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Abstract: This paper proposes a cascaded dual closed-loop control strategy that incorporates time
delay estimation and sliding mode control (SMC) to address the issue of uncertain disturbances in
logistic unmanned aerial vehicles (UAVs) caused by ground effects, crosswind disturbances, and
payloads. The control strategy comprises a position loop and an attitude loop. The position loop,
which functions as the outer loop, employs a proportional-integral-derivative (PID) sliding mode
surface to eliminate steady-state error through an integral component. Conversely, the attitude loop,
serving as the inner loop, utilizes a fast nonsingular terminal sliding mode approach to achieve
finite-time convergence and ensure a quick system response. The time-delay estimation technique is
employed for the online estimation and real-time compensation of unknown disturbances, while SMC
is used to enhance the robustness of the control system. The combination of time-delay estimation
and SMC offers complementary advantages. The stability of the system is proven using Lyapunov
theory. Hardware-in-the-loop simulation and flight tests demonstrate that the control law can
achieve a smooth and continuous output. The proposed control strategy can be effectively applied in
complex scenarios, such as hovering, crash recovery, and high maneuverability flying, with significant
practicality in engineering applications.

Keywords: logistic UAVs; uncertain disturbances; sliding mode control; time-delay estimation;
finite-time convergence

1. Introduction

The field of rotorcraft logistic unmanned aerial vehicles (UAVs) [1] is rapidly ad-
vancing, transforming from a concept into a practical and productive force [2]. During
operation, rotorcraft logistic UAVs require the ability to hover, maneuver in flight, and
possess strong fault tolerance and self-rescue capabilities [3]. These rotorcraft UAVs ex-
hibit complex physical characteristics, including nonlinearity, under-actuation, and strong
coupling [4]. The unique nature of logistic operations imposes specific requirements on
rotorcraft UAVs [5]. For instance, during ultralow altitude cargo delivery, precise hovering
or slow landing is essential. At altitudes less than 2-3 times the size of the UAV, the ground
effect becomes noticeable [6], leading to downwash airflow and lateral crosswinds caused
by the Bernoulli effect, which impact flight stability. Furthermore, rotorcraft logistic UAV's
need to achieve high-speed and high-maneuverability flight while carrying a payload [7].
Due to their low-altitude operation, rotorcraft UAVs must possess fault tolerance and
self-rescue capabilities [8] to prevent accidents caused by external interference [9]. Ensuring
robust control of rotorcraft logistic UAVs under the combined effects of ground effects,
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crosswind disturbances, payloads, and failures is a significant challenge [10]. At the current
stage of research, the focus is predominantly on designing robust controllers for achieving
the precise control of UAV attitude under multiple disturbance effects [11]. Commonly
employed control algorithms include both linear and nonlinear control algorithms [12,13].
The proportional-integral-derivative (PID) control algorithm [14], a traditional linear con-
trol algorithm, is widely utilized in UAVs, such as in the renowned open-source flight
control system Pixhawk 4 [15]. However, PID control, as a linear controller, is unable to
adapt to the nonlinearity and variety of complex operating conditions of rotorcraft logistic
UAVs [16]. In contrast, nonlinear control methods such as sliding mode control (SMC) [17],
fuzzy control [18], optimal control [19], and neural network control [20] exhibit enhanced
robustness. Fuzzy control necessitates prior knowledge of the controlled object to establish
a fuzzy rule base [21], while optimal control and neural network control entail solving
complex mathematical optimization problems with intricate processes [22]. On the other
hand, SMC [23] successfully eliminates the uncertainties, nonlinearity, and disturbances of
the system through the introduction of a sliding mode surface. This approach is resilient to
disturbances caused by parameter changes, external interference, and noise, with a prompt
response to system dynamics and a higher closed-loop bandwidth [24]. Moreover, the
SMC controller boasts a straightforward structure with a low computational burden and
easy implementation [25]. In this research, instead of utilizing cascaded PID [26], the SMC
controller will be employed to construct a cascaded dual-loop SMC controller.

The cascade inner-outer control methodology [27] is employed to enhance the control
stability and response speed in complex multi-input multi-output and underactuated
systems [28]. By implementing a hierarchical and decoupled structure, this approach
enables robust control. In cascade inner—outer control, the bandwidth of the inner loop
is set at 5 to 10 times larger than the bandwidth of the outer loop [29]. The inner loop
controller is designed to swiftly respond to and eliminate fast dynamic instabilities of the
system [30]. Moreover, the outer loop controller is responsible for controlling the slow
dynamics of the system to achieve precise control.

