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In this paper, a complete nonlinear dynamic unmanned helicopter model considering wind disturbance is proposed to achieve
realistic simulations and teasing out the e�ect of wind on the control system. 
e wind velocity vector which is horizontal as seen
in the inertial frame can be obtained by subtracting the airspeed measured by atmospheric data computer from the inertial speed
measured by GPS.
e design of the controller fully considers the existence of wind, and the wind disturbance is suppressed by the
method of hierarchical control combined with the integral sliding mode control (SMC). 
e stability proof is given. Hardware in
the loop (HIL) tool is employed as a practical engineering solution, and it is an essential step in validating the new algorithm before
moving to real �ight experiments.

1. Introduction

Automatic �ight control has been generally studied for
unmanned helicopters including Proportional Integral
Derivative (PID) [1], Linear Quadratic Regulator (LQR),
and Linear Quadratic Gaussian (LQG) [2], H2 [3], �∞ [4],
Model Predictive Control (MPC) [5], Backstepping Control
[6], robust control [7–9], Fuzzy Control [10], hierarchical
control [11], Nonlinear Control [12], sliding mode control
(SMC) [13, 14], optimal control [15], Adaptive Control
[16], and Disturbance Observer-Based control [17]; few
works discussed the trajectory tracking �ight of unmanned
helicopters in the presences of strong wind. Trajectory
tracking control for helicopters at di�erent given speeds faces
the following challenges.

(1) 
e unmanned helicopter’s dynamic model is inher-
ently unstable, strongly nonlinear, and highly cou-
pled.

(2) 
e dynamics are signi�cantly di�erent from hov-
ering to high-speed forward �ight, and the model
may be changing from a minimum phase system to

a nonminimum phase system that �ies at di�erent
speeds.

Robust control such as�∞ control [18, 19] is well known
for handling internal uncertainties and external disturbances.
Since the uncertainties and disturbances are usually supposed
unknown, the balance between robustness and conservation
is hard to achieve. 
is problem is especially important when
the UH is �ying at di�erent speed with strong wind. He
and Han use a new acceleration feedback control as a robust
enhancement for the �∞ algorithm to attenuate uncertain-
ties and external disturbances involved in the tracking con-
trol of an unmanned helicopter [20]. Acceleration feedback
control does enhance tracking performance signi�cantly
compared to the standard �∞ control. However, the �∞
control is conservative as it supposes that the uncertainties are
all unknown,which limits the performance of the closed-loop
system. If the disturbances are too large, however, the control
inputs would become insu�cient to alleviate the disturbance
fully.


e �ight speed of small scale helicopters with stabilize
bar is relatively low. Generally, the aerodynamics of the rotor
can be ignored, and the linearizedmathematicalmodel can be
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Figure 1: Autonomous Ultrasport 496 unmanned helicopter.

directly applied to design the control law in hovering andnear
hovering �ight conditions [21]. But when the UH is �ying
at high speed and with strong wind interference, a complex
model, including blade dynamics, is desired. Blade dynamics
must be captured by the helicopter model because of several
reasons.Under the conditions of high altitude and high-speed
�ight, the wind has a tremendous in�uence on the blade.

e �apping motion of the rotor includes a serious nonlinear
term, and neglecting the nonlinear term is lack of realism,
and it does not have much signi�cance for tuning the gains
by using a model that ignores blade dynamics.


e presence of time-varying air�ow imposes higher
requirements on the accuracy, rapidity, and stability of the
trajectory tracking control for large-scale unmanned heli-
copters, especially when it is �ying at high altitude and
with long �ight time. 
is paper proposes the following
innovations to deal with the problem.

(i) Compared with the linearised mathematical model
that was previously used to design the control law,
this paper applies a complete and nonlinear helicopter
model with a stochastic gust model to design the
control law that can resist wind disturbance.

(ii) 
e design of the controller fully considers the
existence of air�ow, and the wind disturbance is
suppressed by the method of hierarchical control
combined with the integral sliding mode control.


is paper is organized as follows: Section 2 describes the UH
nonlinear mathematical model disturbed by strong air�ow.

en the control structure and algorithm is presented in
Section 3. 
e experimental results and analysis are given in
Section 4. Finally, the conclusion is shown in Section 5.

2. Complete Nonlinear Model of the Ultrasport
496 Helicopter


e test-bed in this paper is converted from the American
Sportscopter Ultrasport 496 (U496) helicopter (Figure 1)
[22].
e 496 helicopter is equipped with an avionics system,
including the onboard computer system, the sensors, and the
actuators which generate together the control signals for an
automatic �ight.

