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ABSTRACT

This paper proposed a methodology for validating small-scale unmanned helicopter flight control systems by means

of Hardware-In-the-Loop (HIL) simulations.

To this aim, two control architectures are compared: a standard

Proportional-Integral-Derivative (PID) controller and a Sliding Mode Control (SMC) technique combined with PID.
The HIL setup employs a Pixhawk® 6x Flight Management Unit (FMU) and Matlab/Simulink® for real-time dynamic
simulation, allowing the implementation of control algorithms in a near-realistic conditions. Results for two dif-
ferent maneuvers, the bob-up/bob-down and the circular trajectory tracking demonstrates suitability of the proposed
approach, by highlighting the relevance of computational requirements in the flight hardware design and selection
phases. In this respect, HIL simulations represents a valuable tool for the development and refinement of UAV control

systems, while improving performance and reliability.

1. INTRODUCTION

The use of Software and Hardware-in-the-Loop (SIL, HIL)
techniques plays a relevant role in the design and prototyp-
ing process of flight control systems. As a matter of fact,
the possibility to test control systems in a Real-Time envi-
ronment, which includes the flight software and hardware, al-
lows to preliminary validate the control architecture without
the cost (and risks) associated to an experimental flight cam-
paign. This become crucial, in the field of Unmanned Aerial
Vehicles (UAVs); the increasing demand for agile, efficient,
and highly-automated platforms within a wide range of appli-
cations (surveillance, search and rescue, and environmental
monitoring), drives to the need of a fast and reliable design
and prototyping process of control algorithms (Refs. [, 2).

Among the several UAV configurations, small-scale remotely-
piloted helicopters have become of interest within the Un-
manned System community. With respect to multi-rotors plat-
forms, well recognized for their mechanical simplicity and
maneuverability, conventional helicopters present an higher
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cargo capabilities (higher thrust-to-weight ratio) and a wider
flight envelope. Also, enhanced emergency-management ca-
pabilities represent a valuable feature (Ref. 3). The main
drawback of the helicopter configuration, is represented by its
natural instability and its highly non-linear dynamic behav-
ior. Thus, robust attitude control strategies shall be foreseen
to ensure stable flight conditions and accurate trajectory track-
ing (Ref. 4).

Besides the continuous effort in the research and exploration
of new control approaches, an important challenge is the smart
integration between the designed control algorithms and the
real on-board hardware. In this respect, a crucial task is the
consistency between the required computational burden and
the flight hardware’s capabilities. To this aim, the Hardware-
in-the-Loop (HIL) technique is a powerful methodology for
validating and comparing different implementations of UAVs
control architectures. The HIL simulation, thanks to the Real-
Time dialog between 1) the actual flight processor and 2)
mathematical models representing aircraft, systems dynamics,
and external environment, allows for a comprehensive testing
and validation of control algorithms under realistic operating
conditions (Refs. 5-8), without the risk of damages for the air-
craft or incurring substantial costs associated with traditional
flight testing.

A wide use of HIL simulations for UAVs applications can be
found within the scientific literature. Prabowo et al. (Ref. 9)
implemented a real-time HIL system to support vision-based
controller hardware of image processing module and visual-
based controller module for a fixed-wing UAV. In (Ref. 10)



a decentralized approach to multiplatform HIL simulation of
UAV swarm is presented. Omar (Ref. 5) developed a HIL sim-
ulation platform for a quadrotor with a suspended load system
using Gazebo. Sun et al. (Ref. 11) designed a complete HIL
testbed for the simulation and testing of a tail-sitter vehicle
and then examined it with the flight tests. A 3 Degrees-Of-
Freedom (DOF) HIL test platform to test controls for mul-
tirotor UAVs was designed and presented in (Ref. 7), while
in (Ref. 8) a HIL demonstrator is developed to validate fault-
tolerant controllers for a hybrid UAV. Yu et al. (Ref. 12) em-
ployed the HIL to verify the performance and software de-
sign of the control scheme for a tiltrotor UAV. With respect
to small-scale unmanned helicopters, Khaligh et al. (Ref. 13)
designed a HIL testbed to tune controller gains for a small he-
licopter platform, whereas Pizetta et al. (Ref. 6) implemented
a HIL platform capable of simulating different mathematical
models and control strategies for commercial miniature he-
licopters. In (Ref. 14) the HIL is used to simulate several
flight tests for UAV helicopters. Also, HIL simulation tech-
nique is also used to compare different control techniques, as
in (Refs. ) where multiple control techniques are imple-
mented to evaluate their performance and robustness for UAV
applications.