In the context of UAV control, the inner loop corresponds to the attitude loop, which
acquires the desired pitch, roll, and yaw moments. Conversely, the outer loop pertains to
position control and is utilized to obtain the desired thrust and provide the reference input
for the inner loop. Over the years, the SMC theory has made significant advancements. The
fast nonsingular terminal sliding mode (FNTSM) [31,32] has emerged as a groundbreaking
development that addresses chattering issues and achieves a finite-time convergence of
the system state by introducing a nonsingular terminal mode in the state space [33]. To
attain a swift response in attitude control, the FNTSM is employed as the inner loop
controller. In the outer loop, the traditional PD-type sliding surface is further refined
into a PID-type sliding surface, integrating an integral term to eliminate steady-state
error and enhance position control accuracy [34]. Due to the intricacies of operating
conditions and uncertainties in payloads, establishing an accurate mathematical model for
rotorcraft logistic UAVs is a considerable challenge. A disturbance observer (DOB) [35] is a
commonly utilized tool in robust control for obtaining the nominal model of a controlled
object. However, the performance of a DOB relies on its structural design and parameter
tuning, which can be intricate and time-consuming. Furthermore, the effectiveness of the
DOB depends on the observability of the system. With the need for a simple controller
structure and low computational cost in practical engineering, this paper introduces the
time delay estimation (TDE) technique [36] into SMC. The TDE technique estimates the
current system dynamics and disturbances based on the previous system dynamics [37]. It
has been extensively employed in controlling piezoelectric ceramics, hydraulic cylinders,
and servo robots to estimate time-delay signals, friction forces, modeling errors, and noise
disturbances. Consequently, this paper incorporates the TDE technique into the control
of rotorcraft logistic UAVs to achieve the online estimation and real-time compensation
of system states and external disturbances. This enables the robust controller to have a
comprehensive multibody dynamics model.
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To demonstrate the effectiveness of the proposed algorithm, complex scenarios such
as hovering, crash recovery, and high maneuvering flight scenarios are experimentally
studied to simulate the actual working conditions of a rotor logistic UAV. The contributions
of this paper are as follows:

1.  Construction of a cascaded dual-loop SMC controller. The inner loop adopts the
fast nonsingular terminal sliding mode to achieve the finite-time convergence of the
system state and improve the response speed. The outer loop employs a PID-type
sliding mode surface to enhance the control accuracy.

2. TDE technology is introduced for the robust control of rotor logistic UAVs to achieve
the online estimation and real-time compensation of unknown disturbances, thereby
improving the nominal dynamic model of the controlled object.

3. Flight capability tests of the rotor logistic UAV are conducted in three complex sce-
narios to verify the ability of the proposed algorithm to hover, maneuver flight, and
perform self-recovery during fault tolerance.

The remainder of this paper is organized as follows: Section 2 describes the dynamic

modeling, Section 3 discusses the controller design and stability analysis, Section 4 presents
the simulation and experiments, and finally, Section 5 concludes the paper.

2. Dynamic Modeling of Quadcopter UAVs

The structure of a rotorcraft logistic UAV with an “X”-shaped layout, as shown in
Figure 1, is depicted. In the figure, O, — X;Y;Z; represents the body-fixed coordinate
system with the origin located at the center of gravity of the UAV, while O — XcYeZe
represents the earth-based coordinate system. The position vector E = [x,y, Z]T and
attitude vector @ = [¢, 6, 1/J]T are defined in the Earth coordinate system, where 6, ¢, ¥
denote the pitch angle, roll angle, and yaw angle, respectively [24].

Figure 1. Schematic diagram of a logistics UAV.

In accordance with Newton’s laws of motion, the position kinematics model of a
rotorcraft logistics UAV is formulated [35]:

¥ W(comﬁsin@cosgb—l—sinlpsincp) - %‘
y = W(sin¢sin9cos¢ —cosysing) — kzﬁy , )
z ArBEETE (o5 pcosh — g — K2

In this context, E = [x,7,2] ! represents the velocity vector in the Earth’s coordinate

system, E= [x,¥,2] T denotes the acceleration vector, g signifies the gravitational accel-
eration, and F, F,, B3, and F4, respectively, denote the thrusts provided by individual
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motors. ki, kp, and k3 represent the coefficients of translational aerodynamic resistance in
three directions.
Based on Euler’s laws, an attitude dynamics model of a rotorcraft logistics UAV

is formulated.
(F]*F27F3+F4)l o @ y

? ]W ]yyq.b
o | = (F1+Fz]:fsfF4)l _ %9 , )
U (FL—B+F—F)l kel
¥ = e

In this context, J = diag(Jyy, Jxx, J2z) represents the moment of inertia about the body
axis, | denotes the distance from the body center to the motor axis, and k4, ks, and k¢, and
represent the torque coefficients of rotational aerodynamic resistance in three directions.

Based on the force relationships of the “X”-shaped layout, the control inputs of the
rotorcraft logistics UAVs are defined.

m=F+h5+KE+FkK
(Fi—B—-FK+h)!

Uy =
_ vy
U= _ (A+h-FK-F)l ’ (3)
u3 - XX
Fi—F+F—Fy)l
Uy = (h—B+F—F)

7z

In this context, uj, up, u3 and uy4 represent the control inputs for the throttle, roll, pitch,
and yaw, respectively. Substituting these values into Equations (1) and (2), we obtain

X = 7L(cossinfcos P +sinysing) — th
= Yl (sinysinf cosp — cos P sing) — ’%y

Z="lcospcost —g— ’%Z

p=1—7i9 - @)
N Jyy
=0

" kel

p=u—7,9

3. Controller Design and Stability Analysis
3.1. Position Loop Controller Design

The objective of rotorcraft logistics UAV controller design is to obtain a nonlinear
robust controller that can accurately track desired trajectories even in the presence of
adverse factors such as ground effects and crosswind disturbances.