2.1. Equations of Mathematical Model. 
e helicopter is a
vehicle that is free to rotate and translate simultaneously

in all six degrees of freedom (DOF), which are de�ned as
rolling, pitching, yawing, surging, swaying, and heaving.

e Newton-Euler equations of motion describe the rigid-
body dynamics of such vehicles. 
ere exist two reference
frames which are generally used to determine the movement
of a helicopter: the body-�xed framework and the inertial
framework (NED).
e equation ofmotion for the body-�xed
reference frame is

[��3×3 03×303×3 �3×3
][ ̇��Ω̇] + [Ω × (���)Ω × (�Ω) ] = [ ����

] (1)

where �� = [�, V, �]� is the vector of body velocities, Ω =[�, �, �]� is the vector of angular rates, � is the helicopter
total mass, � is the inertia moment of the body, and �� =[��, ��, ��]� and�� = [��,��,��]� are the sum of the
external forces and moments acting on the airframe and are
determined by

�� = �X.MR + �X.TR −mg sin ��Y = �Y.MR + �Y.TR −mg cos � sin ��Z = �Z.MR + �Z.TR +mg cos � cos ��X = ��.�� +�X.TR�Y = �Y .MR +�Y .TR�Z = �Z .MR +�Z .TR

(2)

where �X, �Y, �Z and �X,�Y,�Z are the main rotor and
tail rotor forces and moments exerting on the body of the
helicopter, and the subscripts MR and TR denote main rotor
and tail rotor, respectively. 
e force and moment generated
by the horizontal stabilizer, vertical �n, and fuselage are
neglected because their impact is relatively small. 
e forces
distribution of di�erent components is

�X.MR = −TMR sin (�lon) − �MR cos (�lon)�Y.MR = TMR sin (�lat) + SMR�Z.MR = −TMR cos (�lon) cos (�lat) − �MR sin (�lon)�Y.TR = TTR��.�� = �Y.MRzmg�Y.MR = −�X.MRzmg�Z .MR = MK�X.TR = −TTRztg�Y .TR = MK.TR�Z .TR = TTRxtg�X.TR = �Z.TR = 0

(3)

where TMR,TTR are thrust of main and tail rotors, �MR and
SMR are backward and lateral forces generated by the main
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Figure 2: Orthographic views of the Ultrasport 496 helicopter.

rotor when �ying forward, MK and MK.TR are the main rotor
torque and tail rotor torque, respectively, �lon and �lat are the
pitch and roll cyclic, and xtg, zmg, ztg are the corresponding
distances shown in Figure 2.


e di�erential equations in (1) is the rigid-body equa-
tions, the forces and moments acting on the body are
contained in these equations. Further, the inertial position
(�, �, �) and the Euler angles (�, �, �) can be calculated
using suitable transformations. Solving the following three
di�erential equations provides the inertial position from
body velocities:

[[[
�̇̇�̇�
]]] = $

[[[
�
V�
]]]

= [[[
%�%� &�&�%� − %�&� %�&�%� + &�&�%�&� &�&�&� + %�%� %�&�&� − &�%�−&� &�%� %�%�

]]]
[[[
�
V�
]]]

(4)

where %∗ and &∗ denote cos∗ and sin∗. Finally, to determine
the Euler angles from angular rates, we use the following
transformation:�̇ = p + tan � sin �q + tan � cos �ṙ� = cos�q − sin �r�̇ = sin � sec �q + cos� sec �r

(5)

According to [23–27], the force and moment expres-
sions acting on the U496 helicopter are given directly in

Appendix A. 
e results of many times real �ight tests prove
that the helicopter model uses these expressions to simulate
real �ight well, and the similarity is more than 60%. 
is
makes sense for studying the impact of wind on �ight control
systems.

2.2. Wind Model and Its Application in the UH Model. For
a speci�c real �ight test, the wind model was established
with reference to air�ow velocity, inertial velocity, trajectory,
heading, and inertial navigation information.

2.2.1. Establishment of the Wind Model. 
e waypoint posi-
tion information of a real �ight is shown in Figure 3. 
e
properties of the helicopter passing through each waypoint
are shown in Table 1. 
e information of each waypoint is
set as follows: waypoint number, longitude, latitude, altitude,
speed, and heading angle. 
e UH �rst took o� from the
waypoint 0 and climbed to a height of 20 meters, then
passed through the waypoints 1 to 13, and �nally landed at
the waypoint 14. 
e geodetic coordinate system adopts the
North East Down (NED) coordinate system with an initial
heading of 220 degrees. 
e red point in Figure 3 represents
both waypoint 0 and waypoint 14.


e calculation of the wind velocity: the air velocity is
calculated from the pressure data measured by the pitot tube
through the atmospheric data computer, which is shown in
Figure 4.
e inertial speed'
 is measured by the Di�erential
Global Positioning System (DGPS) which is shown in Fig-
ure 5. 
e air velocity �� is the body’s relative velocity to the
wind. 
us the wind velocity '� is obtained by subtracting
the air velocity �� from the inertial speed '
 which is
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Figure 3: Settings for the waypoints.
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Figure 4: Air velocity measured by the atmospheric data computer.
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Figure 5: Inertial speed measured by the DGPS.
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Figure 6: Wind speed.

shown in Figure 6. 
e numbers in these �gures represent
waypoints. Figure 7 replaces Figure 6 with a representation
of the wind velocity at which the helicopter passes through
each waypoint.


e wind direction setting: on the day of the real �ight,
the helicopter was disturbed by a 5th-level southwesterly
wind. According to the �ight results, the wind direction is
set as shown in Figure 7. 
e wind direction between the
waypoints varies randomly between the set wind direction of
the previous waypoint and the next waypoint.

