-
grated control architecture combining a Lya-
punov-stable adaptive neural network  distur-
bance observer (ANNDO) with a modified model
predictive control (MPC) scheme, which fea-
tures real-time disturbance compensation. How-
ever, this method demands substantial computa-
tional resources, necessitates high-performance
flight control processors, and currently faces chal-
lenges for practical implementation.

Sliding mode control algorithms are effec-
tive for managing nonlinearities in control sys-
tems and provide strong robustness and adapt-
ability. [8] suggested employing time-delay esti-
mation (TDE) technology [9] to improve the
convergence rate during the sliding phase while
compensating for system uncertainties. Neverthe-
less, certain limitations in its mathematical for-
mulation may lead to inherent singularity prob-
lems. [10] adopted a non-singular terminal slid-

ing surface to circumvent this issue, albeit at the
cost of requiring the adjustment of multiple con-
trol parameters, which complicates practical
deployment.

To address the control challenge of tracking
specified trajectories during vertical take-off and
landing modes for thrust-vectoring V/STOL
unmanned aerial vehicles, this paper proposes a
combined inner-outer loop control algorithm. The
inner attitude loop utilizes an anti-windup inte-
gral controller, and the outer position loop
employs a PID controller. Traditional sliding
mode controllers often exhibit chattering issues in
practical systems due to factors like measure-
ment errors. This paper resolves this by employ-
ing a boundary layer method: using a saturation
function instead of a sign function. Normal slid-
ing mode control is applied outside the boundary
layer, while continuous feedback control is used
inside it, mitigating chattering through continu-
ous processing of the discontinuous input. Since
traditional sliding mode control can suffer from
steady-state error under external disturbances, an
integral term of the tracking error is introduced
to form an integral sliding surface. However, with
large initial errors, the integral term in this sur-
face can experience windup, causing significant
overshoot and long settling times. To solve this,
an anti-windup integration function is incorpo-
rated, which amplifies small errors and limits
large ones.

The remainder of this paper is organized as
follows. Section 2 describes the dynamics of the
V/STOL unmanned aerial vehicle (UAV). Sec-
tion 3 presents the inner-outer loop control algo-
rithm designed for the V/STOL UAV. Section 4
validates the effectiveness of the proposed scheme
through simulation experiments. Finally, Section
5 provides a conclusion of the full paper.

2 System Model

2.1 Aircraft Structure

This study investigates a V/STOL UAV derived
from the Harrier aircraft design. The system
incorporates four vectored thrusters and five
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thrust nozzle assemblies (Fig. 1). The four vec-
tored thrusters are symmetrically arranged about
the center of gravity, with a deflection capability
ranging from 0° to 98.5°. The five thrust nozzles
are configured as follows: one vertical nozzle at
the nose, one on each wing, one vertical nozzle at
the tail, and an additional horizontal nozzle at
the rear. The vectored thrusters primarily gener-
ate lift and forward propulsion, whereas the
thrust nozzles are mainly employed for attitude

control.

Fig. 1  Harrier propulsion system

2.2 Dynamic Modeling of V/STOL
The following fundamental
adopted in the dynamic modeling of the V/STOL
UAV:

1) The aircraft is treated as a rigid body with

assumptions are

symmetric mass distribution;

2) The center of gravity (CG) coincides with
the origin of the body-fixed reference frame; all
external forces act at a known, fixed distance I
from the CG;

3) The Earth is considered flat and non-
rotating;

4)Drag and gravitational acceleration are
assumed constant;

5) Aerodynamic forces at low speeds are neg-
ligible.

As illustrated in Fig. 2, we derived the
dynamic model for the V/STOL UAV. During
vertical take-off and landing maneuvers (Fig. 1),
the four vectored nozzles, located near the air-
craft’s center of gravity, are oriented vertically
downward. They generate four upward lift forces,
denoted as F, (where i =t,,t,,%s,t,). The resul-
these denoted as F,

tant of forces is

(Fy = > F,). The thrust provided by the five

i=tq
nozzles is designated as F, to F; respectively.
The aircraft’s weight is denoted as G. The aero-

dynamic damping force acting on translational
motion is represented as K,i, K.y, K;%, and the
aerodynamic resistance torque acting on rota-
tional motion is denoted as K,¢, K.6, K.

¢

v K()V/

Fig. 2 Force analysis diagram of V/STOL

Here, K,, K,, and K, represent the transla-
tional aerodynamic damping coefficients along
the X, Y, and Z axes of the ground-fixed coordi-
nate system, respectively. Similarly, K,, K,, and
K denote the rotational aerodynamic damping
coefficients about the respective body-fixed axes
@, 0, .

