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Abstract—This paper presents design of a robust hovering
controller for a quad tilt-wing UAV to hover at a desired
position under external wind and aerodynamic disturbances.
Wind and the aerodynamic disturbances are modeled using the
Dryden model. In order to increase the robustness of the system,
a disturbance observer is utilized to estimate the unknown
disturbances acting on the system. Nonlinear terms which appear
in the dynamics of the vehicle are also treated as disturbances
and included in the total disturbance. Proper compensation of
disturbances implies a linear model with nominal parameters.
Thus, for robust hovering control, only PID type simple con-
trollers have been employed and their performances have been
found very satisfactory. Proposed hovering controller has been
verified with several simulations and experiments.

I. INTRODUCTION

There have been remarkable advances in the design and

development of autonomous unmanned aerial vehicles (UAV)

in recent years. Quadrotors are relatively more stable platforms

than helicopters. One of the basic tasks for an autonomously

flying quadrotor/helicopter is to hover at a given point in space

and maintain that position despite the external disturbances.

For position hold Hoffmann et al. [1] use thrust vectoring

with PID structure. The position hold performance in x-y plane

is within an error of 40 cm radius whereas altitude control

error is within 30 cm, verified by experiments. In the work

of Meister et al. [2], a sensor fusion algorithm for stable

attitude and position estimation using GPS, IMU and compass

modules together, is presented, and the control algorithms

for position hold and waypoint tracking are developed. It is

reported that the position hold error under a wind disturbance

less than 5 m/s is bounded by 3 m. Hoffmann et al. [3]

develop an autonomous trajectory tracking algorithm through

cluttered environments for the STARMAC platform and a

novel algorithm for dynamic trajectory generation. Both indoor

and outdoor flight tests are performed, and an indoor accuracy

of 10 cm and an outdoor accuracy of 50 cm are reported. Puls

et al. [4] presents the development of a position control system

based on 2D GPS data for quadrotor vehicles. Using the

proposed algorithm, the vehicle is able to keep positions above

given destinations as well as to navigate between waypoints

while minimizing trajectory errors. Waslander and Wang [5]

focus on improvement of STARMAC quadrotor position hold

performance by modeling the wind effects, i.e. using Dryden

Wind Gust Model, on quadrotor dynamics in order to estimate

wind velocities during fight. The performance of the controller

and the disturbance rejection is evaluated only in simulations.

Soundararaj et al. [6] proposes purely vision based position

control using only an onboard light weight camera. The

satisfactory performance of this approach in hovering and

following the user defined trajectories is validated by flight

tests. In the work of Azrad et al. [7], an object tracking system

using an autonomous Micro Air Vehicle (MAV) is described.

Experimental results obtained from outdoor flight tests showed

that the vision-control system enabled the MAV to track and

hover above the target as long as the battery is available.

In this work, we develop a robust hovering control system

for the quad tilt-wing aerial vehicle SUAVI (Sabanci Univer-

sity Unmanned Aerial VehIcle) (see Figure 1). Dryden model

is used to model wind gusts acting on the vehicle and these

disturbances are included in the dynamic model of the vehicle.

Thus, aerodynamic disturbances, which are not considered in

many studies, are integrated into the system model. In order

to estimate and compensate for the unknown disturbances,

a “disturbance observer” [8] is utilized. This observer also

takes into account the nonlinear terms in the dynamics of the

vehicle and treats them as disturbances. As a result, a linear

dynamical model with nominal parameters has been obtained.

PID type controllers are employed to achieve robust hovering.

The proposed observer based control approach is verified by

simulations and experiments, and its performance has been

found quite satisfactory.

Organization of the paper is as follows: Section II introduces

the mathematical model of the vehicle including wind effects.

Section III describes the design of the disturbance observer.

Section IV is on flight controllers where hovering and attitude

controllers are designed. Section V and VI are on simulation

and experimental results, and related discussions. Finally, Sec-

tion VII concludes the paper with some remarks and indicates

possible future directions.