Different architectures involving flight HW and SW and the
simulated environments can be considered. The basic struc-
ture, namely the Processor-in-the-Loop, PIL, is represented
by the actual onboard computer where flight control algo-
rithms are implemented in order to close the feedback loop
with the simulated environment made of system dynamics,
sensors, and actuators. In the present paper, a HIL simula-
tion technique is developed and implemented according to the
PIL architecture with the purpose to assess the performance
of small-scale helicopter control algorithms. To this aim, two
different control architectures are considered: i) the classi-
cal Proportional-Integral-Derivative (PID) controller, and ii)
a Sliding Mode Control (SMC) technique, combined with
classical Proportional-Integral-Derivative controllers. The se-
lected Flight Management Unit (FMU) representing flight
hardware is the Pixhawk® 6x coupled with the PX4 flight
stack firmware. The FMU is interfaced with the computer
through a serial connection. The simulation environment em-
ployed for this work is Matlab/SImulink®, with which the
control algorithms are generated and updated on the FMU.

The rest of paper is organized as follows: Section 2 gives
an overview of the mathematical model used to simulate the
small-scale helicopter dynamics; Section 3 describes the con-
trol systems architectures; the Hardware-In-the-Loop set-up
is detailed in Section 4; Section 5 shows the HIL simulation
results; conclusions are discussed in Section 6.

2. SMALL-SCALE HELICOPTER
MATHEMATICAL MODEL

2.1. Rigid body dynamics

The mathematical model of the small-scale helicopter is
briefly presented in this section. It is based on the work of
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Talbot (Ref. 19) and it has been yet presented by the authors
in some of their works (Refs. 3, 20).

The model is for a standard helicopter configuration featur-
ing a single main rotor and a tail rotor. Each segment of the
small-scale helicopter, including the main rotor, tail rotor, and
fuselage, was independently modeled. The cumulative forces
and moments exerted at the helicopter center of gravity were
determined by summing the contributions from all individual
components, along with gravitational forces. The model as-
sumes a flat, non-rotating Earth with a constant gravitational
field. The helicopter mass and its distribution are assumed to
be constant for the duration of the study.

Helicopter dynamics is described according to the Newton-
Euler equations of motion:

v=—0xv+F/m

(D
2

where @ is the angular velocity, v is the linear body veloc-
ity, F¢ and M* are the external forces and moments vectors,
J is the inertia tensor about CG and m is the total mass of
the helicopter. The external forces acting on the small-scale
helicopter include gravitational force, F' (&) and aerodynamic
forces F(@). The gravitational force vector is given by:

O =J"[-0x (Jo)+M

0 —sin@
F® =TI, | 0 | =mg |sing cos6 3)
mg cos ¢ cos 6

where g is the gravitational acceleration and I, is the ro-
tation matrix between inertial and body frame of reference.
The aerodynamic forces, F (@) = [X,Y,Z]", and moments,
M@ = [L, M, N]", are characterized based on the model de-
tailed in (Ref. 19). These contributions originate from the
main rotor, tail rotor, and fuselage of the small-scale heli-
copter. Air parameters are computed using the International
Standard Atmosphere (ISA) model as a function of the rotor-
craft’s altitude (Ref. 21).

The fuselage is modeled as a virtual flat plate drag source with
three dimensions, as outlined in (Ref. 22). The forces and
moments acting on the fuselage are computed as functions of
the angle of attack and the sideslip angle.