Then, the translational dynamics model of
the V/STOL aircraft is considered

L1 : o .
&=— [(cosqﬁsm@cosw + sin ¢ sinv)) ZFf
K, & — F,(sin¢sinfcos v — cosqbsinz/;)}

.1 L . -
i=— [(cosqﬁsm@smw — sin ¢ cos ) Z:Fl—

K,y — F5(sin ¢ sin 0 siny) + cos ¢ cos w)}

.1 - : .

Z _E[(COS(MOSQ)ZO:E_KSZ_FS s1n¢cos€] —g
(D

where 1,0, ¢ are the yaw angle, pitch angle, and

roll angle.

It should be noted that this study focuses on
the vertical take-off and landing phases of a
V/STOL aircraft, which does not require exten-
sive yaw angle adjustments. The primary func-
tion of F is to provide minor yaw angle correc-
tions during the initial stage. Throughout the

subsequent process, the yaw angle only needs to
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be stabilized around a specified value. At this
stage, the role of Fj transitions to maintaining
yaw stability. Given that the influence of F; is
both brief and minimal compared to the total
thrust output, thus

sin ¢ sin f cos ¥ — cos ¢ sin Y

sin¢sinésiny 4+ cospcosyp | <<
sin ¢ cos

F;

5

4 cos ¢ sin f cos 1) + sin ¢ sin Y 2)
> F, | cos ¢sinfsiny — sin ¢ cos
=0 cos ¢ cos 6

To facilitate the subsequent design of the
controller, the thrust is appropriately simplified
and small quantities are ignored in the analysis
of the body’s translational motion.

The dynamic equation of the aircraft rotat-
ing around the center of mass in the body coordi-

nate system

é: [Z(F4 _FS) _K4¢.5} /I:):
- [Z(Fl “F)- Ksé} /1, (3)

b= 1R, K| /1.

To simplify the design of subsequent con-

trollers, four independent inputs are defined

u, = (Fo+ F,+ F,+ F5 + F))

The six-degree-of-freedom model of the air-

craft is simplified as

1 . . : K,i
j:%(cosqﬁsmecosw—&-smqﬁsmw)— x
Ko
y:&(cosqbsinﬂsinwfsind)cosd))*iy
m
K
2:&(cos¢0059)—73z—9
m m
é_% Ko (5
I, I,
. ouy K.
0=——
I, I,
o K
v = I I

z z

3 Control System Design

3.1 Dual-Loop Control Architecture

As shown in Fig. 3, the outer-loop position con-
troller utilizes a PID control law to generate the
total thrust command w« and the desired Euler
angles (¢,,0,) based on real-time position track-
ing errors and current attitude measurements.
The inner-loop attitude controller implements an
enhanced integral sliding-mode algorithm to com-
pute the torque control inputs (u,,us,u,) from
the real-time FEuler angle errors (¢, — ¢,60,—0,
¥, — ). To address integrator windup issues, an

uy, = U(Fy — F3) @ anti-windup integral function is incorporated;
us = I(Fy — F,) additionally, a boundary layer method is
Uy = UF% employed to mitigate control chattering.
(CHRNT)
A 0, ¢, )
(o Yo 20) Traditional PID | (4o 60 | Anti-windup integral (v, us, u1y) State

_ ]

controller

sliding mode controller

»| Attitude loop

A 4

u,

Position loop

A

(x,¥,2)

Fig. 3  Schematic diagram of the control system

3.2 PD Position Controller implemented in real time based on a given

The position control of vertical short take-off and

(UAVs) is
— 130 —
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the roll-angle reference ¢,, and the pitch-angle
reference 6,. As inferred from the previously
established dynamic model, the outer position
loop can be decomposed into three independent
channels: the X-axis control loop, the Y-axis
control loop, and the Z-axis control loop.
Accordingly, three independent PD controllers
are designed to achieve position control.