Taking the position controller in the direction of gravity as an example, the design
process of the position controller is explained. The desired displacement, velocity, and
acceleration in the direction of gravity are defined as z4,z; and z;, respectively. The
position error, velocity error, and acceleration error in the direction of gravity are defined
ase;, =zj— 2,8, =Z3 —Z,8; = Zg — Z.

The dynamic equation of the direction of gravity in Equation (4) is simplified as

up = mz +mg+ P. 5)

In the equation, P; = 11 — 13 cos ¢ cos 0 + k3z + 6,, and the term J, can be regarded as
a complex term that encompasses unknown factors such as modeling errors, air resistance,
and external disturbances in the direction of gravity for logistics UAVs.

A linear second-order dynamic equation for the position error is expressed as follows:

éz"'KPZez“’KIZéz =0. (6)

where Kp, and K|, are positive parameters to be adjusted.
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To accomplish this, a PID-type sliding surface is designed, and the objective is to
achieve s, = 0. The sliding surface is defined as follows:

s; =e; +Kp,e; + KIZ/ e,dT. (7)
The technique of the fast-approaching law is employed [38]:

Sz = s, + PBasig(s:). (8)

where B, > 0and 0 < p; < 1, and the operator “sig(-)" = |-|*sign(-)” is defined for the
purpose of simplifying the expression.
The design of an SMC controller with a fast-approaching law and a PID-type sliding
surface is presented below:
U] = up + Ue. 9)

where 1y, = m(u, + Bzsig(s)’ + g), uc = P, and u, = 74 + Kp,e, + Kpze,.

To achieve the accurate estimation of parameter P, in Equation (5) and simplify the
controller structure, the TDE technique is employed to obtain an estimated value P, for
parameter P;. The expression for P is given as follows:

P.(t) ~ P,(t — L) = uy(t — L) — mz(t — L) — mg. (10)

In the equation, t represents the current time, L represents the time delay, which is
typically kept consistent with the time step of the control system, P;(t) and P; denote the
same variable, and Pz(t) and P, represent the same variable.

By substituting Equation (10) into Equation (9), the control law based on the TDE
technique can be expressed as follows:

uy = m(zg + Kp,e: + Ky ez + Bzsig(s)’? + g) +uy(t — L) —mz(t — L). (11)
FPIDSMC TDE

The TDE error is defined as P, = P, — D,.

The controller, composed of a combination of the fast convergent law, PID-type SMC,
and TDE technology, is abbreviated as FPID-TDE. By substituting the control law (9) into the
system dynamics in Equation (5), the closed-loop displacement error equation is obtained:

P

éz + széz + KIZEZ + ‘stig(SZ)pZ = m

(12)

Figure 2 is the control block diagram of the position controller.

Figure 2. Control block diagram of the position controller.

The stability analysis of the FPID-TDE controller.
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Lemma 1. For the UAV’s position dynamics model in the direction of gravity described by Equation
(5), if a PID-type sliding surface (7) and a fast-approaching law (8) are adopted, and under the
action of the control law (11), the system state will achieve asymptotic stability.

The Lyapunov function is defined as follows:

1
\/zii. (13)

For the error term P, of TDE, there always exists a positive number ¢, based on the
boundedness property of TDE technology, such that

D,| <e,. (14)

Substitute Equation (11) into the dynamics model (5),

Q—E—@%@W. (15)

T m

Taking the derivative of the Lyapunov function with respect to time yields

- . P. ) €
V, =58, =5, (nj - ﬁzs1g(sz)pz> < =Bzl s: |<| s, |PF — — > (16)

mp,
) 1/p2

Thus, the stability proof of the position controller is completed.

Let uy = uq(cosipsinfcos ¢ + sinPsin¢); then, the desired displacement, desired
velocity, and desired acceleration in the Xe direction are defined as x4, x4, X;. The displace-
ment error ey, velocity error ey, and acceleration error éy in the gravity direction are defined
asey = x5 — X, éx = Xy — X, and ey = X4 — X, respectively. The FPID-TDE controller in the
Xe direction is designed as follows:

The convergence range of the sliding surface |s;| is given by |s;| < ( ﬁszzm

uy = m(Xg + Kpéx + K ex + Bxsig(s)™ + ¢) +uy(t — L) —mx(t — L). (17)
FPIDSMC TDE

Let uy, = uq(sinysin6cos¢$ — cosPsing); then, the desired displacement, desired
velocity, and desired acceleration in the Ye direction are defined as y4, ,, ;- The displace-
ment error ey, velocity error e, and acceleration error e, in the gravity direction are defined
asey =Yy — Yy, ey =Y, —Yy,and e, = y,; — y, respectively. The FPID-TDE controller in the
Ye direction is designed as follows:

uy = m(y; + Kp,ey + Ky ey + Bysig(s)*¥ +g) +uy(t — L) —miy(t — L). (18)

FPIDSMC TDE

The desired angles for roll and pitch are obtained by decoupling u, and u,,.

¢a =
0, =

3.2. Design of the Attitude Control System

Taking the yaw direction attitude controller as an example, the design of the attitude
controller is described. First, let Py = jyy('j) —¢— %cp + 6y, where Jy includes unknown

(uxsingp — uy, cos )

(uxcosp —uycosyp)’ (19

0Q [—og [

terms such as modeling errors, aerodynamic drag, and external disturbances in the yaw
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direction of the quadrotor UAV system. The attitude dynamics model of the UAVs is
rewritten to characterize the roll angle.

