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ABSTRACT The wind field has a great influence on the control stability of Tilt-rotor unmanned aerial
vehicle (UAV), especially during the take-off and landing phase. The airspeed of UAV is so small during
these phases that it cannot generate stable aerodynamic forces, which will significantly reduce the wind
robustness of Tilt-rotor UAV. In this article, the disturbance of wind field is analyzed from two perspectives:
the wind field acting on the UAV fuselage, which is regarded as external interference, and the wind acting
on the propeller, which is considered as modeling error. After analyzing the interference mechanism of wind
field, a generalized extended state observer (GESO) and aH∞ robust control method with mixed sensitivity
are proposed, which could empower the Tilt-rotor UAV with good interference suppression ability as well
as better performance tracking ability. Finally, the laboratory simulation and flight experiment are studied.
The results validate the theory and prove that the proposed method could resist the interference of wind field
and shows excellent control effect.

INDEX TERMS Tilt-rotor, unmanned aerial vehicle, wind field disturbance, generalized extended state
observer, robust control.

I. INTRODUCTION
Integrating the advantages of fixed-wing aircraft and heli-
copter, the Tilt-rotor unmanned aerial vehicle (UAV) has
received wide attention with the development of aviation
industry [1]–[4]. With the tiltable rotor nacelle system,
the Tilt-rotor UAV could provide the power of variable vector
for hover and level flight, which allows the Tilt-rotor UAV
to have greater load capacity, longer cruising time and better
adaptability to take-off and landing sites [5]–[7]. However,
with unique structural characteristics, the Tilt-rotor UAV has
more complex features than traditional aircraft. For example,
the interaction between rotor and wing makes Tilt-rotor UAV
a strong nonlinear and coupling system [8]–[10], besides this,
the multiple actuators make the control strategy even more
complex, and so on [11], [12].

Taking these challenges into consideration, many
scholars have conducted numerous related studies in the
simulation environment [9], [11], [13]–[19]. Regarding the
nonlinear control problem of Tilt-rotor electrical verti-
cal take-off and landing, [13] discussed a hovering state
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attitude control law based on nonlinear dynamic inversion,
and successfully implemented and evaluated the proposed
method in a proof of concept simulation. To deal with the
actuator saturation and uncertain disturbance problems of
a novel Tilt-rotor UAV, [14] proposed an improved control
method based on the combination of the robust servo linear
quadratic regulator optimal control and the extended state
observer. Flight simulations were carried out to verify the
effectiveness of the designed flight control law. In order to
solve the problem of manipulation redundancy in conversion
mode, [15] proposed a novel tilting strategy based on Ant
Colony Optimization (ACO), and found the optimal tilting
path in the conversion corridor. The test results showed that
the proposedmethod could effectively solve the manipulation
redundancy in the conversionmode. In [16], themodeling and
control technology of Bell-XV15 were studied. A nonlinear
hierarchical control strategy was adopted to provide auto-
matic hover control of the tiltrotor aircraft. In [17], a nonlinear
dynamic model had been developed based on a compo-
nent buildup methodology and the lifting-line theory for a
novel Tilt-rotor UAV, and the results obtained through sim-
ulations were satisfactory. A quadratic-programming-based
optimal control method was developed based on a Tilt-rotor
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time-varying linear model in [18], then, three typical tilting
transition missions were simulated using the nonlinear model
of XV-15 Tilt-rotor aircraft.