The control inputs for the z, y, and z axes,

denoted as u,,, u,,, and u,.
u;, = — (cos ¢sinf cos 1) + sin ¢sin))
m

Uy, :%(cosgﬁsinﬂsindz—sin(i)cosw) (6)
Uy, = Ecosgﬁcos@fg
m
Using Eq. (6), the position dynamics equa-
tions can be expressed in a decoupled form for
three degrees of freedom, incorporating aerody-
namic drag effects

. K,i
T = Uy —
m
y = uly — KZy (7)
Z=Uy, —
m
Define the position tracking errors as

T.=Ty— T, Yo =1ys— Yy, and z, = z, — z, where x,,
ys, and z, are the desired positions. A PD con-

trol law is designed to regulate these errors:

ulz = kpxxe + kdz‘j”.e
Uy, = KpyYe + KayUe ®

Ur, = Ky 2o + K. 2

From the control law for the zaxis in Eq. (8),
the total lift force u, can be solved

U tg
' cos¢cosh

9

The desired roll angle ¢, and pitch angle 6,
are computed using the control laws for the =z
and y axes. Express the relationship in matrix
form for clarity

[ulm] B [cos ¢48in B, cos 1 + sin @, sinw] Uy

Uy, | |cos@ysinf,sinty —sing,cos| m

[cosw sin ) ] [cos bq sin@d} Uy

siny) —cosy sin ¢, m

(100

In summary, the reference values for the
pitch and roll angles in the attitude control loop
are given by the following expressions, which

integrate the PD control outputs

0, = arctan (COS Yur, + Sinwuly)
=
. Uy, + g (11)
¢4 = arctan ((Sm Yu,, — cospu,, ) cos 0d>
d Uy, + g

This section has detailed the PD-based posi-
tion controller, enabling real-time computation of
u;, ¢4, and 6, for precise trajectory tracking. The
decoupled dynamics and control laws ensure effi-
cient implementation in the dual-loop control

architecture.

3.3 Anti-Saturation Integral Sliding Mode Atti-
tude Controller
The ordinary integral sliding mode controller

generally has the form
s:é+er+K,jtedT 12
0

However, in integral sliding mode control
(ISMC), the introduction of an integral term
may lead to significant overshoot, prolonged set-
tling time, and even system instability when
large initial errors exist.

To address this, [11] proposed a composite
integral sliding surface for nonlinear uncertain
systems. This approach introduces a nonlinear
saturation function that amplifies small errors
and limits large amplitudes, eliminating steady-
state error while optimizing transient response.
Building on this, this paper proposes an anti-sat-

uration integral sliding surface
s=é+ K,e+ Ko (13>

where ¢ = f(e), and the function f(e) amplifies

small errors and limits large errors

_ﬁv € < _ﬁ
fle) = %arctan <;) , lel < B 14>
B, ezp

where ( is the error limit, a given parameter.

The aircraft attitude inner loop can be
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decoupled into three independent control chan-
nels: roll channel, pitch channel, and yaw chan-
nel. Controllers must be designed for each chan-
nel. Taking the roll channel as an example, its

second-order dynamics equation is

. ou, LK,
¢_T_ i o (15)

x x

Set the roll
€, = ¢s— ¢, where ¢, is the desired roll angle

angle tracking error as
(generated by the position controller), and ¢ is
the real-time attitude angle measurement.

Design the integral sliding surface as follows
so=di= b+ ke, +hy | fledr  (16)

where k,,, k,, are given control parameters.

Taking the derivative yields

S :d;d - é‘i‘ kipés + ko fey) =

- Uy lKgﬁ
Dy — T + I

x

+ ke, +kasfle,) (17D

Choose the exponential reaching law [12] as

the sliding mode motion process
$p = —M,sgn(s,) — kys, (18

where M,,k, are constants. These parameters
affect the transition quality to the sliding sur-
face and the high-frequency chattering of the
control signal.

From Eqs. (6) and (7), we have

[um] B [cos ¢y sin 6, cos 1) + sin ¢, sin z/J] U

Uy, COS ¢, sin @, sin ) — sin g, cos | m

[cos P sing ] [cos ¢y sin Gd} Uy

siny —cosy sin @, m
(19
Design the control input u, for the roll chan-
nel
- 1K, ¢
Uy = [¢d + T4¢ + M,sgn(s,) + k,s,+

kw(éd — @)+ kayf(Ps— )| - L. 200

Model simplifications and unconsidered dis-
turbances exist during modeling. To ensure
robust performance, global stability analysis is

performed using Lyapunov stability theory. Con-

struct the Lyapunov function for the roll chan-
nel to verify finite-time convergence of steady-

state error

V, = =82 QD

[

where V, > 0, and V, =0 only when s, = 0. Tak-
ing the derivative
V¢ =548, = 54 (—M,sgn(s,) — k,s,) =
— M,sgn(s,) - s, — kys3 <0 (22

The calculation results show that this slid-
ing mode controller satisfies the decay condition
of the Lyapunov stability criterion, completing
the design of the anti-saturation integral sliding
mode controller for the roll channel.

