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Motivation

3

Problems:  
• Small UAVs have no sensors to measure angle of attack 
• Aerodynamic coefficients often unknown

Why do we need Wind velocity estimation? 
• Allows Angle of Attack, Airspeed and Sideslip calculation 
• Useful for path planning and following as well as landing

Wind Velocity Estimation

Kinematic Model 
(Pitot-static Tube)

Aerodynamic Model 
(Accelerometer)

non parametric parametric
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Kinematic Model

• Wind	triangle
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Kinematic Model

• Pitot-static	tube	measures											if	tube	wide	enough	and	airspeed	small
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• The	relative	airspeed	vector:

if
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Aerodynamic Model

• General	model	for	specific	force	in	z-direction
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• Coefficients

where vb

= (u, v, w)

T is the velocity vector of the aircraft
relative to the earth decomposed in Body frame, !b

b/i

is the
vector of the angular velocities between the inertial frame
and the body frame decomposed in the body frame, and ab is
a vector with the UAV’s accelerations measured in the Body
frame by it’s accelerometers. The so called ”wind triangle”
denotes the relationship between velocity over ground vn,
relative velocity of the aircraft to the surrounding airmass
vn

r

and wind velocity vn

w

relative to the earth in the inertial
frame.
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Knowing vb

r

allows the calculation of the angle of attack
(AoA) ↵, the sideslip angle (SSA) � and the airspeed V
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III. AERODYNAMICS

Following Beard and McLain [2, p.49] the total z-
acceleration decomposed in the Body z- axis f

z

of a fixed-
wing UAV is given by
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where ⇢ is the density of the air, S is the surface area of
the wing and m is the mass of the UAV. C

L

(↵) and C

D

(↵)

are the lift and drag coefficients, which have a non-linear
dependency on ↵. For small angles of attack this can be
linearized as follows:
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Inserting (9) and (9) into equation (8) and applying a second
order approximation yields:

f

z

= �KV

2
a

(C

L,0 + ↵ (C

L,↵

+ C

D,0)+

↵

2

✓
C

D,↵

� C

L,0

2

◆◆
(11)

Fixed wing aircrafts are designed in a way that minimizes
drag and maximizes lift forces. Therefore drag coefficients
are significantly lower than lift coefficients (often one order
of magnitude or more, see i.e. [2, pp.278]) and their influence
is negligible here. Since we are considering normal flight
with low angles of attack (|↵| < 10

�) and C

L,0 is normally
much smaller than C

L,↵

, the quadratic term �CL,0

2 ↵

2 can be
omitted here as well. We then get the simpler approximate
aerodynamic lift model:
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Solving this equation for ↵ provides an alternative method
to estimate the angle of attack compared to using (3) - (4),
since f

z

is measured by an accelerometer.

IV. WIND MODELING

In the following we use a time-discrete model where
k denotes the current time index and �x

k

the difference
between x

k

and x

k�1. The wind velocity vn

w

is assumed to
be the sum of a low frequency part vn

s

and a high frequency
turbulent part vn

t

[2, pp.55].
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The turbulent wind velocity is modeled by the Dryden wind
model [1]
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where �T is the sampling period and the ⌘
i

are independent
Gaussian white noise processes. The spectral wavelengths L

i

are given by:
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where h

k

is the current altitude. The noise amplitudes �
i

are
given by:
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where V

w,G

is the wind speed measured 6 meters above
ground.

V. SENSORS AND ESTIMATION STRUCTURE

Assume the UAV is equipped with the following basic
sensor suite:

• GNSS providing velocity over ground measurements
• IMU measuring total accelerations as well as angu-

lar rates to the attitude and heading reference system
(AHRS) for attitude estimation.