Fig. 1. SUAVI in different flight configurations

II. DYNAMICAL MODEL OF THE VEHICLE

In deriving dynamical models for unmanned aerial vehicles,

it is usually preferred to express positional dynamics with

respect to a fixed world coordinate frame and the rotational
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dynamics with respect to a body fixed frame attached to the

vehicle. Making rigid body assumption, the dynamics of an

unmanned aerial vehicle can be written as
[

mI3x3 03x3

03x3 Ib

][

V̇w

Ω̇b

]

+

[

0

Ωb × (IbΩb)

]

=

[

Ft

Mt

]

(1)

The subscripts w and b used in these equations express

the vector and matrix quantities in world and body frames,

respectively. Vw and Ωb vectors represent the linear and the

angular velocities of the vehicle with respect to the world and

the body frames. m is the mass and Ib is the inertia matrix of

the vehicle expressed in its body coordinate frame. I3x3 and

03x3 matrices are 3× 3 identity and zero matrices. Since the

aerial vehicle is modeled as a 6 DOF rigid body, the left hand

side of Equation (1) is standard for many aerial vehicles. Note

that the total force and the moment, Ft and Mt , are platform

dependent. We should remark that for a tilt-wing quadrotor

these terms will be functions of the thrusts produced by the

rotors and cosine and/or sine of the rotation angles of the

wings (see [9] for details). Using vector-matrix notation above

equations can be rewritten in a more compact form as

Mζ̇ +C(ζ )ζ = G+O(ζ )ω +E(ξ )ω2 +W (ζ ) (2)

where ζ denotes the vehicle’s generalized velocity vector and

is defined as

ζ = [Ẋ ,Ẏ , Ż, p,q,r]T (3)

In (3), X , Y and Z are position coordinates of the center of

mass of the vehicle with respect to the world frame, and p,

q and r are angular velocities expressed in the body fixed

frame. The vector ξ which appears in Equation (2), describes

the position and the orientation of the vehicle with respect to

the world frame, and is defined as

ξ = [X ,Y,Z,φ ,θ ,ψ]T (4)

The mass-inertia matrix, M, the Coriolis-centripetal matrix,

C(ζ ), the gravity term, G, and the gyroscopic term are defined

as

M =

[

mI3x3 03x3

03x3 diag(Ixx, Iyy, Izz)

]

(5)

C(ζ ) =

















0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 Izzr −Iyyq

0 0 0 −Izzr 0 Ixx p

0 0 0 Iyyq −Ixx p 0

















(6)

G = [0,0,mg,0,0,0]T (7)

O(ζ )ω = Jprop









03×1

∑
4
i=1 J[ηiΩb ×





cθi

0

−sθi



ωi]









(8)

where Jprop is the moment of inertia of the propeller about

its rotation axis, 03×1 is a 3× 1 zero vector and ωi is the

propellers’ speed.

System actuator vector, E(ξ )ω2, is defined as

E(ξ )ω2 =

















(cφ sθ cψ + sφ sψ)uv + cψ cθ uh

(cφ sθ sψ − sφ cψ)uv + sψ cθ uh

cφ cθ uv − sθ uh

(lssθ f
− cθ f

λ )u fdi f
+(lssθr

+ cθr
λ )urdi f

(sθ f
u fsum − sθr

ursum)ll
(lscθ f

+ sθ f
λ )u fdi f

+(lscθr
− sθr

λ )urdi f

















(9)

u(h,v, fdi f ,rdi f , fsum,rsum) terms used in Equation (9) are the hori-

zontal, vertical, front differential, rear differential, front sum

and rear sum thrust forces, respectively and they are defined

as

u fsum = k(ω2
1 +ω2

2 ), ursum = k(ω2
3 +ω2

4 ) (10)

u fdi f
= k(ω2

1 −ω2
2 ), urdi f

= k(ω2
3 −ω2

4 ) (11)

uv = −sθ f
u fsum − sθr

ursum , uh = cθ f
u fsum + cθr

ursum (12)

where the following constraints are imposed on the wing

angles, namely

θ f = θ1 = θ2, θr = θ3 = θ4 (13)

Parameters ls and ll denote distances between the rotors and

the center of mass of the vehicle, and the parameters k and λ
are lift and drag coefficients, respectively.