In this way, we set up a stochastic gustmodel, inwhich the
wind velocity and direction are always changing according to
the real �ight test.

Note 1. 
e air�ow direction measured by the pitot tube
through the atmospheric data computer is facing the head of
the UH, and the direction of the real-time wind is completely
unmeasurable, so the magnitude of the wind applied to the
helicopter model is modi�ed accordingly based on the real
�ight data. Adjustments bring the simulation curve closer to
the actual �ight curve.

2.2.2. External Wind Disturbances Exerted on the UH. Since
the aerodynamic forces are functions of the air velocity ��,
the helicopter model subjected to wind disturbance requires
the body’s relative velocity � and the wind velocity '� as
control inputs. In the near hover situation, the aircra� air
velocity can be expressed by adding the e�ect of a wind
velocity vector which is horizontal as seen in the inertial
frame in the form

�� = � − '� cos (�� − �) ;
V� = V − '� sin (�� − �) ; (6)

where '� is the velocity of the horizontal wind and �� is
the direction of the horizontal wind. Since there are so many

variants such as in�ow ratio *� = √�2
� + V

2
� + �2

�/(Ω�$�)
and *
 = √�2

� + V
2
� + �2

�/(Ω
�
) contains �� and V�, the
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Figure 7: Wind vector at the waypoints.

change in '� and �� causes a change in �� and V�, and the
change in �� and V� causes a change in *� and *
. *� and *

further in�uence the drag factors such as the �apping angle
coe�cient .1� and 11� and �nally a�ects the aerodynamic
forces and torques. In this way, the external wind disturbance
can a�ect the whole helicopter movement.

3. Control Structure and Algorithm


e �ight control system is designed as two parts: (1) path
planning layer and (2) kernel control layer; the overall
hierarchical structure is shown in Figure 8.

3.1. Path Planning Layer. 
e UH requires a series of way-
points to �y according to the preset �ight route. However, in
long-haul �ights, a path that uses a large number of discrete
points is not suitable for autonomous �ight systems because it
requires a large amount of memory to save all the waypoints.

us B-Spline describing the route using a �nite set of control
points and knots is applied to the route generation process. By
adding and deleting the spline curves in a stepwise manner,
the memory space can be e�ectively utilized to achieve real-
time control e�ects.

3.1.1. B-Spline Curve. A spline curve represents the sequential
curve segments that are connected to create a single con-
tinuous curve. A B-Spline is a type of representation of a
spline curve constructed by control points, knot vectors, and
basic functions. n+1 control points are selected in the inertial
coordinate system, and a spline curve C(u) generated by the
n+1 control points is used as a preset route of the UH. 
e

B-Spline curve C(u) is described using the parametric spline
equations, as shown in

2 (�) = �∑
�=0
4�,� (�) 1�, (6�−1 ≤ � ≤ 6�+1) (7)

where � is the order of the spline, 1� (9 = 0, . . . , <) are
the control points, and � is the parameter of the spline. 
e
control points de�ne the convex hull of the spline curve.

erefore, the spline curve begins from the �rst control point
and ends at the last point, within the convex hull. 
e knot
vector 6 is described as 6 = [60, 61, . . . , 6�+�−1, 6�+�], where
the elements set of 6 are a nondecreasing sequence of real
value. To �x both the endpoints of the spline curve to the start
and end of control points, 10 and 1�, the �rst and last set of
knots are repeated � times with the same value as follows:

60 = ⋅ ⋅ ⋅ = 6�−1 = ��
��
,6�+1 = ⋅ ⋅ ⋅ = 6�+� = ����
(8)

where ��
��
 and ���� are the parameter values of the start
and endpoint of the spline, respectively. 4�,�(�) is the basic
function of the curve with order p and can be described with
the following equation:

4�,0 (�) = {{{
1 if 6� ≤ � ≤ 6�+10 otherwise

4�,� (�) = � − 6�6�+� − 6�
4�,� (�) + 6�+�−1 − �6�+�−1 − 6�+1

4�+1,�−1 (�)
(9)
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where 9 = 1, 2, . . . , �. Using the spline parameter � we
divide the spline into equal intervals, and the spacing is
approximately equal to 30 meters. 
ese equally spaced
points on the spline will be used as the trajectory reference
point 6(����, ����) for the UH.

In the next subsection, we will explain how to obtain the
projection point D on the B-Spline curve which is closest
to the UH real-time position 2(�, �) and how the reference
point is given.

3.1.2. Position Reference Generation. According to the UH
real-time position2(�, �)measured byGPS during �ight, the
iterative method is used to �nd the closest pointE(F�, G�) on
the B-Spline curve. Project the current real-time position2 to
the preset trajectory to obtain the projection point D(F�, G�).

en, a certain bu�er distance is added along the direction
of the B-Spline curve with reference to the point E, and the
virtual future point thus obtained is regarded as the position
tracking reference point6. As6moves continuously forward
on the B-Spline curve, the UH gradually �ies toward the B-
Spline curve under its guidance. As shown in Figure 9, the
speci�c implementation steps are as follows.