2.2. Main rotor model

The main rotor model is based on the following assumptions:
(a) the rotor blades are considered rigid in both bending and
torsion; (b) small flapping angles are assumed, and the simple
strip theory is applied (Ref. 23); (c) blade flow stall effects are
neglected; (d) the flapping motion of the main rotor blades is
represented by the first harmonic terms with time-dependent
coefficients, described by:

B(t) = ao(t) —a;(t) cosé — by (r) sin&

where ag(r) is a preset constant and & is blade azimuth. a (¢)
and b (¢) correspond to the longitudinal and lateral tilt of the
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rotor tip-path plane at time ¢, respectively. Under these as-
sumptions, the blade element theory is applied, and the forces
on the blades are analytically integrated over the rotor radius.
Ref. (Ref. 19) contains comprehensive formulas for comput-
ing forces and moments. For modeling the inflow, the Pitt-
Peters dynamic inflow model (Ref. 24) is employed, assuming
it to be uniform.

2.3. Tail rotor model

The tail rotor is modeled following the approach described
in (Ref. 19), with the assumption of no cyclic pitch control.
Given that the flapping frequency of the tail rotor is generally
much higher than that of the main rotor, the dynamics of the
tail rotor tip-path plane is neglected. As a result, the forces,
moments, and flapping angles are considered to be in steady-
state.

3. CONTROL SYSTEMS ARCHITECTURE

The overall helicopter control system is made of two feedback
loops according to the nested loop architecture, as shown in
Figure 1. The inner control loop has to deal with attitude sta-
bilisation, whereas the outer control loop is a speed autopilot.
The input for the outer loop is the reference velocity signal
provided by the external pilot , whereas the output is the ref-
erence roll and pitch attitude for the inner control loop. With
respect to the yaw axis, the external pilot directly commands
a reference yaw rate, whereas the altitude hold controller gets
the reference vertical speed also commanded by external pilot.

Helicopter actual speed

Pact Oact Tact

Tref
Vfor,ref ¢ref .
o Attitude
latref Ores Small-scale

Vaownrer| Controller Controller

helicopter

Figure 1. Small-scale helicopter control architecture

Two different control technique are developed and validated
by means of HIL simulations. The proposed techniques share
the same inner loop, and they show a different the outer loop:
one hand, classical PID controllers are implemented; on the
other hand, the sliding mode control technique is provided.
In the following sections, a detailed description of the control
architecture is provided.

3.1. Attitude controller

PID approach is the basis of the inner control loop for the at-
titude of the UAV on the distinct axes of roll, pitch, and yaw.
It consists of a cascade control system (Ref. 25). The exter-
nal loop places the set point for the inner one. On lateral and

longitudinal axes, the control system has the same structure,
while on the yaw axis only the yawrate r is controlled, as de-
picted in Figure 2. The outer loop addresses the roll angle
¢ and pitch angle 6 with a proportional gain, while the in-
ner loop uses a proportional integral technique to handle the
angular rates p (rollrate), g (pitchrate) and r (yawrate).
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Figure 2. Small-scale helicopter PID attitude control
scheme

3.2. Altitude hold controller

Altitude hold controller is part of the speed hold control loop,
but it is a PID cascade control scheme and it directly gen-
erates the small-scale helicopter main rotor collective com-
mand. Vertical speed v, and acceleration a, are controlled.
The pilot input is a reference vertical velocity, that is inte-
grated. On the vertical acceleration there is a derivative action,
as reported in the scheme in Figure 3.
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Figure 3. Small-scale helicopter PID altitude hold control
scheme

3.3 Speed hold controller

Both the speed hold control schemes are described in this sec-
tion.

PID speed hold controller The speed-hold control scheme
is a classical Proportional-Integral controller acting on the for-
ward and lateral velocities evaluated in the Local-Vertical axes
frame, that is centered in the vehicle Center of Gravity (CG),
parallel to North-East-Down axes Xy and Y, but aligned with
the helicopter heading w. The outputs of the PID controller
are the desired forward and lateral accelerations, that are con-
verted in reference angles 0.y and ¢, for the attitude con-
troller as follows:



a;cos 0
@ref = arctan R ref

ar
0.y = — arctan i (®)]

8
where g is again the gravity acceleration, ay and g; are the for-

ward and the lateral accelerations in the Local-Vertical frame,
respectively. Control scheme is reported in Figure 4.
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Figure 4. Small-scale helicopter PID speed hold control
scheme

SMC speed hold controller The sliding mode technique is
used and tested in HIL simulation as an alternative speed hold
control scheme on longitudinal and lateral axes. The scheme
is given in Figure 5. As for PID speed hold controller, refer-
ence signal for forward and lateral velocities are in the Local-
Vertical frame. The outputs are the reference attitude angles
for the inner control loop.
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Figure 5. Small-scale helicopter SMC speed hold control
scheme

This control scheme has been yet presented by some of the
authors in (Ref. 26). SMC control theory overview is detailed
in (Ref. 27) and here briefly summarized.