Jyy® = uz + Py. (20)

The desired angle, desired angular velocity, and desired angular acceleration in the

yaw direction are defined as ¢, ¢ 4 and Z/ﬁd, respectively. The angle error ey, angular velocity
error g, and angular acceleration error ép in the yaw direction are defined as ey = ¢5 — ¢,

ep = ¢, — ¢, and ep = ¢, — ¢, respectively. To ensure the fast and accurate position tracking
of UAV’s attitude, the NTSM sliding surface is selected.

sp = ep+ Bosig(e),? @1)

For any given initial condition, the above equation can converge within a finite time,
and the stability time is denoted as

;1

ﬁw 1-L

1_¢L|e¢(0)‘ ", (22)
79

ts -

To suppress the oscillations and achieve finite-time convergence, a Fast-TSM-type
approaching law is adopted.

S(p + k1$¢ + kzsig(s¢)p4’ =0. (23)

In the equation, k1,k, > 0,0<p <1,>0,1 <y <2.
Combining Equations (21) and (23), the control input law is designed as follows:

- (- 11 g N2— . 4
uy = J,y <4>d + /3¢1’y¢151g(e¢) 74 kisy + k231g(s)p4’) + Py . (24)
FNTSM TDE

The estimated value Py of Py is obtained using the TDE technique. The expression for
D is as follows:

Py(t) ~ APy(t — L) = T, @(t — L) — up(t — L). (25)
In the equation, L represents the time step, and ¢ represents the current time. For
simplicity, Py(t) is denoted as Py, and Py(t) is denoted as Dy.
The TDE error is defined as follows:
Py = Py — Py. (26)
The controller is designed as follows:
= (= 11 22— . =
=Ty (de + By vy sig(ep)” ! + kasy + k251g(s)p4’) +up(t—L) — Tyt —L). (27)

FNTSM TDE

Due to the inclusion of the FNTSM adaptation law and the TDE technique, the pro-
posed controller is referred to as the FNTSM-TDE controller for brevity.
The obtained dynamics model for the system error is as follows:

. 1 —1 . \2— . 15
ép + By 1y sig(e)” T + kusy + kasig(sp)™ = I, Py (28)

The residual error term of TDE is represented on the right-hand side of the above
equation. Therefore, the TDE error ¢, = ]y_ylAP4, is defined, and there exists a positive
number 774 such that |¢y| < 17y. Equation (28) reflects the robustness of the attitude
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controller, as the error dynamics model is independent of the form of disturbances. Figure 3
is the control block diagram of the attitude controller.

Ly |x¢ =e, + /)"tsig(é)d,"‘“

SMC

Figure 3. Control block diagram of the attitude controller.
3.3. Stability Analysis of the FNTSM-TDE Controller

Lemma 2. For the attitude dynamic model of the unmanned aerial vehicle described by Equation (20),
if the NTSM sliding surface (21) and Fast-TSM-type approaching law (23) are adopted, under the

1

action of control law (24), the system state sy will converge to min{kl_ 1174,, (kz_ 117¢) g }, within
a finite time t;.
Definition of the Lyapunov function.

1
Vp = Es%,,. (29)

Taking the derivative of the above equation yields

V‘P = S¢S¢ = 5S¢ (64; + IB¢’Y¢| e ’¢7¢_1é¢> . (30)

Substituting the error dynamic model given by Equation (28) into the above equation
and rearranging, we obtain two cases.

: e € :
Vo = —s¢Bere| ep | ! [(kl - 54,)84) + k2s1g(s)p¢} (31)

. o
V= —spBpre| eg |

For the case of Equation (31), if | sy | < k; lle|, then V(p < 0. According to the finite-
time stability principle, considering the boundary condition |e| < 7, the sliding manifold
can converge to a region in a finite amount of time, which is represented as:

s | < ki'lg (33)

Similarly, for the case of Equation (32), if |sy| < k5 1 &g
region, which is represented as:

, the system can converge to a

1

[sp | < (kz'mp) "™ (34)
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Combining Equations (33) and (34), the sliding manifold can converge to a region in a
finite amount of time, which is represented as follows:

1
|sp | < min{kllmp, (k;ln(p) o }

Similarly:

Uz = Txx <6d + 59*179*15155@9)2*79 + k359 + k4sig(59)p9> + u3(t - L) - Txxé(t - L) : (36)

Uy = Tzz (lpd + ﬁ;l')’l;lSig<é¢)27WJ =+ kSSl/J + k65ig(5¢)plp> =+ u4(t - L) - Tzzlp(t - L) . (37)

FNTSM

The complete controller is given by:

FNTSM

TDE

TDE

uy = m(Z4 + Kpze; + Kpzez + Bzsig(s:)™* +§) +uq(t — L) — mz(t — L)

FPID

TDE

Uy = Tyy ((Pd + 'Bgl,)/(;lsig(éq))z_w’ + k15¢ + kzsig(5¢)p¢) + uz(f — L) — jyy¢(t — L)

FNTSM

TDE

s = Tox (B + By Mg Msig(é0)™ ™ + ks + kasig(s6)™ ) + st = L) = Toub(t — L)
TDE

FENTSM

Uy = jzz (lpd + ﬁ&lq/l;lSig(élP)z_%p + kSStlJ + késig(slﬁ)pLP) + u4(t - L) - Tzzi/}(t - L)

e, |

FNTSM

TDE

(35)

(38)

Based on the designed position and attitude controller for the logistic UAVs, the
control system structure diagram is illustrated in Figure 4.