(1) Calculate the distance H between the equidistant point
on the spline curve and the point 2(�, �) from the initial
point2(��
��
) one by one.
e iterative calculation ends until

the point E1 that makes H1 = √(F� − F)2 + (G� − G)2 < 40
meters found. Find the next point E2 along the direction of
the B-Spline from point E1. 
e distance between E2 and 2
is H2. If H2 < H1, select E2 as the closest point E(F�, G�);
otherwise select E1. 
e spline parameter corresponding to
the closest point E(F�, G�) is ��.

(2) Suppose E1 is the closest point E(F�, G�); thus H =H1. According to the spline parameter �� of point E(F�, G�)
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Figure 9: Schematic diagram of projection point D and reference
point 6.
and combining the UH heading � and the heading �� of
point E(F�, G�), the increment of � of the projection pointD relative to �� is obtained by trigonometric transformation

Δ�1 = H cos (� − �0)(Hx/H�)2 + (H�/H�)2 (10)

(3) 
us the spline parameter �� of point D(F�, G�) is�� = �� + Δ�1. 
en adding a certain bu�er distance from
point D to point 6, the spline parameter of the point 6 is�� = �� + Δ�2, where Δ�2 is determined by the speed of the
UH.

(4) Based on the spline parameter �� of point 6, the
corresponding position coordinates are calculated as the
position tracking reference point 6(����, ����) according to
(7).
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3.2. Kernel Control Layer. 
e helicopter’s kernel control
layer uses a cascade control structure combined with the PID
method and sliding mode control strategy. 
e attitude and
angular rate loops are considered as the inner loops, while the
speed and position loops are considered as the outer loops.

In the cascade control method, the control output of the
upper subcontroller is the control reference of the lower sub-
controller. By looking for a strong correlation state between
the upper and lower layers, that state is taken as the virtual
output of the upper subcontroller, that is, the virtual reference
of the next subcontroller. According to this idea, the strong
correlation states �, V, � are chosen as the virtual output of
the position controller, while the strong correlation statesL, �,���� are selected as the virtual output of the velocity controller.


e roll, pitch, and heading channels in the inner loops
adopt feedback control, while feedforward control is also
used between the heading and altitude channels and between
the roll and pitch channels to suppress the state coupling.

rough multiple �ight tests, it has achieved an excellent
decoupling control e�ect for the inner loops. 
us the
traditional PID controller is used for the inner loops here.


e focus of this paper is to resist the disturbance of the
wind and complete the trajectory tracking �ight mission at a
constant speed. To accomplish this task, the SMC algorithm
is used for the multiple inputs and multiple outputs system of
the outer loops.

3.2.1. Error Tracking System of the Outer Loop. Based on (1)
and (4), the position error tracking subsystem and the speed
error tracking subsystem in the outer loop are rewritten as
follows.

(1) Position (pos) error tracking subsystem:

̇���� = Mpos (����) + Npos (����) �pos (11)

where ���� = [��, ��, ��]�, M���(����) = 0, N���(����) = $,���� = [����, V���, ����]�. During the constant speed �ight
of the helicopter, since the heading is controlled by the
inner loop, the output ���� is the given speed. 
e role of
the position controller output V��� is to eliminate the lateral
deviation.

(2) Velocity (vel) error tracking subsystem:

�̇vel = fvel (�vel) + Nvel (�vel) �vel (12)

where �
V�� = [��, V�, ��]�, �V�� = [sin ����, sin ����, ����]�,M

V��(�V��) = [M
V��1, MV��2, MV��3]�, MV��1 = (�X.MR + �X.TR)/� + V� − ��, M

V��2 = (�Y.MR + �Y.TR)/� + ��−��, M
V��3 = (−O2��� cos(�lon) cos(�lat) − O2��� sin(�lon)+�N cos ���� cos ����)/� + �� − V�, and N

V��(FV��) =[N, N cos ����, −(O1��� cos(�lon) cos(�lat) + O1��� sin(�lon))/�]�.
Because the gravity is much larger than the forward and

lateral components of the rotor li�, we consider �N sin � as
the dominant term of the forward component force �X and�N cos � sin � as the dominant item of the lateral component
force �Y. And �X.MR + �X.TR and �Y.MR + �Y.TR are treated as
the minor items. According to the observation, L, �, ���� are

selected as the states strongly correlated with the upper and
lower layers.
us, � and � in�N sin � and�N cos � sin � can
be regarded as virtual reference to the next layer.

3.2.2. Decoupling Control Method Considering Wind Distur-
bance. To maintain constant speed �ight in the longitudinal
channel, the use of integral sliding mode control is a very
good solution. According to the above error tracking system,
we design the sliding mode controller as follows. Step 1. For�
V�� or ����, the switching surfaces P are designed as

P (F) = F + Q∫F (13)

where F = ����, Q = diag {Q
, Q�, Q�}, P(F) = [P
, P�, P�]�
in the position subcontroller, while F = �

V��, Q =
diag {Q�, QV, Q�}, P(F) = [P�, PV, P�]� in the velocity subcon-
troller.

Step 2. 
e approaching law of the sliding mode control
method is

̇P (F) = −S tanh (P (F)) = −4 (14)

where S = diag {S
, S�, S�} in the position subcontroller,
while S = diag {S�, SV, S�} in the velocity subcontroller.