These researches have improved the flight performance
of the Tilt-rotor UAV, however, most of the related studies
focus on the simulation phase, while the mechanism of wind
field interference at low airspeed is rarely studied. During
the vertical take-off and landing phase, the rotor nacelle
system tilts to vertical position and works like a helicopter,
the attitude and position of Tilt-rotor are controlled by direct
force of rotor system. During these phases, the airspeed is
so small that it cannot generate stable aerodynamic forces,
and the aerodynamic interference which caused by wind
field will reduce the stability of the aircraft [9], [20]–[22].
In [9], the rotor-wing aerodynamic interaction of a scaled V-
22 Osprey Tilt-rotor in the helicopter mode was studied by
computational fluid dynamics (CFD) numerical simulation.
However, the wind field was assumed to be zero and was
not considered in the modeling in this article. In [20], the
wind-gusts were introduced into the modeling as external
disturbances, then, a model predictive controller (MPC) for
attitude maneuvers of Tilt-rotor was proposed. Due to the
simple structure of tilt rotor in this article, the influence of
wind field was relatively small and the simulation results had
high accuracy. In addition to the influence of the wind field on
the stability of the fuselage, the wind field could change the
direction of incoming flow of propeller, which will interfere
with the pull output of rotor propeller. A relative wind model
was added to the aerodynamic modeling of propeller in [22],
however, the researchers did not further study the effect of
wind on Tilt-rotor control.

In this article, the research focuses on the wind distur-
bance and control system design of Tilt-rotor UAV during
the vertical take-off and landing phase. A number of con-
trol strategies have been proposed to deal with the prob-
lems of external disturbances and parametric uncertainties,
such as sliding model control [23]–[25], model predictive
control [26], [27], neural network control [28]–[31], and so
on. Sliding mode control (SMC) strategy has been widely
used because of its characteristic of insensitivity to distur-
bance, however, the sign function of SMC is easy to cause
inevitable oscillations in the system. For example, in [25], a
robust nonlinear controller which combines the sliding mode
control technique and the back-stepping control technique
was proposed to deal with model uncertainty and external
disturbances. However, the sliding mode control did lead to
inevitable oscillations. A predictor-based model predictive
control method is applied for the roll and yaw control of
a rudderless quad-tiltrotor UAV [27], the simulation results
and final flight tests confirmed that the predictor-based adap-
tive controller could effectively improve the roll and yaw
control quality of the tested quad-tiltrotor model. However,
the external disturbances were not considered in the design of
the control methods. In [31], the neural network theory was
combined with sliding mode control, which could enhance
the adaptive capability of the dynamic system. The results

did show remarkable stability and dynamic performance,
however, the introduction of neural network increased the
computational complexity and burden of the controller. Dur-
ing the vertical take-off and landing phase of Tilt-rotor UAV,
the disturbance of wind field is considered from external
compound disturbance and parametric uncertainties simulta-
neously, which makes the situation more challenging. The
characteristics of high computational complexity and slow
convergence of these control methods may result in the
decline of the dynamic performance of the controlled object
in practical applications. Therefore, it is still a challenging
and meaningful task to construct an effective control algo-
rithm in practical application of Tilt-rotor UAV.
H∞ robust control method could empower the controller

with robust performance by optimizing the infinite norm
of some performance indexes in H∞ space (Hardy space),
which allows the system to have good interference sup-
pression and better tracking performance, and it has been
widely applied in UAV control [32]–[34]. In [32], an attitude
controller for a Tilt-wing UAV was designed, which used
the H∞ synthesis to minimize H∞ norm from the distur-
bance and noise to the estimation error. Then, a simulation
containing certain disturbances and noises was conducted
to verify the performance and robustness of the controller,
which met the requirements. In [33], in order to ensure the
stability of the morphing UAV during the wings change,
H∞ robust control method was designed and the simulation
and semi-physical results showed that it could suppress exter-
nal interference caused by changes of structure. What’s more,
for the uncertainty of external disturbance, the extended state
observer (ESO) can not only recover the system state but
also estimate all the disturbances in real time [35]–[38].
In order to estimate the disturbances and uncertainties that
affect the system, an ESO was proposed in [35], and then
the estimated results were used for feedback linearization
and embedded model control system, and good control accu-
racy was obtained. In [38], an improved ESO based on sig-
moid function was proposed to estimate the model uncer-
tainties and external disturbance caused by the large atti-
tude maneuver and complicated external environment during
the re-entry phase of the reusable launch vehicle (RLV).
The simulation results showed that the ESO could accu-
rately and quickly estimate the interference of the nonlinear
RLV system.