• Pitot-static tube providing measurements of the relative
airspeed in longitudinal direction u

m

r

.
The cascaded estimator structure is similar to [6] and is
depicted in Figure 1. As in [6] it’s stability properties are
inherited from the individual modules, which are:

• AHRS estimates the attitude (roll, pitch and yaw angles
�, ✓, ) and also compensates for the gyroscope and
accelerometers biases resulting in ! and a. A popular
approach here is the EKF and non-linear observers [2],
[8], [5].

↵• Since						is	small	in	normal	flying	conditions:		
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where �T is the sampling period and the ⌘
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Wind Model

• Frequency	separation	in	steady	and	turbulent	wind	velocity	components	

• Steady	wind	velocity	model	

• Turbulent	wind	velocity	model	

Dryden	model	[5]:
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where �T is the sampling period and the ⌘
i

are independent
Gaussian white noise processes. The spectral wavelengths L

i

are given by:

L

u,k

= L

v,k

=

h

k

(0.177 + 0.000823 ⇤ h
k

)

1.2
(16)

L

w,k

= h

k

(17)

where h

k

is the current altitude. The noise amplitudes �
i

are
given by:

�

u,k

= �

v,k

= V

w,G

0.1

(0.177 + 0.000823 · h
k

)

0.4
(18)

�

w

= 0.1 · V
w,G

(19)

where V

w,G

is the wind speed measured 6 meters above
ground.

V. SENSORS AND ESTIMATION STRUCTURE

Assume the UAV is equipped with the following basic
sensor suite:

• GNSS providing velocity over ground measurements
• IMU measuring total accelerations as well as angu-

lar rates to the attitude and heading reference system
(AHRS) for attitude estimation.

• Pitot-static tube providing measurements of the relative
airspeed in longitudinal direction u

m

r

.
The cascaded estimator structure is similar to [6] and is
depicted in Figure 1. As in [6] it’s stability properties are
inherited from the individual modules, which are:

• AHRS estimates the attitude (roll, pitch and yaw angles
�, ✓, ) and also compensates for the gyroscope and
accelerometers biases resulting in ! and a. A popular
approach here is the EKF and non-linear observers [2],
[8], [5].

where vb

= (u, v, w)

T is the velocity vector of the aircraft
relative to the earth decomposed in Body frame, !b

b/i

is the
vector of the angular velocities between the inertial frame
and the body frame decomposed in the body frame, and ab is
a vector with the UAV’s accelerations measured in the Body
frame by it’s accelerometers. The so called ”wind triangle”
denotes the relationship between velocity over ground vn,
relative velocity of the aircraft to the surrounding airmass
vn

r

and wind velocity vn

w

relative to the earth in the inertial
frame.

vn

r

= vn � vn

w

(2)

To convert this to the Body frame, this equation is multiplied
with the rotation matrix Rb

n

vb

r

= vb �Rb

n

v

n

w

= (u

r

, v

r

, w

r

)

T (3)

Knowing vb

r

allows the calculation of the angle of attack
(AoA) ↵, the sideslip angle (SSA) � and the airspeed V

a

:

↵ = tan

�1

✓
w

r

u

r

◆
(4)

� = sin

�1

✓
v

r

V

a

◆
(5)

V

a

=k vb

r

k (6)

III. AERODYNAMICS

Following Beard and McLain [2, p.49] the total z-
acceleration decomposed in the Body z- axis f

z

of a fixed-
wing UAV is given by

f

z

= a

z

� g cos(�) cos(✓) (7)

=

⇢S

2m

V

2
a

(�C

L

(↵) cos(↵)� C

D

(↵) sin(↵)) (8)

where ⇢ is the density of the air, S is the surface area of
the wing and m is the mass of the UAV. C

L

(↵) and C

D

(↵)

are the lift and drag coefficients, which have a non-linear
dependency on ↵. For small angles of attack this can be
linearized as follows:

C

L

(↵) = C

L,0 + ↵C

L,↵

(9)
C

D

(↵) = C

D,0 + ↵C

D,↵

(10)