Following the same method, the control

inputs u, and wu, for the pitch and yaw channels

are
Uy = {éd + ”1(759 + Mysgn(se) + koso+
kio (B — 6) 4 koo f (By — 0)] -, (23)
u, = {zl}d + K;u} + M,sgn(s,) + kys,+
Fuo (s = ) + ko f (0 — w>] L )

Due to the influence of factors such as time
lag, measurement error and system delay, after
entering the sliding mode, the system may cross
the sliding surface, thereby causing oscillation
problems. Chattering causes severe oscillations in
system control inputs and controlled variables,
making practical control difficult; severe chatter-
ing may even destabilize the system.

This paper employs the boundary layer
method to solve the chattering problem in the
integral sliding mode system. The sign function
sgn(s) is replaced by the saturation function in
the following eqution, which provides continuous

output within the boundary layer [13]

1, s> A
sat(s) = Q¢ ks, |s|< A (25
-1, s<-A

— 132 —



Shigiang Guo et al. / Dynamics Modeling and Control of Vertical/Short Take-Off and Landing Aircraft During ...

where A=1/k is the width of the boundary
layer, and the size of A significantly affects the
controller’s performance.

In summary, the four control inputs are

U, +9g

ey (26)
[”;:0} + Gy + M,sat(s,) + kys,+
Fio(Go = ) + ko f (s — qs)} 1, 27
[”;9 + 0, 4 M,sat(sy) + koso+
kw(@<—9)+—k%f(&——9ﬂ -, (28)

K ;
u, = [ ;w + Yy + Msat(s,) + kys,+

z

Keyy (thy — ) + Koy f (thy — w)} I (29)

3.4 Control Allocation
Eq. (4) defines the relationship between the con-
trol inputs (us,u,,us,u,) and the physical forces
(F, to F,). These forces (F, to Fy) have dis-
tinct physical interpretations. Having  deter-
mined the values for u, to u, in the previous sec-
tion, the subsequent step is to map these inputs
to their corresponding forces, F, to Fj.

As is evident from Eq. (4), the force F is

directly determined by

ﬂ:% (30)

The initial condition for forces F,, F,, F;, and
F, is set to zero. The allocation of F, and F, is
governed by the value of w,: If w, >0, then:

u
F4:T27F3

Consequently, the control input u, is defined

u
=0. If u, <0, then: FsZ*TQ,EL:O.

by the relation
uy = Fy 4 |uy| + |us) (31D

This completes the system of equations,
allowing for the explicit solution of all physical

forces from F, to Fj

F, = U1u— ‘Uz| |U3|
= ifu; >0
P if uy
0, ifu,<0
. 0, ifu, >0
2= f%, ifu, <0
N (U (32)
sTY % fu, <0
o
—27 ifu, >0
F, =<1
0, ifu,<0
u.
R="

4 Simulation Experiments

4.1 Simulation Environment and Parameters

This section uses Matlab/Simulink to simulate
the established V/STOL aircraft dynamics model
and analyzes the results. The model parameters
of the V/STOL aircraft used in this paper are

shown in Tab. 1.

Tab. 1 Model parameters

Parameter Physical meaning Value

m Body mass (kg) 2

; Distance between nozzle center and body 0
center (m) '

I X-axis moment of inertia (kg-m?) 1.25
1, Y-axis moment of inertia (kg-m? 1.25
L Z-axis moment of inertia (kg-m?) 2.5

K,, K,, K, Translational air resistance coefficients (N-s/m) 0.010

K, K., K,  Rotational air damping coefficients (N-s) 0.0024

Next, a fixed-point hovering experiment will
be conducted, where the aircraft moves from the
starting point to a predetermined target position
and remains stationary at that position. This sce-
nario is close to the actual vertical take-off and

landing process.

4.2 Fixed-Point Hovering

Set the aircraft’s starting position coordinates as

(z,y,2) = (0,0,0) m, initial attitude angles as

(¢,0,v) = (0,0,0) rad, target hovering position as

(TayYay 24) = (3,4,5) m, and desired yaw angle as
T

Yy = 1 rad.