Therefore, in this article, after analyzing the interfer-
ence mechanism of wind field, a generalized extended state
observer (GESO) and control method based on H∞ robust
control with mixed sensitivity are proposed. The algorithm is
implemented and evaluated with simulation experiment and
actual flight verification. The main contributions of this work
can be summarized as following:

(1) Two aspects of thewind field disturbance are analyzed:
the wind field acting on the UAV fuselage, which is
regarded as external interference, and the wind acting
on the propeller, which is considered as a modeling
error.
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FIGURE 1. The coordinate systems of Tilt-rotor UAV.

(2) A generalized extended state observer is designed to
estimate the interference force and torque, and the
stability of GESO is analyzed.

(3) To deal with the external disturbance and inter-
nal modeling error caused by wind field, a H∞
robust control with mixed sensitivity is proposed,
which could bring better interference suppression
ability and performance tracking ability to the
system.

The article is organized as follows: Section II presents
the complete model of the Tilt-rotor UAV, including the
rotor propeller and interference mechanism of wind field.
Section III introduces the GESO and its stability is proved
by the Lyapunov theory. Then, the method of mixed sen-
sitivity H∞ robust control is proposed for wind resistance
control. Comparative simulation and experiment results are
provided and discussed in Section IV. Followed by conclusion
in Section V.

II. MODEL FOR NOVEL TILT_ROTOR UAV
A. DEFINITION OF COORDINATE SYSTEMS
The novel Tilt-rotor UAV studied in this article is mainly
powered by two tiltable rotors at both ends of the wings.
A ducted fan is equipped at the end of UAV to maintain
the stability of pitch attitude during take-off and landing.
As shown in Figure 1, the coordinate systems are defined as
follows: Ob − XbYbZb is the body frame. Where Ob is at the
center of gravity and it is the original point of Tilt-rotor UAV,
Xb pointing to the right of the UAV, Yb pointing front and
Zb pointing up. On − XnYnZn is the navigation frame which
coincides with the geographic frame (east, north, upwards).
Omr − XmrYmrZmr ,Oml − XmlYmlZml,Omb − XmbYmbZmb
are the motor frames which are fixed with three motors,
respectively. Referring to the center of gravity, the coordinate
of right motor is [L, n, h]T , the left one’s is [−L, n, h]T and
the rear one’s is [0,−l, h]T .
The relationship between body frame and navigation frame

can be described by attitude rotation matrix:

Cb
n = Ry(φ)Rx(θ )Rz(ψ)

=

 cosφ 0 − sinφ
0 1 0

sinφ 0 cosφ

 1 0 0
0 cos θ sin θ
0 − sin θ cos θ



×

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

 (1)

where φ, θ , ψ represent the roll, pitch and yaw angle, respec-
tively.

As there is only one degree of freedom for each motor,
the relationship between motor frame and body frame can be
established by the tilt angle. For three motors, the tilt angles
of vertical state are 90◦. From the rear view, it is 0◦ when the
tail motor tilts left to horizontal. From the right view, it is 0◦

when the right and left motors tilt front to horizontal. Then,
take the right motor as an example:

Cb
mr = Rx(90◦ − ϕr ) =

 1 0 0
0 sinϕr cosϕr
0 − cosϕr sinϕr

 (2)

B. DYNAMIC MODEL
Dynamic equation of rigid body motion can be established
according to Newton’s law of motion and the Euler equation.

The Newton equation with respect to the navigation coor-
dinate frame can be written as:

mẌ = Fn (3)

where X = [x, y, z]T is the navigation position vector,
m ∈ R is the mass of Tilt-rotor UAV, Fn is the external force
in navigation frame.