Positioning Control

FPID-TED Controller|

kg koV . kaz. koo, ksl8. kylg

Disturbance Term

!

Z Direction

Attitude Control

- & ¢ | | FPID-TED Controller] | % ‘ “”dg es | [ FPID-TED Controller | | %2
YT+ X Direction ' Decoupl‘mg of + | Roll Angle 1
- Position - 3
: Control from
e, ! Uy, Attitude |64 | '
® ¥ | FPID-TED Controller | { ™ QD €s | | FPID-TED Controller || °
Ya + Y Direction Control + Pitch Angle
ey | FPID-TED Controller | | ™
YPq + | Yaw Angle
$. 6. ¥
vz

e

A Four-rotor Drone

Figure 4. Flight control strategy for logistic UAVs.

4. Simulation and Experimentation

To verify the effectiveness of the proposed controller, hardware-in-the-loop (HIL) [39]
simulation experiments and flight tests were conducted. Considering the complexity of
the robust control algorithm code for logistic UAVs and the tedious debugging process,
a model-based design (MBD) [40] approach was introduced into the HIL, forming an
MBD-HIL UAV development strategy.

Table 1 presents the physical parameters of the self-built logistic UAVs.
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Table 1. Performance parameters of the UAVs.
Parameter Value Parameter Value
Acceleration due to gravity g/ (m-s~2) 9.8 Moment of inertia about the Z-axis J,,/ (kg-m?) 0.0104
UAV mass m/kg 0.752 Drag coefficient k; / (N-m~s2 ) 0.0251
UAV arm length [/m 0.125 Lift coefficient Ct 0.0165
Moment of inertia about the X-axis Jyyx/ (kg~m2) 0.0056 Resistance coefficient Cyq 0.0624
Moment of inertia about the Y-axis Jyy / (kg-mz) 0.0056 Atmospheric density p 1.184

4.1. MBD-HIL UAV Development Strategy

There are two simulation methods for UAV automatic pilot systems: software-in-the-
loop (SIL) simulation and HIL simulation. The SIL simulation model is used to quickly
test control algorithms on computers, but the reliability of the simulation results is limited
because the control algorithm does not run on the physical hardware of the rotary-wing
logistics UAV. To improve the reliability of the simulation, in the HIL simulation experiment,
the flight controller of the logistics UAVs and the real-time simulation computer work
together to reflect the real operating environment of the control algorithm. The HIL
simulation experiment works by connecting physical hardware devices with software
platforms. The robust control algorithm of the logistics UAVs runs on the flight controller,
and the sensor signals come from the real-time simulation computer, thus verifying the
correctness of the hardware system and algorithm. In Figure 5, (a) shows the logistics UAV
system in the real world; (b) shows the logistics UAV simulation model in the SIL running
control algorithms on the same computer; and (c) demonstrates the operation principle of
the HIL simulation experiment.

() Actuator Control Outputs (@ Uav Motion States (3 Control Electronic Signals
Real World Autopilot System High-performance Computer  Real-time Computer Autopilot System
Processor Processor
| Fuselage | | _ _ | Core
) . =1k |
[ I Core Algorithms || Algorithms CPU= 1kHz i_ |
i PN t : UAV~ 7y || Core Algorithms I
Moment 2 | @ @ | Simulation | [
p i v | System )
Environment | ) ; ?b 4 @ @ . UAV, —— & :
7'y || — || S Simulation | @ 2)
P m—— w—— environment, | Qust il v |
Actuator] ©) @ actuators) O —x PAL LS Ii P |
States F| TR _: Interface Progra: [
(2) |
Actuators _ Se'nsqrs&C.omI.nu - »| Program L
(Ui ] nication Circuits @)

(b) Software-in-the-loop (c) Hardware-in-the-loop

Figure 5. Experimental strategies for SIL, HIL, and flight testing for UAVs. (a) represents the signal
transmission process in the Real Machine System, (b) is the functional composition of software-in-
the-loop, and (c) is the information transmission process in hardware-in-the-loop.

The HIL simulation experiment of the logistics UAVs uses the Pixhawk 4 flight con-
troller as the hardware and Simulink as the software platform. The framework flowchart of
the MBD-HIL method is shown in Figure 6. A simulation model of a rotor logistics UAV
is developed in the Simulink environment. To obtain real-time rendering and realistic 3D
flight scenes, the currently popular game development engine Unreal Engine 4 (UE4) ver-
sion 4.22 [41] was chosen. Simulink and UE4 provide a modular and visual programming
environment, which facilitates the MBD-HIL method.

In the HIL simulation experiment, the flight control program was executed on the
Pixhawk 4 platform, and noise and offsets were introduced to simulate the measurement
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values of the GPS. Additionally, the UE4 engine was utilized to create a simulated external
environment encompassing flight terrain and weather conditions, as depicted in Figure 7.