Lift and drag forces produced by the wings and the resulting

moments due to these forces for different wing angles are

defined as

W (ζ ) =

















Rwb





F1
D +F2

D +F3
D +F4

D

0

F1
L +F2

L +F3
L +F4

L





ls(F
1
L −F2

L +F3
L −F4

L )
ll(F

1
L +F2

L −F3
L −F4

L )
ls(−F1

D +F2
D −F3

D +F4
D)

















(14)

where Rwb is the rotation matrix between world and body

coordinate axis, F i
D = F i

D(θi,vx,vz) and F i
L = F i

L(θi,vx,vz) are

the lift and drag forces produced at the wings.

We should remark that above model boils down to a

quadrotor model when (θ1,2,3,4 = π/2).

A. Modeling Wind Gusts

In order to improve the positioning performance of the

quadrotor, wind effects can be modeled and the generalized

wind forces can be estimated. The wind estimate is used to

reject the external disturbances created by the wind and gust

effects.

The main framework of wind modeling represented in

[6] depends on the Dryden wind-gust model. This model is

defined as a summation of sinusoidal excitations:

vω(t) = v0
ω +

n

∑
i=1

aisin(Ωit +ϕi) (15)

where vω(t) is a time dependent estimate of the wind vector

given time t, randomly selected frequencies Ωi in the range

of 0.1 to 1.5 rad/s and phase shifts ϕi. n is the number

of sinusoids, ai is the amplitude of sinusoids and v0
ω is
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the static wind vector. The magnitudes ai are defined as

ai =
√

∆ΩiΦ(Ωi) where ∆Ωi are frequency intervals between

different frequencies and Φ(Ωi) are the power spectral den-

sities. The power spectral density for vertical and horizontal

winds are different and can be determined from the following

equations:

Φh(Ω) = σ2
h

2Lh

π

1

1+(LhΩ)2
(16)

Φv(Ω) = σ2
v

2Lv

π

1+3(LvΩ)2

(1+(LvΩ)2)2
(17)

Here σh and σv are horizontal and vertical turbulence intensi-

ties respectively. Lh and Lv are horizontal and vertical gust

length scales. It is stated that these relations are valid for

altitudes below 1000 feet [6]. The relations between Lh and

Lv, and σh and σv are altitude dependent as can be seen from

the following equations:

Lh

Lv

=
1

(0.177+0.000823Z)1.2
(18)

σh

σv

=
1

(0.177+0.000823Z)0.4
(19)

Using velocities predicted by this wind model, generalized

forces are calculated by multiplying wind velocities by related

aerodynamic drag coefficients. These generalized forces are

integrated into the dynamic model given in Eq. (2) as external

disturbances D(ζ ,ξ ). After incorporating the external distur-

bances, the final form of the dynamic model of the quadrotor

vehicle given in Eq. (20) becomes as follows:

Mζ̇ +C(ζ )ζ = G+O(ζ )ω +E(ξ )ω2 +W (ζ )+D(ζ ,ξ ) (20)

III. DISTURBANCE OBSERVER

In this section, we design a disturbance observer [8] to esti-

mate the total disturbance, i.e. external disturbances, nonlinear

terms and parametric uncertainties, acting on the system.

We first note that the mass-inertia matrix of the aerial

vehicle can be written as M = Mnom + M̃. Here, Mnom refers

to the nominal inertia matrix with nominal mass and inertia

parameters, and (M̃) is the difference between actual and

nominal mass-inertia matrices.

Equation (20) can be rewritten in terms of the nominal

inertia matrix explicitly as

Mnomζ̇ = f + τdist (21)

where f and τdist are the actuator input and and the total

disturbance, respectively, and are defined as

f = E(ξ )ω2

τdist = −M̃ζ̇ −C(ζ )ζ +G+O(ζ )Ω+W (ζ )+D(ζ ,ξ ) (22)

Note that τdist contains, in addition to the external dis-

turbances like wind and gust, the nonlinear terms and the

parametric uncertainties in the dynamics.