The thrust of each motor can be defined as Tmrr =

[0, 0,Tr ]T ,Tmll = [0, 0,Tl]T , Tmbb = [0, 0,Tb]T in motor
frame, respectively. Translate the thrusts vector into body
frame 

T br = Cb
mrT

mr
r

T bl = Cb
mlT

ml
l

T bb = Cb
mbT

mb
b

(4)

The gravity can be defined as Gn = [0, 0,−mg]T , in addi-
tion to the interference caused by the external environment,
the resultant force in navigation frame can be described as

Fn = Cn
b (T

b
r + T

b
l + T

b
b + F

b
d )+ G

n (5)

where Fbd is the disturbance caused by external environment,
and Cn

b is transpose matrix of Cb
n . Thus, the full expression of

translational dynamic equations is defined as (6), as shown at
the bottom of the next page.

The Euler equation with respect to the body coordinate
frame can be written as

I ω̇ + ω × Iω = Mb (7)

where I ∈ R3×3 is an inertia matrix and ω is the body angular
velocity vector.

For UAVs, generally, cross products of inertia can be
ignored, and the Eq. (7) can be redefined as

Mb
x = Ixx ω̇bx − (Iyy − Izz)ωbyω

b
z

Mb
y = Iyyω̇by − (Izz − Ixx)ωbzω

b
x

Mb
z = Izzω̇bz − (Ixx − Iyy)ωbxω

b
y

(8)
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where Mb
x , Mb

y and Mb
z are the components of

vector Mb.
As mentioned above, the coordinates of three motors are

dr = [L, n, h]T , dl = [−L, n, h]T and db = [0,−l, h]T .
So the torques which are derived based on the thrusts of three
motors can be defined as (9), as shown at the bottom of the
next page.

The relationship between angular velocity vector and Euler
angles can be described as φ̇θ̇
ψ̇

 =
 sinφ tan θ 1 − cosφ tan θ

cosφ 0 sinφ
− sinφ/ cos θ 0 cosφ/ cos θ

ωbxωby
ωbz


(10)

Then the dynamic model of Tilt-rotor UAV in take-off and
landing phase can be summarized as follows (11), as shown
at the bottom of the page 6

C. MECHANISM OF WIND DISTURBANCE
The interference of wind field is mainly reflected on two
aspects. On one side, the wind field produces aerodynamic
resistance, causing interference force and torque on the fuse-
lage of UAV. On the other hand, the incoming flow of pro-
peller is influenced by wind field and it has an effect on motor
thrust.

1) THE INFLUENCE OF WIND FIELD ON THE FUSELAGE
In the take-off, landing or hovering state, the interference
force and torque generated by the wind field can be analyzed
from the perspective of atmospheric resistance. The atmo-
spheric resistance can be described as

Fbw = sgn
(
V b
w

)
·
1
2
cρS

(
V b
w

)2
(12)

where c =

 cx 0 0
0 cy 0
0 0 cz

 is the coefficient matrix atmospheric

resistance, S =

 Sx 0 0
0 Sy 0
0 0 Sz

 is the matrix of windward area,

sgn
(
V b
w
)
=

 sgn
(
V b
wx
)

sgn
(
V b
wy

)
sgn

(
V b
wz
)
 represents the direction of wind

speed.

The atmospheric resistance is acting on the UAV’s geomet-
ric center, it will produce interference torque relative to the
center of gravity

Mb
w = Fbw × R (13)

where R is the vector between centroid and center of gravity.

2) THE INFLUENCE OF WIND FIELD ON THE PROPELLER
In order to simplify the structure, the Tilt-rotor UAV
researched in this article uses the fixed pitch propeller.
As shown in Figure 2, the influence of the wind field on the
propeller is mainly reflected in the change of the angle of
attack.