The following sliding surfaces u are chosen:

_ l: vi+A fé (vl _nyref) dt :| ©)
Vf-F/lffO (Vf—VfJef) drt

where A;, A; are the inverse time period. Such sliding sur-
faces describe the desired forward and lateral speed dynam-
ics that the UAV has to track. Z is the augmented state vec-
tor Z = [z, z|', where z = [v; v]' is the outer loop state and
Zo the tracking error. z, = (w—gq) with w = [v; v¢]’ and

)

q=[isef Virer)]. G= G | is the matrix that represents

the forward and lateral accelerations, where G is:

] =lad

G- |8 gtanOtan ¢
|0 g/cos6

The control law is given by:

u=—(RG)""((RF —0.5R)z+ (0.5R; — RTy)q
)

—R3q+ posat(u/e))  (7)
where R = [RiRy]', po = diag(po1 pPo2)s
~ (OF I
sat(11/€)) = [sat (i1 /&) sat (U2 /)] and F = [Oi 2 O;J .

A 0], [to], [-1 0
w=li )=l foefo

7y= | B

, where I is a 2x2 identity matrix.
()

4. HARDWARE-IN-THE-LOOP SETUP

Hardware in the loop (HIL) is a simulation technique where
two main subsystems communicate and collaborate. A host
computer is used to simulate the dynamics of the vehicle and
the atmospheric environment, while external hardware is in-
volved in the real-time calculation of the control action on
the system. This hardware is generally the same installed
on the real UAV. Different levels of hardware-software equi-
librium can be set for a HIL simulation: often physical ac-
tuators can be included in the loop. For a small-scale he-
licopter, as for the present study, no actuator dynamics and
neither physical actuators are considered. Hardware in the
loop is an important tool for validating the control system ar-
chitecture and studying the agreement between the compu-
tational burden required by the controller and the hardware
capabilities. This technique represents a crucial step between
the purely numerical simulation, where a single model simu-
lates both the dynamics and the control system, and the flight
test with real platforms. The hardware adopted in the present
work is the Pixhawk® 6X controller, coupled with the PX4
flight stack firmware for HIL testing. The flight controller
is interfaced with the host computer through a serial connec-
tion and the PC runs Matlab/Simulink® software to simulate
the helicopter dynamics. QGround Control is the ground sta-
tion, which is used to manage the communication between
the host and the hardware. The control algorithms are gener-
ated from Simulink® using the Matlab embedded coder and
uploaded on the Pixhawk® controller. The simulation is per-
formed in the ”Monitor and Tune” mode, which consists of
two Matlab® sessions: one for the plant simulation, and the
other one, in “External Mode”, where the Simulink® model,
uploaded to the hardware, receives back the signals read and
processed by Pixhawk®. The procedure is described in deep
detail in (Ref. 28). The scheme of the HIL components and
interfaces is depicted in Figure 6.
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Figure 6. HIL components and communication scheme

S. HIL SIMULATION RESULTS

Both the control architectures presented in previous sections
are tested by means of HIL simulations. The small-scale heli-
copter model adopted as dynamic model for the simulations is
briefly detailed in Section 2. Data for this UAV are reported in
Table 1. These parameters are those of the SAB Goblin Black
Thunder 700 small-scale remotely piloted helicopter.

Two different maneuvers have been considered to test the
performance of the developed controllers uploaded on the
Pixhawk® 6x.