UAV

Control Signal Rotor UAV Parameters | 3D Vision
External Device Signal

High Performance
‘Workstation

Simulink

: ] . Rotary UAV
Pixhawk Autopilot
| ; _

(\/“

Virtual Engine
3D Environment Model

Ground Station

Holybro

Pixhawk 4 Fault Injection Safety

Testing

Control Command : j ' ;
Controller State

Figure 6. The framework flowchart of the MBD-HIL method.

Control

Figure 7. The simulation environment for UAVs was developed by leveraging the powerful UE4
virtual game engine.

Following the completion of the SIL development, the code was deployed to the
Pixhawk 4 flight controller utilizing the code generation and deployment framework
depicted in Figure 8. The operating frequency of the attitude loop is 400 Hz, and the
operating frequency of the position loop is 250 Hz. This is primarily determined by the
speed of the PX4 processor. For the inner and outer loop control systems, the attitude loop
operates at a higher frequency than the position loop because the inner loop requires a
faster operating speed and higher response frequency.

To accurately simulate real flight conditions, three-dimensional gust disturbances were
incorporated into the control block diagram. These disturbances were generated by combin-
ing sinusoidal and random signals, and their mathematical expression is presented below:

1.8+ 0.1sin(¢) d1
D= | 1.8+0.1sin(t) | + |da (39)
1.4 4 0.075sin(¢) ds

To incorporate the uncertainty of gust disturbances, random numbers are generated
as follows: d; € [-1,1] and i = 1,2,3.

Considering the extensive utilization of cascaded dual-loop PID controllers in open-
source UAVs, a comparative analysis is conducted between the proposed algorithm and
conventional cascaded dual-loop PID controllers.

Root Mean Squared Error (RMSE) is a metric used to measure the predictive accuracy
of a forecasting model on continuous data. It quantifies the root mean square difference
between predicted values and true values, indicating the average deviation between pre-
dicted and true values. In this paper, RMSE is used to quantitatively reflect the performance
of the controller.
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Figure 8. The code generation and deployment framework based on MBD-HIL.

4.1.1. HIL for the Hovering Experiment

A hovering experiment of logistics UAVs was conducted to investigate their ability
to maintain a stable position without drifting or oscillating during the hovering process,
which reflects a stable performance. Figure 9 displays the displacement error curves in
three directions during the hovering experiment of the logistics UAVs. When considering
gust disturbances, the proposed strategy outperforms the conventional cascaded dual-loop
PID controller in terms of generating a more stable control force for position control. This
highlights the advantage of finite-time control in the attitude control loop, enabling a faster
response to suppress the influence of gust disturbance on the system. Using cascade PID
control, the RMSE values in the Xe, ye, and ze directions are 0.1431, 0.1128, and 6.5109,
respectively. Using the proposed strategy, the RMSE in the Xe, ye, and ze directions are
0.0463, 0.0493, and 6.5107, respectively. The proposed position controller achieves higher
control accuracy than does the cascaded dual-loop PID control because of the effect of the
PID-type sliding mode surface.
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o
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= ! o | = i i R
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] ’ ] : ] vl
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Figure 9. The displacement curve of the HIL for the hovering experiment. (a) In the Xe direction.
(b) In the Ye direction. (c) In the Ze direction.



Drones 2024, 8, 58 13 of 20

4.1.2. HIL Experiment for the Crash Recovery

Atan altitude of 15 m, the logistics UAV was placed in a hovering state and deliberately
dropped from the air. After a 0.5 s simultaneous shutdown of all four motors, the motors
were restarted by the controller, after which the operation of the propellers resumed. This
process aimed to assess the UAV’s ability to recover stability after losing control and to
evaluate the robustness of the control algorithm in extreme environments.

Following the 0.5 s shutdown, the rotorcraft logistics UAV attained a downward
vertical speed of 5.33 m/s, resulting in a kinetic energy of 14.2 J. The displacement trajectory
curve is depicted in Figure 10. In the vertical direction, using the proposed strategy, the
UAV descended by 2.09 m from its pre-stabilized position. In contrast, the PID algorithm
reduced the altitude by 2.14 m from the point at which the UAYV falls before stabilizing.
Furthermore, in the Xe and Ye directions, the proposed algorithm exhibited displacement
errors of 0.155 m and 0.113 m, respectively, while the PID algorithm had displacement
errors of 0.183 m and 0.225 m, respectively. In terms of time, the proposed algorithm
facilitated the logistics UAV’s recovery to stability after a fall of 1.6 s, outperforming the
PID controller for 4 s. Compared to the traditional PID algorithm, the proposed algorithm
demonstrates improved robustness.
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Figure 10. The tracking performance of the four motors in the hovering state when all of them
simultaneously stop rotating and stay idle for 0.5 s. (a) In the Xe direction. (b) In the Ye direction.
(c) In the Ze direction. (d) The UAV’s roll angle. (e) The UAV’s pitch angle. (f) The UAV’s yaw angle.
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4.1.3. HIL for High Maneuverability Flight

In the scenario of high maneuverability flight, the expression for the flight trajectory

of rotary-wing UAVs to track a clothoid curve is as follows:
x = 0.04¢ cos.(0.87rt) (40)

y = —0.04t sin(0.87tt)