In Figure 2, VI is the incoming flow speed, Ua =√
(ωrp)2 + V 2

I is the flow velocity relative to the propeller,

φp = tan−1( VI
ωrp

) is the flow angle, βp is the propeller

blade angle, αp = βp − tan−1( VI
ωrp

) is the attack angle of
propeller. Generally, there is no aerodynamic force in the hub,
which accounts for about 20% of the total propeller diameter.
Therefore, the leaf element at 0.4r is selected as the research
object, and rp = 0.4r .
According to the blade element theory, the profile of the

propeller can be taken as a small wing, the lift and drag can
be described as

dL =
1
2
ρU2

aαpLpds (14)

dD =
1
2
ρU2

aαpDpds (15)

where Lp and Dp are pull and drag coefficient, ρ is the air
density, ds is a small blade area. Then, the forward pull and
rotation resistance in motor frame are

dTz = dL cosφp − dD sinφp (16)

dTy = dL sinφp + dD cosφp (17)

Combining with the expression of each variable, the pull
of this small blade can be rewrite as

dTz =
1
2
ρLpds

√
(ωrp)2 + V 2

I ωrpαp

−
1
2
ρDpds

√
(ωrp)2 + V 2

I VIαp (18)

The size of the propeller used on this Tilt-rotor UAV is
910 × 303mm, the propeller blade angle at this leaf element



ẍ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (cosφ cosψ − sinφ sin θ sinψ)− (Tr cosϕr + Tl cosϕl + Fbdy) · (cos θ sinψ)

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (sinφ cosψ + cosφ sin θ sinψ)

)

ÿ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (cosφ sinψ + sinφ sin θ cosψ)+ (Tr cosϕr + Tl cosϕl + Fbdy) · (cos θ cosψ)

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (sinφ sinψ − cosφ sin θ cosψ)

)

z̈ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (− sinφ cos θ )+ (Tr cosϕr + Tl cosϕl + Fbdy) · (sin θ )

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (cosφ cos θ )− mg

) (6)
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FIGURE 2. The profile of propeller.

can be calculated as βp = tan−1 303
2π×910/2×0.6 ≈ 0.177rad .

As the blade angle of attack need to be positive, then

tan−1(
VI
ωrp

) < 0.177rad ⇒
VI
ωrp

< 0.177 (19)

Define δL = 1
2ρLpds and δD =

1
2ρDpds, the pull of this

small blade can be simplified as

dTz = δL(ωrp)2βp − δLωrpVI − δDωrpVIβp + δDV 2
I (20)

As shown in Eq. (20), the thrust of propeller will be
affected by quadratic speed of the wind field, thus the influ-
ence of this part of the wind field should be built into the
dynamic model.

III. DESIGN OF WIND RESISTANT CONTROLLER
As in the take-off and landing phase, the horizontal attitudes
are controlled in a very small range and the tilt angles of
right and left motors are kept in the vertical state. To provide
the yaw moment, the rear motor has to keep a small tilt
angle. Therefore, considering the Eq. (10)∼ Eq. (13) and Eq.
(20), the control model of take-off and landing phase can be
simplified as {

ẋ = Ax + Bu+ Bdd
y = Cx

(21)

where x =
[
h θ φ ψ Vz ωx ωy ωz

]T , u = [ Tr Tl Tb ϕb ]T ,
y =

[
h θ φ ψ

]T , d = [
Fbdz M

b
dx M

b
dy M

b
dz

]T
. A =

[
O4×4 I4
O4×4 O4×4

]
, B =


O4×4

1/m 1/m 1/m 0
n/Ixx n/Ixx −l/Ixx 0
−L/Iyy L/Iyy 0 0

0 0 −ϕbl/Izz −Tbl/Izz

,

C =
[

I4
O4×4

]
, Bd =


O4×4

1/m 0 0 0
0 1/Ixx 0 0
0 0 1/Iyy 0
0 0 0 1/Izz

. O4×4

denotes zero matrices with dimension of 4×4 and I4 denotes
fourth-order identity matrix.
In this part, a H∞ robust control method with GESO is

proposed, and the configuration of control method is shown
in Figure 3.