Control system architectures are tested by means of two dif-
ferent maneuvers: 1) the bob-up/bob-down maneuver, that
consists in a sequence of longitudinal and vertical steps; 2)
circular maneuver, in which the UAV is asked to describe a
circle regulating the longitudinal and yawrate speeds. The
military standard (Ref. 29) that has been created guided the
choice of the selected maneuvers. The first maneuver is a
straightforward combination of segments that are vertical and
horizontal. The hovering condition is the initial point of the
bob-up/bob-down. The UAV is then asked to track a reference
speed of 5 m/s for 20 seconds, while maintaining a constant
altitude, and it is then decelerated to O m/s. After this, the
UAV has to follow a descent speed of 2 m/s for 10 seconds
and then it is again decelerated to hovering. The longitudi-
nal reference speed is again 5 m/s for 20 seconds and, from
hovering, finally a vertical climbing speed of 2 m/s is asked
to be tracked by the controller for 10 seconds. Heading angle
and lateral velocity references are zero for all the maneuver
time. The second manuever is the circular one. In this case,
the speed control system has to track a reference longitudinal
speed while following a reference yawrate r on the yaw axis.

Results for the PID-based velocity controller and the sliding
mode controller are reported in what follows.

5.1 Test of PID controller

Bob-up/bob-down maneuver Figures 7 and 8 show the
main helicopter variables during the bob-up/bob-down ma-
neuver when the PID speed controller is adopted. The ref-
erence velocity is quite well tracked by the system along the
longitudinal and vertical directions. A certain difference can

be observed between the first and the second steps on V. An
overshooting is reported in the first case, while the system
shows to be slower in the second case. The nonlinearity of
the small-scale helicopter system is highlighted by the excita-
tion on Vy when a vertical velocity is commanded. Looking at
the lateral variables, good control is obtained on the velocity
which is kept near the zero correcting the roll angle. A good
control is also obtained for the yaw angle which is kept almost
constant.
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Figure 7. Reference vs Actual velocities during bob-
up/bob-down maneuver - PID control architecture
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Figure 8. Attitude angles during bob-up/bob-down ma-
neuver - PID control architecture

Circular maneuver In this maneuver the theoretical diame-
ter of the circle is given by: D =2V;/r =21.4 m. Figure 9
reports the reference and the actual velocities during the ma-
neuver, while the attitude is showed in Figure 10 and the ob-
tained trajectory is given in Figure 11. A good tracking of the
advancing velocity and the yawrate is here shown. The UAV



is capable to track a circle. The error between the theoretical
and actual turn diameter is around 1 m, e.i. less than 5%.
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Figure 9. Reference vs Actual velocities during circular
maneuver - PID control architecture
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Figure 10. Attitude angles during circular maneuver - PID
control architecture

5.2 Test of SMC controller

Bob-up/bob-down maneuver The same simualtions pre-
sented for PID speed control architecture have been conducted
implementing a speed controller based on the sliding mode
technique. The results for the bob-up bob-down maneuver
are reported in Figures 12-13. It is possible to notice that the
sliding mode control properly follows the reference velocities.
Better tracking capabilities are obtained w.r.t. the PID case,
as discussed in Section 5.3. From these plots it is possible to
notice that the SMC produces a high frequency command ac-
tion, the so called “’chattering”, which is typical of this control
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Figure 11. Circular tracking on X and Y axes - PID control
architecture

technique and might be more effectively avoided by refining
the tuning of the boundaries &j of the controller.
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Figure 12. Reference vs Actual velocities during bob-
up/bob-down maneuver - SMC control architecture

Circular maneuver For the circular maneuver, results for
SMC speed controller and attitude are reported in Figures 14-
15. The covered trajectory is showed in Figure 16 Again, the
controller properly performs the maneuver, even if more evi-
dent oscillations result in the actual forward velocity.

5.3 Performance assessment

Bob-up/bob-down maneuver In Figure 17 the normal dis-
tributions of forward speed reference tracking errors for both
the PID and SMC controller are given when the helicopter
is simulated to perform a bob-up/bob-down maneuver. Both
controllers show strong ability to track the desired forward
speed, with a mean error of about zero. In Figure 18 the
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normal distribution is reported for the lateral speed reference
tracking errors of PID and SMC controllers.