Step 3. 
e subcontroller law � can be designed as

� = N (F)−1 [−M (F) − QF − 4] (15)

where � = �pos, N(F) = Npos(Fpos), M(F) = Mpos(Fpos) in
the position subcontroller, while � = �vel, N(F) = Nvel(Fvel),M(F) = Mvel(Fvel) in the velocity subcontroller.

It should be noted here that in the velocity subcontroller,
the roll angle L and the pitch angle � have a coupling e�ect on
the speed of the UH. From the perspective of decoupling, it
is necessary to set the calculation order of the three control
outputs in �

V��. First, we solve the di�erential equation of
forwarding velocity to get ����. 
en ���� is solved in the
lateral velocity di�erential equation by ����. Finally, ����
and ���� are substituted into the vertical velocity di�erential
equation to obtain ����. In this way, it is possible to reduce the
coupling between the longitudinal and the lateral directions
while maintaining the speed constant. At the same time,
because the wind disturbance is introduced in the calculation
of aerodynamic force, the controller has a good e�ect of
suppressing wind disturbance.

3.2.3. Stability Proof. 
e candidate Lyapunov function for
the subsystem (11) and (12) is

'(F) = P2 (F)2 (16)

From (16), it is easy to know that '(F) ≥ 0. If and only ifP(F) = 0, '(F) = 0.
Di�erentiating (16), we obtain

'̇ (F) = P (F) ̇P (F) (17)
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Figure 10: Hardware in the loop simulation platform.

Substituting (14), (11), or (12) into (17), we obtain

'̇ (F) = P (F) (Ḟ + QF)
= P (�) [M (F) + N (F) � + QF] (18)

Substituting (14) and (15) into (18), we obtain

'̇ (F) = −SP (F) tanh (P (F)) (19)

When P(F) > 0, tanh(P(F)) > 0. Since S > 0, '̇(F) < 0.
When P(F) < 0, tanh(P(F)) < 0. Since S > 0, '̇(F) < 0.
When P(F) = 0, '̇(F) = 0.

In conclusion, ' ⩾ 0 (if and only if F = 0, then ' = 0),
and '̇ < 0 (ifF ̸= 0); thus the system stateF is asymptotically
stable.

4. Experimental Results

In this section, two sets of experiments are performed
on the HIL simulation platform of the U496 unmanned
helicopter, which is the experimental veri�cation of the PID
control strategy and the new �ight control strategy on the
mathematical model.
e purpose of Scenario 1 is to tease out
the e�ect of wind on the control system by the comparison
with and without wind in a simulation compared to real
�ight test results. 
e purpose of Scenario 2 is to verify the
new �ight control law is better able to improve disturbance
rejection compared to the PID control strategy. 
e HIL
simulation platform is shown in Figure 10.

4.1. Scenario A: HIL Flight Test with and without Wind
by Using PID Control. According to the test data a�er a
real test �ight, we adopt the newly developed nonlinear
mathematical model and reshow the entire �ight process by
applying a wind disturbance to the model. In the process
of HIL simulation, the three-dimensional �ight trajectory
of unmanned helicopters �ying following the planned �ight
path is shown in Figure 11. 
e maximum given speed is
20m/s, the maximum �ying height is 600m, and the turning
angle of the route is 45∘, 90∘, and 135∘. 
e waypoint number
information is shown in Figure 3. Since the size of the XY
coordinate is much larger than the size of the Z coordinate
(height), to enhance the three-dimensional e�ect, we enlarge
the Z coordinate by a factor of 2, and the actual �ying height

Figure 11: 
e three-dimensional �ight trajectory of unmanned
helicopters.
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Figure 12: Roll response.

is shown by the blue curve in Figure 11. To fully reproduce the
real �ight test, we set the size and direction of the wind during
�ight simulation following Table 1 and Figure 7.

To show the e�ect of wind disturbance on the model,
we conducted simulation tests in both windless and windy
conditions and compared them with real �ight data. 
e PID
control gains for the three tests are all shown in Table 2. 
e
simulation results are shown in Figures 12–20.

By putting the nonlinear mathematical model into the
simulation computer and according to the prede�ned simu-
lation content, we conducted a large-range �ight simulation
of the Ultrasport 496 UH. In the simulation process of up
to 2200 seconds, there was no case where the model was
stuck, or the model was out of control under the disturbance
of wind, indicating the reliability of the newly developed
nonlinear model and the control strategy. 
e test data of the
U496 unmanned helicopter for large-scale �ight simulation
is similar to that of the real test �ight. 
e net result is the
ability to tease out the e�ect of wind on the control system,
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Table 1: Waypoint information.

Way Points 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

longitude(∘) 99.800 99.798 99.785 99.807 99.825 99.840 99.859 99.879 99.891 99.841 99.823 99.815 99.813 99.801 99.800

Latitude∘) 40.406 40.404 40.392 40.379 40.367 40.381 40.398 40.417 40.427 40.427 40.427 40.419 40.417 40.407 40.406

Height(m) 20 20 120 280 400 500 600 400 400 200 200 200 200 20 20

Heading(∘) 220 220 130 130 40 40 40 40 270 270 220 220 220 220 220

Speed(m/s) 20 20 20 20 20 20 20 20 20 20 20 10 10 1 0

Table 2: PID gains and Trim values used in the real �ight and HIL
simulation test.