A. DESIGN OF GENERALIZED EXTENDED STATE
OBSERVER AND STABILITY ANALYSIS
The attitude feedback information of the controller is cal-
culated by micro electro mechanical system (MEMS) and
GPS. However, the angular velocity information obtained
from MEMS contains large noise, which will affect the per-
formance of the controller. What’s more, the interference
mechanism of wind field has been researched before, but
the actual wind field is difficult to measure and model in
real-time. State observer is an effective way to solve this
problem. In general, the GESO is used to estimate system
states and total disturbances with less dependence on model
information [39], [40]. In this section, a GESO is designed
to estimate the states and the disturbances that are difficult
to measure, then, the stability of GESO is proved by the
Lyapunov theory.
Define the extended state x̄ =

[
x d

]T , the GESO can be
designed as {

˙̂x̄ = Ā ˆ̄x + B̄u+ L
(
y− ŷ

)
ŷ = C̄ ˆ̄x

(22)

where Ā =
[

A Bd
O4×8 O4×4

]
, B̄ =

[
B

O4×4

]
, C̄ =

[
C O4×4

]
.

ˆ̄x =
[
x̂ d̂

]T
is the estimate value of extended state and L ∈

R12×4 is the observe gain matrices that need to be designed.
Then, define the estimation error as e = x̄ − ˆ̄x, and the

dynamic equation of e can be expressed as

ė =
(
Ā− LC̄

)
e+ Eh (23)

where h = ḋ is the derivative of external interference, E is
the coefficient matrix.
It is clear that if the gain coefficient L could make(
Ā− LC̄

)
is a Hurwitz matrix, the estimation error will be

bounded under the condition that h is bounded. In order
to prove the stability of the state observer, the Lyapunov

Mb
m = dr × T br + dl × T

b
l + db × T

b
b +M

b
d

=

 Tr sinϕrn− Tr cosϕrh+ Tl sinϕln− Tl cosϕlh− Tb sinϕbl +Mb
dx

−Tr sinϕrL + Tl sinϕlL − Tb cosϕbh+Mb
dy

Tr cosϕrL − Tl cosϕlL − Tb cosϕbl +Mb
dz

 (9)
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FIGURE 3. The structure of control system based on GESO.

function is defined as

V = eTPe (24)

The time derivative of Lyapunov function is

V̇ = eT
((
Ā−LC̄

)T P+ P (Ā−LC̄)) e+ hTETPe+ eTPEh
(25)

As the
(
Ā− LC̄

)
is a Hurwitz matrix, there exists a positive

definite symmetric matrix P satisfying(
Ā− LC̄

)T P+ P (Ā− LC̄) = −CV I12 (CV > 0) (26)

Therefore, the Eq. (25) can be rewritten as

V̇ = −eT (CV I12) e+ hTETPe+ eTPEh

≤ −CV ‖e‖ · ‖e‖ + ‖Eh‖ · ‖P‖ · ‖e‖ + ‖e‖ · ‖P‖ · ‖Eh‖

= −‖e‖ · (CV ‖e‖ − 2 ‖Eh‖ · ‖P‖)

≤ −‖e‖ · (CV ‖e‖ − 2λ · γ ) (27)

where γ is the 2-norm of P, and ‖Eh‖ ≤ λ. It can be seen that
V̇ < 0, if ‖e‖ > 2λ·γ

CV
, which implies that ‖e‖ decreases for

any e.

IV. H∞ ROBUST CONTROL
The Tilt-rotor UAV works in multi-state and there is mutual
interference between the rotors and the wings, therefore,
the uncertainty error of modeling results in great difference
between the reference model and the actual control system.
In addition, the atmospheric disturbance model is based on

FIGURE 4. System architecture of pitch angle control channel.

statistical theory, which has large model errors. Therefore,
there are problems of system model uncertainty and environ-
mental interference to be considered in the control system
of Tilt-rotor UAV. In this article, a control method based
on H∞ robust control with mixed sensitivity is proposed,
which could bring better interference suppression ability and
performance tracking ability to the system [41]–[43].