Equation (21) can be rewritten as 6 scalar equations of the

form

Mnomi
ζ̇i = fi + τdisti , i = 1, . . . ,6 (23)

Taking the Laplace transform and solving for τdisti imply

τdisti(s) = Mnomi
sζi(s)− fi(s) (24)

In order to estimate the disturbance given by (24), both sides

of the equation can be multiplied by G(s) = g
s+g

, i.e. transfer

function of a low-pass filter, to obtain

G(s)τdisti(s) = Mnomi
sG(s)ζi(s)−G(s) fi(s) (25)

Note that, sG(s) can be written as

sG(s) = s
g

s+g
= g(1−

g

s+g
) = g(1−G(s)) (26)

Let’s define the term G(s)τdisti(s) by τ̂disti(s), i.e. estimated

disturbance. Thus,

τ̂disti(s) = −G(s) fi(s)−gMnomi
G(s)ζi(s)+gMnomi

ζi(s) (27)

Subtracting the estimated disturbance from the control input,

i.e. fi ← fi − τ̂disti , we obtain

Mnomi
sζi(s) = fi(s)+(1−G(s))τdisti(s) (28)

Note that due to low-pass filter G(s)≈ 1 in the low frequency

range. Thus, for low frequencies the total disturbance on the

system is eliminated and the input-output description of the

system becomes a linear model with nominal parameters,

namely

Mnomi
ζ̇i = fi (29)

The block diagram of the implemented disturbance observer

is depicted in 2.

Fig. 2. Block diagram of the disturbance observer

IV. FLIGHT CONTROLLERS

A. Hovering Controller

Suppose the aerial vehicle is in the VTOL (Vertical Take-

Off and Landing) mode and the reference position and the

desired altitude are defined as xd , zd . It is aimed that the

vehicle should not lose the reference position until reaching

the desired altitude from the take-off position and then stay in

the vicinity of the reference position at the desired altitude.

Let xn ve yn be the unit vectors along the x and y axes of

the world frame, respectively. Let x(t) denote instantaneous

position of the vehicle provided by the GPS or the camera
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and let ex and ey denote vehicle’s position errors along x and

y axes. Similar to the work in [3], we can write the following

equations:

ex = (xd −x(t)) ·xn (30)

ėx = −v(t) ·xn (31)

ey = (xd −x(t)) ·yn (32)

ėy = −v(t) ·yn (33)

In order to hover the vehicle at a given position, PID con-

trollers are designed along both x and y axes, namely

ux = Kx,pex +Kx,d ėx +Kx,i

∫ t

0
exdt (34)

uy = Ky,pey +Ky,d ėy +Ky,i

∫ t

0
eydt (35)

Note that these controllers are nothing else than the accelera-

tion controllers along x and y axes. Depending on the heading,

ψ , of the vehicle, these accelerations must be transformed

using a 2D rotation matrix, R(ψ), as follows:

axy = R(ψ)(ux ·xn +uy ·yn) (36)

By using equation (36), reference attitude angles which allows

the vehicle to hover at a given position can easily be computed

using the following formulas:

θre f = −arcsin(
ax

||a||
) (37)

φre f = arcsin(
ay

||a||cos(θ)
) (38)

where a is the total acceleration of the vehicle, a = (ax,ay,az),
ax and ay are the x and y components of the acceleration

vector, axy, defined by equation (36). The third component of

the acceleration vector, az, is the acceleration of the vehicle

along the z axis and is computed as az = u1/m. ||a|| is the

Euclidean norm of a and is defined as

||a|| =
√

a2
x +a2

y +a2
z (39)

Reference attitude angles computed by (37) and (38) should

be filtered through a low-pass filter to be used by the attitude

controller introduced next.

B. Altitude and Attitude Controllers

In order to develop altitude and attitude controllers, we first

recall the quadrotor’s altitude and attitude dynamics; i.e.

Z̈ = −cθ cφ
u1

m
+g

ṗ =
u2

Ixx

+
Iyy − Izz

Ixx

qr−
J

Ixx

qωp

q̇ =
u3

Iyy

+
Izz − Ixx

Iyy

pr +
J

Iyy

pωp

ṙ =
u4

Izz

+
Ixx − Iyy

Izz

pq+
u4

Izz

(40)

where ωp = ω1 −ω2 −ω3 +ω4 is the total propeller speed.

For controller design, attitude dynamics can be linearized

around hover conditions, i.e. φ ≈ 0, θ ≈ 0 and ψ ≈ 0,

where angular accelerations in body and world frames can be

assumed to be approximately equal, i.e. ṗ ≈ φ̈ , q̇ ≈ θ̈ , ṙ ≈ ψ̈ .