Based on the actual situation of the aircraft

and theoretical analysis of parameter tuning, the
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controller parameters were obtained through

repeated debugging

kw =35 ke =55 k, =35 ki =05

k.=6 k,.,=48 ky,=8 ky, =10

kip=8 k=10 ki, =8 ky, =15

M,=M,=M,=10 k, =k, =k, =10

£=02

Design comparative experiments as follows:
While keeping other parameters unchanged and
maintaining the PID controller in the outer posi-
tion loop, the attitude inner loop uses traditional
integral sliding mode controller and anti-satura-
tion integral sliding mode controller respectively
for aircraft simulation.

Experiment 1 PID controller with tradi-
tional integral sliding mode controller.

Fig. 4 and Fig. 5 show the position and atti-

3 —
~ ,,
’
g2,
= y)
1k
/, -
(g — X
0 2 4 6 8
t(s)
(a)
4 —
_3r 7
=) ’
=27 //
b
I’ _r
ok — V4
0 2 4 6 8
1(s)
(b)
6
4r .~
’
= ’
) '
N2_ 1
]
1 - -z
! — Z
ok
0 2 4 6 8

t(s)
(©)
Fig. 4 Position response curves based on PID and traditional
integral sliding mode controllers: (a) X-axis position
response; (b) Y-axis position response; (c) Z-axis posi-

tion response

<
g
=
a
— — phi
—— phid
0 2 4 6 8
£(s)
(a)
1T
. |
z 0
2 "N
= !
|
qk ! — — theta
1 — thetad
0 2 4 6 8
£(s)
(b
1.5¢
o 10} TN
El ', -
Z 0.5,
I
3 — — psi
— psid
030 2 4 6 8
1(s)
(©)
Fig. 5  Attitude response curves based on PID and traditional

integral sliding mode controllers: (a)roll angle response;
(b) pitch angle resp; () yaw angle response
tude angle response curves of the aircraft under
the PID controller and traditional integral slid-
ing mode controller. It can be seen that the inte-
gral sliding mode controller can completely elimi-
nate steady-state error. The aircraft can reach
the target position in about 5 s and maintain
hovering. However, due to the large initial devia-
tion between the yaw angle and its desired value,
the integral term in the traditional integral slid-
ing mode controller exhibits integral saturation,
resulting in significant overshoot in the yaw
angle.
Experiment 2 PID controller with anti-satu-
ration integral sliding mode controller.
Fig. 6 and Fig. 7 respectively show the air-

craft’s position tracking and attitude angle
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Fig. 6 Position response curves based on PID and improved
integral sliding mode controllers: (a) X-axis position
response; (b) Y-axis position response; (c) Z-axis posi-

tion response

response characteristics under the classical PID
anti-saturation integral sliding mode controller.
By comparing Figs. 4-5 with Figs. 6-7, it is
found that: The improved scheme significantly
shortens the dynamic adjustment time. The air-
craft stabilizes in about 3 s, and the overshoot of
each attitude angle is reduced. This indicates
that the improved integral term has good anti-
saturation characteristics.

Comprehensive analysis of the time-domain
response curves from the simulation experiments
leads to a clear conclusion: The composite con-
trol scheme based on the classical PID outer loop
and anti-saturation integral sliding mode inner
loop possesses excellent response speed and con-

trol accuracy, enabling the aircraft to complete

1.0
051
=)
NP
g’ e
a
05t — — phi
05 —— phid
0 2 4 6 8
t(s)
(a)
=)
£
s
Q
k=
— — theta
—— thetad
6 8
1.5F
< 1.0} <
g
= 1
g 0.5 ",
ot — — psi
— psid
03, 2 4 6 8

£(s)
©

Fig. 7 Attitude response curves based on PID and improved
integral sliding mode controllers

the fixed-point hovering task within the specified

time.

5 Conclusion

This paper presents a dual closed-loop control
system based on PID and anti-saturation inte-
gral sliding mode techniques for six-degree-of-
freedom V/STOL aircraft. The proposed system
features distinct controller designs for inner and
outer loops: an anti-saturation integral sliding
mode controller for the inner attitude loop and a
PID controller for the outer position loop.

The stability of the integral sliding mode
controller was rigorously validated using Lya-
punov stability theory, establishing formal guar-
antees for the system’s convergence properties.

Through comprehensive Matlab simulations, we
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of the
designed controller in trajectory tracking control
for V/STOL aircraft.

reveal the controller’s superior performance char-

have demonstrated the effectiveness

Comparative analyses

acteristics, specifically
e Complete elimination of steady-state error
e Significant reduction in settling time

e Notable decrease in overshoot magnitude
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