Take the pitch angle control channel as an example,
as shown in Figure 4, θc is the reference input, u is the control
input, e is the tracking error, K (s) is the controller and d is
the external interference.

The transfer functions for θc to e, u, θ can be described
as

S (s) =
e (s)
θc (s)

= (I + L (s))−1 (28)

R (s) =
u (s)
θc (s)

= K (s) (I + L (s))−1 (29)

T (s) =
y (s)
θc (s)

= L (s) (I + L (s))−1 = I − S (s) (30)

where L (s) = G (s)K (s) is the open loop transfer func-
tion of the pitch angle control channel. S (s) is called the
sensitivity function and its singular value determines the
anti-interference ability of the control system, T (s) is called
the complementary sensitivity function and its singular value
determines the tracking ability of the control system. In order
for the system to have good interference suppression ability
and performance tracking ability, the singular values of S (s)
and T (s) need to be minimum. However, S (s) + T (s) = I
and it is clear that they cannot be minimum at the same time.
Therefore, the weighting functions of WS (s) and WT (s) are



ẍ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (cosφ cosψ − sinφ sin θ sinψ)− (Tr cosϕr + Tl cosϕl + Fbdy) · (cos θ sinψ)

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (sinφ cosψ + cosφ sin θ sinψ)

)

ÿ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (cosφ sinψ + sinφ sin θ cosψ)+ (Tr cosϕr + Tl cosϕl + Fbdy) · (cos θ cosψ)

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (sinφ sinψ − cosφ sin θ cosψ)

)

z̈ =
1
m

( (
−Tb cosϕb + Fbdx

)
· (− sinφ cos θ )+ (Tr cosϕr + Tl cosϕl + Fbdy) · (sin θ )

+ (Tr sinϕr + Tl sinϕl + Tb sinϕb + Fbdz) · (cosφ cos θ )− mg

)
ω̇bx =

1
Ixx

(
Tr sinϕrn− Tr cosϕrh+ Tl sinϕln− Tl cosϕlh− Tb sinϕbl +Mb

dx + (Iyy − Izz)ωbyω
b
z

)
ω̇by =

1
Iyy

(
−Tr sinϕrL + Tl sinϕlL − Tb cosϕbh+Mb

dy + (Izz − Ixx)ωbzω
b
x

)
ω̇bz =

1
Izz

(
Tr cosϕrL − Tl cosϕlL − Tb cosϕbl +Mb

dz + (Ixx − Iyy)ωbxω
b
y

)

(11)
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TABLE 1. The Parameters of Tilt-UAV.

defined and a performance index function is proposed as

sup
(
‖Ws (jω) S (jω)‖2 + ‖WT (jω)T (jω)‖2

)
< γ 2 (31)

where γ is a small positive value, WS (s) and WT (s) have
large values in different frequency bands. In this way, the sin-
gular values of S (s) and T (s) can obtain the minimum values
in the corresponding frequency band, which gives the H∞
robust control both good interference suppression ability and
better performance tracking ability.

V. SIMULATIONS AND EXPERIMENTS
A. SIMULATION RESULTS
The simulation test is performed before the actual flight
verification. The Tilt-UAV parameters are shown in table 1.

In the simulation experiment, a gust windmodel dependent
on a standard power spectral density is introduced, which is
derived from the Dryden model [44], [45]. The spectrum of
gust wind can be expressed as

8u (ω) = σ
2
u
Lu
πV∗

1

1+ (Luω/V∗)2
(32)

8v (ω) = σ
2
v
Lv
πV∗

1+ 12 (Lvω/V∗)2(
1+ 4 (Lvω/V∗)2

)2 (33)

8w (ω) = σ
2
w
Lw
πV∗

1+ 12 (Lwω/V∗)2(
1+ 4 (Lwω/V∗)2

)2 (34)

where σi and Li are turbulence intensity and gust length scale.
The vertical length scale and turbulence intensity can be
assumed to be Lw = h and σw = 0.1ω20. h is current altitude,
ω20 is the given wind speed in knots at 20ft altitude. Then the
horizontal turbulence intensities and gust length scales can be
described as

Lu = Lv =
h

(0.177+ 0.000823)1.2
(35)

σu = σv =
0.1ω20

(0.177+ 0.000823h)0.4
(36)

Define the simulation time is 100s, ω20 = 10m/s and the
hover height of the Tilt-rotor UAV is 40m, the gust wind in
body frame calculated by Dryden model is shown in Figure 5.