Resulting altitude and attitude dynamics can be expressed as

Z̈ = −(cθ cφ )
u1

m
+g, φ̈ =

u2

Ixx

, ψ̈ =
u4

Izz

, θ̈ =
u3

Iyy

(41)

Altitude and attitude controllers are then designed by the

following expressions:

u1 = Kp,zez +Kd,zėz +Ki,z

∫

ezdt −
mg

cθ cφ

u2 = Kp,φ eφ +Kd,φ ėφ +Ki,φ

∫

eφ dt

u3 = Kp,θ eθ +Kd,θ ėθ +Ki,θ

∫

eθ dt

u4 = Kp,ψ eψ +Kd,ψ ėψ +Ki,ψ

∫

eψ dt (42)

where eq = qd − q for q = Z,φ ,θ ,ψ . Note that the altitude

controller given by the first equation in (42) is a gravity

compensated PID controller. Similarly, other three orienta-

tion controllers are also PID controllers. In these controllers

Kp,q > 0, Kd,q > 0 and Ki,q > 0 are proportional, derivative and

integral control gains, respectively.

V. SIMULATION RESULTS

In this section, several simulation results will be presented.

Figures 3 and 4 depict the hovering and the attitude tracking

performances when a disturbance observer is utilized. Thrust

forces produced by the motors and the wind forces generated

by the wind model are shown in Figures 5 and 6. As seen

from these graphs, aerial vehicle is able to hover at a given

point or in the vicinity of that despite the negative effects of

the wind gusts. As can be concluded from the motion of the

vehicle in the horizontal plane depicted in Figure 7, positioning

errors along x and y axes did not exceed 10 cm. In addition,

the vehicle’s attitude angles follow reference attitude values

computed by (38) and (37) very closely with an error not

exceeding ±2o. It is also obvious that during the entire flight,

aerial vehicle keeps its heading and follows the reference

heading angle, ψre f = 0o, with an error less than 1o.

The total disturbance estimated by the disturbance observer

is plotted in Figure 8. Note that the estimated total disturbance

is very similar to the dominating disturbances such as wind

gusts acting on the vehicle. Successful estimation of the total

disturbance on the system has a dramatic effect on the flight

performance. For example, as can be seen from Figures 9 and

10 when the disturbance observer is not utilized, wind effects

become dominant and position errors along x and y axes are

increased a lot and large changes in the attitude of the vehicle

are observed. In particular, after 80th sec wind gusts become

quite dominant and dramatically affect stability of the vehicle.

Therefore, the vehicle can not hover at a given point or in the

vicinity of it. When the motion of the vehicle in the horizontal
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Fig. 5. Motor thrust forces with disturbance observer

plane depicted in Figure 11 is analyzed it is clear that the

vehicle, due to disturbances, can not hover at the given point

and moves away.

VI. EXPERIMENTAL RESULTS

Proposed hovering controller is tested on the aerial vehicle

SUAVI. Hovering controller is encoded in the onboard micro-

controller and several flight tests have been performed under

different weather conditions. Flight test in an open area

(helicopter field) under average windy conditions is depicted

in Figure 12. It is observed that actual flight performance of

the vehicle is close to simulation results and the vehicle is able

to hover in a robust manner. Note that the vehicle takes-off
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Fig. 6. Wind forces acting on the vehicle
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Fig. 7. Hovering performance with disturbance observer (motion in the
horizontal plane)
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Fig. 8. Estimated total disturbance acting on the vehicle

from a reference position on the ground and then keeps its

position in the vicinity of that point quite successfully.

VII. CONCLUSION AND FUTURE WORK

The proposed method in this paper has enabled a quad tilt-

wing aerial vehicle to hover in the vicinity of a given point

under windy conditions. Hovering performance of the vehicle

is drastically improved by utilizing a disturbance observer.

Designed controllers and observers are first verified with

Matlab/Simulink simulations and then encoded in the onboard

microcontroller. Simulation and experimental results are quite

satisfactory.

As a future work, we plan to focus on the way-point tracking

problem.
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