Inserting (9) and (9) into equation (8) and applying a second
order approximation yields:

f

z

= �KV

2
a

(C

L,0 + ↵ (C

L,↵

+ C

D,0)+

↵

2

✓
C

D,↵

� C

L,0

2

◆◆
(11)

Fixed wing aircrafts are designed in a way that minimizes
drag and maximizes lift forces. Therefore drag coefficients
are significantly lower than lift coefficients (often one order
of magnitude or more, see i.e. [2, pp.278]) and their influence
is negligible here. Since we are considering normal flight
with low angles of attack (|↵| < 10

�) and C

L,0 is normally
much smaller than C

L,↵

, the quadratic term �CL,0

2 ↵

2 can be
omitted here as well. We then get the simpler approximate
aerodynamic lift model:

f

z

= �KV

2
a

(C

L,0 + ↵C

L,↵

) (12)

Solving this equation for ↵ provides an alternative method
to estimate the angle of attack compared to using (3) - (4),
since f

z

is measured by an accelerometer.

IV. WIND MODELING

In the following we use a time-discrete model where
k denotes the current time index and �x

k

the difference
between x

k

and x

k�1. The wind velocity vn

w

is assumed to
be the sum of a low frequency part vn

s

and a high frequency
turbulent part vn

t

[2, pp.55].

vn

w,k

= vn

s,k

+ vn

t,k

(13)
�vn

s,k

⇡ 0 (14)

The turbulent wind velocity is modeled by the Dryden wind
model [1]

�vn

t,k

= ��TV

a,k

0

B@

u

n
t

Lu
v

n
t

Lv
w

n
t

Lw

1

CA

�������
k

+

0

BBB@

�

u

q
2�T

Va
Lu
⌘

u

�

v

q
2�T

Va
Lv
⌘

v

�

w

q
2�T

Va
Lw
⌘

w

1

CCCA

���������
k

(15)

where �T is the sampling period and the ⌘
i

are independent
Gaussian white noise processes. The spectral wavelengths L

i

are given by:

L

u,k

= L

v,k

=

h

k

(0.177 + 0.000823 ⇤ h
k

)

1.2
(16)

L

w,k

= h

k

(17)

where h

k

is the current altitude. The noise amplitudes �
i

are
given by:

�

u,k

= �

v,k

= V

w,G

0.1

(0.177 + 0.000823 · h
k

)

0.4
(18)

�

w

= 0.1 · V
w,G

(19)

where V

w,G

is the wind speed measured 6 meters above
ground.

V. SENSORS AND ESTIMATION STRUCTURE

Assume the UAV is equipped with the following basic
sensor suite:

• GNSS providing velocity over ground measurements
• IMU measuring total accelerations as well as angu-

lar rates to the attitude and heading reference system
(AHRS) for attitude estimation.

• Pitot-static tube providing measurements of the relative
airspeed in longitudinal direction u

m

r

.
The cascaded estimator structure is similar to [6] and is
depicted in Figure 1. As in [6] it’s stability properties are
inherited from the individual modules, which are:

• AHRS estimates the attitude (roll, pitch and yaw angles
�, ✓, ) and also compensates for the gyroscope and
accelerometers biases resulting in ! and a. A popular
approach here is the EKF and non-linear observers [2],
[8], [5].
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vector of the angular velocities between the inertial frame
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III. AERODYNAMICS
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order approximation yields:
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Fixed wing aircrafts are designed in a way that minimizes
drag and maximizes lift forces. Therefore drag coefficients
are significantly lower than lift coefficients (often one order
of magnitude or more, see i.e. [2, pp.278]) and their influence
is negligible here. Since we are considering normal flight
with low angles of attack (|↵| < 10

�) and C

L,0 is normally
much smaller than C

L,↵

, the quadratic term �CL,0

2 ↵

2 can be
omitted here as well. We then get the simpler approximate
aerodynamic lift model:
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Solving this equation for ↵ provides an alternative method
to estimate the angle of attack compared to using (3) - (4),
since f

z

is measured by an accelerometer.