FIGURE 5. Simulation results of gust wind.

FIGURE 6. Comparison of roll angle control results.

FIGURE 7. Comparison of pitch angle control results.

It is assumed that the Tilt-rotor UAV takes off vertically
at 0s, and after 20s, it reaches 40m and keeps hovering.
The gust wind is added in simulation model at 1T =

[40, 80] s. The PID control method is introduced as a compar-
ative experiment. The attitudes control results are shown in
Figure 6∼Figure 8.

As shown in Figure 6∼Figure 8, it is clear that the H∞
robust control method with mixed sensitivity has a good
ability to suppress the wind field interference. Table 2 shows
the mean square errors of control results.
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FIGURE 8. Comparison of yaw angle control results.

TABLE 2. The Mean Square Errors of Attitude Control Results.

FIGURE 9. Block diagram of the experiment system.

FIGURE 10. Hovering flight test photo.

B. ACTUAL FLIGHT VERIFICATION
In this part, a real flight experiment is carried out to verify
the proposed method. The partial experimental settings are
shown in Figure 9.

The experiment system consists of the on-board system and
ground station system. The flight control system can measure
the flight states through varies sensors, and give the control
command to Tilt-rotor UAV. The transmitter can control the

FIGURE 11. The stability results of altitude control.

FIGURE 12. The stability results of attitude control.

UAV in an emergency. The ground display and control system
communicates with flight control system through the digital
radio.

As shown in Figure 10, the Tilt-rotor UAV takes off verti-
cally and hovers at 10m altitude. The test results are illus-
trated in Figure 11 and Figure 12. It can be observed that
the altitude error is kept within ± 0.2m. The error vari-
ation ranges of roll angle, pitch angle and yaw angle are
basically within [−0.5◦,0.5◦], [−1◦,1◦] and [−4.5◦, −2.5◦],
respectively. The attitude angles control results are consistent
with the simulation results. Therefore, the proposed control
method based on GESO and H∞ robust control with mixed
sensitivity could better deal with the wind field disturbance
problem during vertical flight.

VI. CONCLUSION
In this article, a control method of Tilt-rotor UAV is pro-
posed to resist wind disturbance. As the Tilt-rotor UAV has
small airspeed during the take-off and landing phase, it is
more susceptible to aerodynamic interference of wind field.
The mechanism of wind disturbance is analyzed from two
aspects of fuselage and propeller, and the wind disturbance is
divided into external interference and modeling error and are
added into the aerodynamic model. Taking into account the
measurement noise of the MEMS sensors and the modeling
error of wind field interference, a GESO is introduced to
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estimate system states and total disturbances, and the stability
of GESO is proved by Lyapunov theory. After that, a control
method based on H∞ robust control with mixed sensitivity
is proposed, which could lead to good interference suppres-
sion ability and better performance tracking ability of the
Tilt-rotor UAV. Simulation and experimental researches have
been conducted to investigate the proposed control algorithm.
As shown in the results, the proposed control method has a
good ability to suppress the wind field interference and can
achieve a better tracking effect with smaller steady errors.

The innovation of this article is to divide the influence of
wind field into external disturbance and internal modeling
error, then, the wind resistance control is realized by using
H∞ robust control with mixed sensitivity which is robust to
external disturbance and internal modeling error. In addition,
GESO is introduced to realize disturbance estimation and
state estimation, which further improves the control accuracy.
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