As shown in Figure 11, upon reaching a certain altitude, the UAV begins to track a
clothoid curve trajectory. As the curvature radius of the clothoid curve increases, the UAV
gradually accelerates, resulting in a higher velocity. Examining the displacement error
curve, it can be observed that the displacement error increases with an increasing curvature
radius of the clothoid curve. Starting from a hovering state, the UAV completes 15 circular
flights, reaching an instantaneous velocity of 14.76 m/s. This signifies the transition into
a high-speed flight regime, where the aerodynamic drag disturbance imposed on the
rotary-wing UAV reaches a magnitude of 5.77 N. As the velocity of the UAV continues to
increase, the disturbance caused by aerodynamic drag progressively strengthens, leading
to an increase in the displacement error. When the velocity of the rotary-wing UAV reaches
25.87 m/s, the flight radius no longer increases, indicating that the aircraft has reached its
maximum speed limit. Using cascaded PID control, the RMSE values in roll, pitch, yaw, xe,
ye, and ze directions are 13.3329, 14.2063, 22.9684, 0.6517, 0.8959, and 0.2458, respectively. In
comparison, employing the proposed strategy results in RMSE values in roll, pitch, yaw, xe,
ye, and ze directions of 4.2964, 3.7032, 13.9116, 0.3278, 0.2932, and 0.1375, respectively. The
proposed strategy significantly improves the accuracy of attitude and position tracking.

4 T T T T T 4 T T
Desired trajectory Desired trajectory
3f——- PID 1 3
2 = = =FPIDSMC-TD
= l? 4 ‘ ‘vi‘f“”]}‘H -
1T | £
= 0 = —iT >
ld
-1F &y "'”Hi" ! 13 .
2 Bl R
3 L L . L L L L L L
0 10 20 30 40 50 60 70 80 90
Time (s) Time (s)
(a) (b)
§l== *[I)esired lraje'ctory 56 L Desired roll angle i}
_____ PID _— T T L RhbRNRhRRdRRENg
< TR
g ar ED It i | MR |
N E ] ' |
2 B E ! MY \ WY DAY ALY
0 (TR
L L L L 1 50 L L 1 L .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (s) Time (s)
() (d)

Figure 11. Cont.
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Figure 11. The trajectory curve of HIL for high maneuverability flight. (a) In the Xe direction. (b) In
the Ye direction. (c) In the Ze direction. (d) The UAV’s roll angle using the PID controller. (e) The
UAV’s roll angle using the proposed strategy. (f) The UAV’s pitch angle using the PID controller.
(g) The UAV’s pitch angle using the proposed strategy. (h) The UAV’s yaw angle.

4.2. In-Flight Experiments

This section aims to develop an autopilot for a logistics UAV using a model-based
design with the MBD-HIL method and to perform in-flight experiments under extreme
conditions to verify the effectiveness of the proposed strategy.

The MBD-HIL method is employed to deploy the algorithm on the Pixhawk 4 autopilot.
The detailed hardware configuration of Pixhawk 4 includes the following components:
MCU-STM32F427, sensors-MPU6000, MS5611, LSM303D, L3GD20H, and Ublox-M8N. The
Pixhawk 4 autopilot system is widely recognized as the most prevalent and open-source
autonomous control system for UAVs. Additionally, the Pixhawk 4 32-bit flight control unit
(FCU) is equipped with an MIN GPS and a pair of 3DR radiotelemetry radios. Telemetry
communication between the UAV’s MCU and the off-board controller is facilitated via
the MavLink protocol, while real-time information access is made possible through the
MAVROS interface.

4.2.1. The In-Flight Hover Experiment

The displacement error curves in three directions during the hovering experiment of
the logistics UAVs are illustrated in Figure 12. A comparison between the PID controller
and the proposed strategy reveals that the proposed strategy exhibits superior control
accuracy in the in-flight hover experiment, yielding results comparable to those obtained
with the HIL experiment. Despite the presence of slight wind disturbance in the outdoor
flight environment, the FNTSM algorithm displays finite-time convergence characteristics,
enabling a rapid response in the attitude loop and the effective suppression of external dis-
turbances. This exemplifies the advantages of employing finite-time control in the attitude
control loop, as it allows for a faster response to mitigate the impact of gust disturbances
on the system. In the position loop, the integral term of the PID-type sliding mode surface
effectively eliminates steady-state errors and enhances the position control accuracy of the
controller. Using cascaded PID control, the RMSE values in Xe, ye, and ze directions are
0.1462, 0.0965, and 0.2228, respectively. In contrast, employing the proposed strategy yields
RMSE values in Xe, ye, and ze directions of 0.0534, 0.0561, and 0.0772, respectively.
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Figure 12. The displacement curve of the UAV during the actual flight hover experiment. (a) In the
Xe direction. (b) In the Ye direction. (c) In the Ze direction.