Channels and Trim Gains Values Gains Values

Roll Channel O! 0.6 O� 0.27

Yaw Channel O" 0.7 O� 0.6

Pitch Channel O# 1.0 O$ 0.42

Height Channel Oℎ 0.2 Oℎ̇ 0.2

Longitudinal Channel O
 0.43 O
̇ 2.0

Latitude Channel O� 0.3 O ̇� 2.0

Trim(∘) Pitch 0.8 Roll -2.0
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Figure 13: Pitch response.

which is a crucial contribution of this work to bring out and
make as useful as possible.

From the simulation results, due to the presence of
wind disturbances, the forward �ight speed has a signi�cant
deviation, and it has not been able to maintain constant �ight
speed. 
e yaw distance is usually within 10 meters, and the
maximum is 22 meters. 
e PID control strategy used in this
section can resist the disturbance of the wind in the case of
di�erent turning angles and speeds and achieves the �t of the
�ight path and the set route. However, there is still a speci�c
gap between the simulation results and performance index.
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Figure 14: Lateral distance error.

Table 3: PID and SMC gains used in the HIL simulation test.

Channels and Trim Gains Values Gains Values

Inner loop

Roll Channel O' 0.6 O� 0.27

Yaw Channel O" 0.7 O� 0.6

Pitch Channel O# 1.0 O$ 0.42

Outer loop

Position controller Q
 0.4 Q� 0.4 Q� 0.3S
 1 S� 1 S� 1

Velocity controller Q� 1 Q
V

1 Q� 1.5S� 0.1 S
V

0.1 S� 0.1

4.2. Scenario B: Flight Test byUsingCombiningControl. Based
on the above work, we used the new control law to perform
the same test under the conditions of Scenario A.
e control
gains are shown inTable 3.We compare themwith the control
strategy that uses a set of PID control gains and test whether
the control lawmeets the following performance index: speed
error 0.5m/s, lateral position error 20m.
e results are shown
as follows.

In the two-dimensional plan of the yaw distance shown
in Figure 21, we have selected three typical points for local
ampli�cation, such as the -22.6m, 14.4m, and -20.1m points
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Figure 16: Wind speed.

that have more considerable side-o�set distances in actual
�ight. As can be seen from these �gures, the new control law
corrects the lateral o�set at these typical positions and obtains
an accurate tracking e�ect. Figure 22 is a speed variation
curve during autonomous �ight. By comparison, we have
found that using the new control law improves the helicopter’s
constant speed �ying e�ect signi�cantly at di�erent speeds
of 20m/s and 10m/s and 1m/s. As shown in Figure 23, the
yawdistancewas improved signi�cantlywith almost the same
wind disturbance. It should be noted that (1) because of
changes in �ight speed, resulting in di�erences in the total
�ight time of the di�erent tests, there is an inevitable phase
shi� in the curve. (2) To ensure the safety of the helicopter,
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the pitch angle is limited during the forward �ight. 
is is
why the helicopter’s speed still has an error of about 0.5m/s
when �ying in the top wind of 1400 to 1800 seconds.

Compared with the ordinary sliding mode control meth-
ods which uses the symbol function as the switching term
[27], this method can eliminate the chattering phenomenon
by using Tangent function. 
us the servos will not be
damaged due to the chattering problem during the execution.

As shown in Figure 7, this paper establishes a static wind
model based on the static data a�er a real �ight. Here we
can classify the wind model into a static wind model and
a dynamic wind model based on whether the wind model
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can be established in real time. Although the wind model
is called static, it is also time-varying. 
erefore, this paper
has proved that our SMCmethod has the ability of e�ectively
suppressing time-varying wind disturbance through HIL
simulation experiments. How to build a test platform to build
a dynamic wind model becomes the work we will focus on in
the next step.

5. Conclusions

In this paper, a trajectory tracking �ight controller is pro-
posed for unmanned helicopters in longtime �ight. Wind
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Figure 22: Velocity error.

disturbances are captured by the helicopter nonlinear mathe-
matical model to reproduce the e�ects of disturbance during
a real �ight. According to the real �ight data and measured
air�ow, the proposed control strategy can consider the wind
disturbance as a known state to study the optimal control
e�ect against the wind disturbance for di�erent given speeds.

e hierarchical control law combined with the integral
sliding mode is expected to provide the reference for the new
trial �ights of unmanned helicopters at a �xed speed.
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Appendix

A. Force and Moments Acting on
the Helicopter

To improve the accuracy of the rigid-body model, blade
dynamics and wind disturbances are captured as important
parts re�ecting severe nonlinearity when the simulation
platform simulates helicopters to �y at di�erent speeds
continuously.

A.1. Main Rotor Aerodynamic. 
e main rotor thrust 6��
contains two parts: 6MR0 is the thrust produced by the main
rotor when the helicopter is kept in a stationary or uniform
motion and Δ6MR is the additional thrust caused by rolling
and pitching. 
e presence of Δ6MR makes the helicopter
model give out continuous output and makes the simulation
platform move more realistically in the simulation process.