North [m]

Circular maneuver In Figures 19,20 the normal distribu-

tions of forward and lateral velocities reference tracking errors

for both the PID and SMC controller are given during the cir- ot

cular maneuver. In this condition, the sliding mode controller

exhibits better tracking performances, especially on the lateral o

axis. 50 55 60 65 70 75 8 8 9 95 100
East [m)]

Figure 16. Circular tracking on X and Y axes - SMC con-
trol architecture
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6. CONCLUSIONS

This study addressed an Hardware-In-the-Loop (HIL) sim-
ulation architecture for small-scale helicopter control sys-
tems’ performance assessment. By comparing two control
techniques, a classical Proportional-Integral-Derivative (PID)
controller and a Sliding Mode Controller combined with PID
controller, the relevance of HIL simulations in evaluating and
refining UAV control strategies has been demonstrated.

The HIL setup integrates the Pixhawk® 6x Flight Manage-
ment Unit (FMU) with the PX4 flight stack firmware, inter-
faced with Matlab/Simulink® for dynamic simulation, proved
to be an effective platform for real-time testing, enabling a
comprehensive testing procedure for helicopter control sys-
tem in a safe and cost-effective method, avoiding the risks
associated with physical flight testing.

Results demonstrate a satisfactory performance for both the
control schemes. A proper tracking of reference speeds has
also been obtained for different maneuvers. The SMC tech-
nique showed superior performance in terms of tracking ac-
curacy and robustness, especially during the more demand-
ing circular maneuver. The SMC controller enhanced track-
ing ability, reveals its improved capability to handle non-
linearities and external disturbances.

Moreover, the study underscored the importance of consider-
ing the computational burden imposed by advanced control
algorithms on flight hardware. The HIL simulation facilitated
an in-depth analysis of the interplay between control strate-
gies and hardware capabilities, ensuring that the implemented
algorithms are both effective and feasible for real-world ap-
plications.

Overall, this research confirms the significant potential of HIL
simulations in the iterative design and validation process of
UAV control systems. By enabling early detection of design
faults and providing a robust testing environment, HIL simu-
lations can substantially accelerate the development cycle and
enhance the reliability of small-scale helicopter control sys-
tems.

Future work will focus on further refinement of the control al-
gorithms and expansion of the HIL framework to include ad-
ditional sensors and actuators. In addition, some experimen-
tal tests will be conducted to effectively validate the proposed
control architectures. This will provide a more comprehensive
assessment platform for next-generation UAVSs.
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Table 1. UAV helicopter relevant parameters

Parameter Symbol Value Units
UAV DATA

Mass m 4.8 kg
Center of gravity stationline STAcg 0.34 m
Center of gravity buttline BLy 0 m
Center of gravity waterline WLy 0.174 m
Moment of inertia L, I, I, 0.0465,0.2971,0.2567 kg m?
Inertia products Ly, 1y, I,  0.0079,0.0033,0.0006 kg m?
MAIN ROTOR (MR)

Number of blades Ny 2 -
Radius Ryr 0.79 m
Chord CMR 0.06 m
Rotational speed Qur 1995.3 rpm
Hinge offset € 0.0314 m
Flapping spring constant K 162.69 Nm/rad
Tangent of &; K 0 -
Blade twist 6 R 0 rad
Precone angle aomr 0 rad
Solidity OMR 0.0479 -
Lift curve slope arg 2% 1/rad
Blade inertia moment Ig 0.0344 kg m?
MR hub stationline STAy 0.3305 m
MR hub buttline BLy 0 m
MR hub waterline WLy 0.35 m
TAIL ROTOR (TR)

Number of blades Ny 2 -
Radius Rrr 0.115 m
Chord CTR 0.031 m
Rotational speed Qrr 9976 rpm
Tangent of &; Kirr 0 -
Blade twist 6: R 0 rad
SOlldlty OTR 0.1716 -
Lift curve slope arg 2*1 1/rad
Blade inertia moment Ig 0.00002665 kg m?
TR hub stationline STATR 1.385 m
TR hub buttline BLrg 0.052 m
TR hub waterline WLrg 0.205 m
FUSELAGE (FUS)

Fus. aerodynamic ref. point stationline ~ STAfpys 0 m
Fus. aerodynamic ref. point buttline BLrpys 0 m
Fus. aerodynamic ref. point waterline WLrpys 0 m
Frontal area S front 0.02042 m?
Lateral area Star 0.0633 m?
Top area Stop 0.09739 m?2
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