4.2.2. The Actual Flight Crash Experiment

The experimental scenario for the actual flight crash test is designed to closely mimic
real-world conditions, with the UAV experiencing a free fall from a 5 m height for 0.5 s
before stabilizing for hovering flight. Figure 13 shows the displacement curves in the Xe,
Ye, and Ze axes during the crash test. It is evident that while the control precision of the
proposed control strategy is marginally superior in the Xe and Ye directions, the overall
performance difference between the two algorithms is minimal. In the Ze direction, both
control strategies result in a similar descent height for the UAV. However, the PID algorithm
exhibits a 2 m overshoot when the UAV ascends from its falling position to a height of 5 m.
In contrast, the proposed control strategy demonstrates minimal overshoot, underscoring
the robustness of the proposed algorithm.
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Figure 13. The tracking performance of the UAV under hover mode with all four motors simulta-
neously shut down for 0.5 s. (a) In the Xe direction. (b) In the Ye direction. (c) In the Ze direction.
(d) The UAV’s roll angle. (e) The UAV’s pitch angle. (f) The UAV’s yaw angle.

To thoroughly investigate the self-rescue capability of the rotorcraft logistics UAV,
various shutdown experiments were conducted during the actual flight crash test. It
was observed that when all four motors were shut down for a duration of 0.75 s, the
PID algorithm proved ineffective at achieving self-rescue. Likewise, when the shutdown
duration was extended to 1 s, the proposed algorithm also failed to successfully execute
self-rescue.

4.2.3. High Maneuverability Flight Field Experiment

Figure 14 displays the sequence diagram of the experimental flight maneuver. As
shown in Figure 15, according to the displacement curve plots along the X- and Y-axes,
after 40 s, the PID controller is no longer able to track the desired clothoid trajectory. In
contrast, the proposed strategy is capable of accurately tracking clothoid trajectories. The
rotary-wing drone performs circular flight at a fixed frequency, and as the radius increases,
the UAV’s speed also increases. With the proposed strategy, the maximum speeds of the
UAV in the Xe and Ye directions are 25.45 m/s and 25.53 m/s, respectively, with maximum
accelerations of 15.89 m/s? and 14.95 m/s?, respectively. Using the PID controller, the
maximum speeds of the UAV in the Xe and Ye directions are 13.04 m/s and 13.2 m/s,
respectively, with maximum accelerations of 9.7 m/s? and 9.29 m/s?, respectively. It is
evident that the proposed controller enables the UAV to achieve faster flight speeds and
greater maneuverability.

As shown in Figure 15c, the desired trajectory in the Z-axis direction is a relatively
simple linear trajectory. The PID controller exhibits greater fluctuations in tracking the
desired trajectory, while the proposed control strategy maintains stable flight status before
60 s and experiences flutter during high-speed flight from 80 to 100 s. In comparison, the
flutter effect of the PID controller is significantly stronger than that of the proposed control
strategy. As shown in Figure 15d,e, under the influence of the proposed controller, the
roll angle of the rotary-wing drone gradually increases, which is more in line with the
need for a continuously increasing roll angle as the curvature radius of the clothoid curve
changes. The maximum roll angle reaches 71°. Under PID control, the roll angle mainly
varies between —40° and +40°, thereby restricting the increase in the flight speed of the
UAV. Moreover, as shown in subplots (a) and (b), under the PID controller, the UAV can
track the desired trajectory within the first four loops of the clothoid curve, but it is unable
to track the desired trajectory thereafter due to speed constraints. Under cascaded PID
control, the RMSE values in roll, pitch, yaw, xe, ye, and ze directions are 10.4032, 9.8000,
19.9750, 1.0539, 0.7705, and 0.2263, respectively. Utilizing the proposed strategy results in
RMSE values in roll, pitch, yaw, xe, ye, and ze directions of 4.9413, 6.8863, 13.2600, 0.8319,
0.4035, and 0.1375, respectively. Similar to the results of the HIL experiment, the proposed
strategy enhances the accuracy of attitude and position tracking.



Drones 2024, 8, 58 18 of 20

Figure 14. Sequence diagram of the experimental flight maneuver.
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Figure 15. The trajectory curves of displacement and attitude angles in high-maneuvering flight.
(a) In the Xe direction. (b) In the Ye direction. (c) In the Ze direction. (d) Roll angle trajectory curve
using PID controller. (e) Roll angle trajectory curve using the proposed strategy. (f) Yaw angle
trajectory curve using the proposed strategy.

5. Conclusions

To enhance the robustness of rotorcraft logistics UAVs, this paper proposes a cascaded
dual-loop SMC strategy. The inner loop, devoted to attitude control, implements the
FNTSM approach to achieve high-speed response characteristics. Moreover, the outer
loop, which is responsible for position control, adopts a PID-type sliding mode surface
to realize high-precision positioning. Addressing the challenge of unknown disturbances
encountered during UAV flight, the proposed strategy utilizes the TDE technique to acquire
aggregated unknown terms for the online estimation and real-time compensation of system
dynamics. This approach efficiently reduces the gain coefficients of the SMC controller.
The stability of the proposed strategy is analyzed through Lyapunov stability theory.
Additionally, a model-based development approach tailored for hybrid twin-rotor logistics
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UAVs is developed to enhance development efficiency. Through scenarios including hover,
crash, and high-mobility flight, both simulations and flight tests demonstrate that the
proposed strategy exhibits superior maneuverability and higher motion tracking accuracy
than does the PID algorithm. Due to the use of Euler angles to represent the attitude angles
of the UAV, the proposed strategy cannot avoid the singularity issues of the attitude angles.
In future work, quaternion representation will be employed to address the singularity
issues of the attitude angles in the UAV.
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