6MR0 = (12) ^_Ωm
2$m

4.∞`[(b2 + cm22b )
⋅ (�col − S�.0 − e0) − cm2Δ�8 + *m2 ]

(A.1)

Δ6MR = (16)
⋅ ^_Ωm

2$m
4.∞` [(�col − S�.0 − e0 − Δ�4 )

⋅ (V2� + V
2
$) − .0c�V� − .1�*�V� − b.1�V$2 − 12

⋅ b (V$�� − V��$)]
(A.2)

where pp = �/Ωm, �$ = �/Ωm, V$ = �j�/(Ωm$), V� =�j�/(Ωm$) + V/(Ωm$), *m = √�2 + V
2 + �2/(Ωm$m). 
us6�� can be expressed in a simpli�ed form:

6�� = 6MR0 + Δ6MR = O1������� + O2��� (A.3)


e �apping dynamic is carried out for �apping angles,
and the equations of �apping angles coe�cient a1E and b1E
are expressed in the form

a1E

= 8b�0/3 + 2b2Δ� + 2*mb2 − cm2/2 cm
− 16�/m)Ωm − �/Ωm1 − cm2/2

(A.4)

b1E

= 1b2 − cm2/2 (4bcm.03 + b2c]��oooo*moooo + √cm2 + *m2
)

− 16.0 ⋅ p/ (mb ⋅ Ωm) + q/Ωm1 + cm2/2
(A.5)

where �0 = (6Ctm/(b2.∞`)−0.75(b2+c�
2)Δ�−1.5*�)/(b2+1.5c�

2/b), Ctm = 6��/(^_Ωm
2$m

4).
When the helicopter is �ying forward, the main rotor

backward force��� can also be considered as two parts: one
is produced by the uniformmotion and the other is produced
by the rotary motion.

���0 = 12^_Ωm
2$m

4.∞`[[[
16b.0 (�lat − S�.1�)

+ 14 (�lon − S�11�) (*m − .1�cm) + 12 2
cm.∞
+ (13b3.1� − 12bcm*m) �0 + 14Δ� (b4.1�
− b2cm*m) + 14 (3b2.1�*m + b2cm.20
+ b2cm.21�) − 16b3.011� + c]��
⋅ b3�0/6 + b4Δ�/8 + b2*m/2 + b2cm.1�/16oooo*moooo + √cm2 + *m2

]]]

(A.6)
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Δ�MR = 12^_Ωm
2$m

4.∞`(−12 2
bV$.∞ ) + 12
⋅ ^_Ωm

2$m
4.∞`b ⋅ {[−12b.0V� + 2.1�V2�

+ 11�V� (c� − V$) − 13b2�� + *mV$] (�col − S�.0
− e0 − 34Δ�) + [12.0V2� + b.1�V� − 18b11�V$
− 18b�$ (c� − V$) − 18b��V�] (−�lat + S�.1�)
+ [−.0 (c� − V$) V� − 18b.1�V$ + 18b11�V�
− 38b (c� − V$) �� − 18b�$V�] (−�lon + S�11�)
+ [−b2.0V� + 12b.1�V2� + 12b11�V� (c� − V$)
− 14b3�� + 12bV$*m] Δ� − 3.0*mV� − 12b.20V$
− 54.0.1�V� (c� − V$) + 2.011�V2� − 14b.1� (c�

− V$) �� + 78b11�V��� − 18b11� (c� − V$) �$ + 58
⋅ b.1�V��$ − 12b.21�V$ − 12b.1�11�V� − 3b��*m
− 13b3�$}

(A.7)


us��� can also be expressed in a simpli�ed form:

��� = �MR0 + Δ�MR = O1������� + O2��� (A.8)

Similarly, two parts of the main rotor lateral force can be
expressed in (14) and (15).

PMR0 = 12^_Ωm
2$m

4.∞`{{{{{[(
13b3 + 12bcm2) 11� − 34b2cm.0]

⋅ �0 + (16b3 − 14bcm2) .0.1� + 14bcm2.1�11�
+ [14 (b

2 + cm2) 11�11� − 12b3cm.0]Δ� + 34b (b11� − 2cm.0)
⋅ *m
− b2cm]�� ((1/3) b�0 + (1/4) b2Δ� + *m + (7/8) cm.1�)2 (oooo*moooo + √cm2 + *m2) ]

}}}}}

(A.9)

ΔPMR = 12^_Ωm
2$m

4.∞`(−12 b2
V$.∞ ) + 12
⋅ ^_Ωm

2$m
4.∞` {[32b.0V$ + .1�V� (c� − V$) + 11�v2

$

+ 13b2�$ + *mV�] (�col − S�.0 − e0 − 34Δ�) − 18b11�V$�$
+ b�$*m + [b2.0V� + 12b.1�V� (c� − V$) + 12b11�V2$
+ 12bV�*m + 14b3�$] Δ� + 3.0*mV� − 13b2.0�� − 12b.20V�
− 2.0.1�V2$ + 14.0.1�V�c� + 94.011� (c� − V$) V� − 78
⋅ b.1� (c� − V$) �$ − 18b.1�V��� − 78b.1�11�V� − 12b121�V�
+ 58b11� (c� − V$)}

(A.10)


e main rotor torque is �* = (4MR0 + Δ4MR)/Ωm,
where 4��0 is expressed in (16) and Δ4MR is expressed in
the form

4MR0 = 12^_Ωm
2$m

4 {14S�2
`[1.0
+ 34 (1 + 5cm2) e2

� + 4710 ( '0Ωm$m

)2]
+ 2.02
�]���hb ] + j-'0 − �N�}

(A.11)

Δ4MR = 12^_Ωm
2$m

4$mΩmΔ�MR (A.12)

where Δ�MR is expressed in (18)

Δ�MR = 12.∞`b{ 12.∞2
 (12V2$ + V
2
�)

+ [12.0cmV� + 13b2V$ (.1� + �� − V�)]
⋅ (�col − S�.0 − e0 − 34Δ�)
+ [14b3 (V$�� − V��$) + 13b2.0cm] Δ�
+ �lat (13b2�$ + 12b.0V$)
+ �lon (13b2�� + 12.0V�) − 23
⋅ b2.0 (V$�$ − V���) − 12.20 (V2$ + V

2
�) + 23

⋅ b2.0.1�V� + .011�b [18 (c − V$) V� + 23bV$]
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Table 4: Nominal physical parameters.

Parameters Values Parameters Values Parameters Values� 357.35 ^ 1.225 �
 81.0�� 441.0 �� 373.0 �
� 32.5

zmg 1.13 �
/ 0.115 $m 3.505

rt 0.396 .∞ 5.4 ` 0.03088

t̀ 0.163 b 0.97 S� 0.167.0 0.05236 e0 -0.021 Δ� -0.15292� 0.17 2
 0.0508 �)� 35.7

Ibt 0.003 �
/ 0.115

+ .1�*mV$b + 12.1���b3 − 12b.21� (34V2$ + 14V2�)
+ 11�*mV�b − 12b311��$ − 18b121� (V2$ + 3V2�) − 14
⋅ b3 (�2

� + �2$) ]}
(A.13)

A.2. 
e Tail Aerodynamic. 
e tail rotor is modeled as a
teetering rotor without cyclic pitch. 
us the result is a set
of basic quasi-static force expressions.


e tail rotor thrust is

TTR = ^_Ω2

 r

4

 a∞t t̀ ((b2
 + 1.5c2

t /bt) �tail + 1.5*t)6 (A.14)

where *t = *0t − Vit, *0t = (−V − � ⋅ �
/ + � ⋅ �
/)/(Ωtrt).

e tail rotor torque is

�*.�� = 0.5^_Ω2

 r

5

 [0.2625 t̀Cxt (1 + 4.65ct2)

+ 2.4 (1 + 3ct2)Cttvit + Ctt*0t] (A.15)

where Cxt = 0.0115 + 0.0011Cyt − 0.0061Cyt
2 + 0.026Cyt

3,

Cyt = 6Ctt/(bt2 t̀(1.0 + 1.2ct2)), and Ctt = TTR/(^_Ω2

 r

4

 ).

All of the above coe�cients are shown in Table 4.

Abbreviations^: Air density, SN/�3e0: Zero lead angle, �.H.0: Precone angle, �.Hb: Blade tip loss factorS�: Flapping gain factor�: Unmanned helicopter total
mass, SN.∞: Slope of li� curve, �.H−1

Δ�: Linear twist angle, �.H`, 
̀: Main rotor and tail rotor solidity*�, *
: Main rotor in�ow ratioc�,c
: Advance ratio$�, �
: Main rotor and tail rotor radius,�
V��, V�
: Induced velocity, �/&�)�, �)
: Blade moment of inertia, SN/�2����, �
���: Main and tail rotor collective,�.H����, ���
: Pitch cyclic and roll cyclic, �.H2�, 2
: Main rotor and tail rotor blade

chord length, �Ω�, Ω
: Angular velocity of main rotor
and tail rotor, �.H/&�, V, �: Velocities in body frame,�/&L, �, �: Roll angle, pitch angle, heading
angle, �.H�, �, �: Euler angular rate, �.H/&

z�/, �
/, �
/: Distance between the C.G
location and the acting point of
several forces,��
, ��, ��, �
�: Aircra� moment of inertia,SN ⋅m2m) = ^.∞2�$�

4/�)�: Locke coe�cient
MR: Main rotor
TR: Tail rotor
col: Collective
lon: Longitudinal
lat: Latitudinal.

Data Availability


e readers can get the FlightData.xlsx, Simulation-
FlightData1.xlsx, Simulate270final1.xlsx, and SimuSp-
dI1D001Constrn15Lat35.xlsx, these four �les, through the
following link and password. Download link: https://pan
.baidu.com/s/1iJH9fIm8x50FqwD9BaFMVw; password: jscu.

e readers can access the data a�er they register an account,
the register link is: https://passport.baidu.com/v2/?reg&tt=
1555071708648&overseas=1&gid=B4F5FD0-6269-450C-B929-
CD00BF68770D&tpl=netdisk&u=https%3A%2F%2Fpan.bai-
du.com%2Fdisk%2Fhome.
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