IV. WIND MODELING
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model [1]
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where �T is the sampling period and the ⌘
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are independent
Gaussian white noise processes. The spectral wavelengths L
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Assume the UAV is equipped with the following basic
sensor suite:

• GNSS providing velocity over ground measurements
• IMU measuring total accelerations as well as angu-

lar rates to the attitude and heading reference system
(AHRS) for attitude estimation.

• Pitot-static tube providing measurements of the relative
airspeed in longitudinal direction u
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.
The cascaded estimator structure is similar to [6] and is
depicted in Figure 1. As in [6] it’s stability properties are
inherited from the individual modules, which are:

• AHRS estimates the attitude (roll, pitch and yaw angles
�, ✓, ) and also compensates for the gyroscope and
accelerometers biases resulting in ! and a. A popular
approach here is the EKF and non-linear observers [2],
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Andreas Wenz - MHE for Wind Vel. and Aerodyn. Coeff. Estimation 15.01.18

State-Space Model

• States	

• Parameters	

• Inputs	

• Outputs

8

x =
⇥
un
t vnt wn

t
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State-Space Model

9

• State	transition	function	

• Noise	transition	function	

• Measurement		function
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Estimation Setup

• Sensors:	

• GNSS	

• IMU	

• Pitot-static	tube	

• AHRS	for	orientation	matrix	estimation	

• TMO	for	ground	velocity	estimation	

• Wind	velocity	and	coefficient	estimator:	

• Moving	Horizon	Estimator	

• Direct	Collocation	Method	

• UKF	for	arrival	cost	approximation	

• Implementation	in	Matlab	+	Casadi

10

The measurements of the inputs ṽband ũb

r

are affected by
measurement noise

ṽ

b

= v

b

+ ⌘

v

b (16)
ũb

r

= ub

r

+ ⌘
u

b

r

(17)

which is assumed to be additive Gaussian white noise.
Regarding the rotation matrix, it is assumed that biases and
noise of the used IMU are accounted for in the AHRS.
Popular approaches for attitude and heading estimation are
the EKF and nonlinear observers with a global or semi-
global region of attraction [3], [12], [10]. These approaches
provide locally stable (in case of the EKF) or (semi-) globally
stable estimates of the attitude (in case of the nonlinear
observer) while filtering sensor noise. We therefore assume
that the given attitude estimates have negligible noise levels
and are bias free. The altitude is affected by noise on
the GNSS measurements, however this noise has a minor
influence since the altitude is only used to calculate the
spatial wavelength of the wind gusts in (9)-(10) which is
insensitive to small variations. To reduce noise levels on
both the velocity over ground and the altitude inputs a
translational motion observer (TMO) can be applied (i.e. [3],
[10]). The system setup with AHRS and TMO is shown in
Figure 1.

In the following we will summarize the input noise in the
vector ⌘

u

and define the system input as.

u = ũ� ⌘
u

(18)

The state transition function is then given by:
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The process noise input function is given by:
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The predicted state is then given by:

x

k+1 = x

k

+�Tf(x
k

,u
k

,p) +w(x

k

,u
k

,⌘
v

t

,k

,p) (21)

where �T is the sampling interval. Note that ¯V
a

is a low-
frequency version of V

a

which is only dependent on the
velocity over ground v

b and the steady wind velocity v

n

s

and
independent of the turbulent wind velocity v

n

t

, as described
in [28].

¯V
a

=

��
v

b �R

b

n

v

n

s

�� (22)

The underlying assumption is that the shape of the low-
pass filter described in (19) and (20) used to calculate the
change in turbulent wind velocity �v

n

t

is not depending on
the turbulent wind velocity itself.

Measurements used for correcting the predicted state vec-
tor are the specific force in z-direction in body frame ˜f

z
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Fig. 1: System structure

measured by an accelerometer and the longitudinal velocity
over ground in body frame ũb which both are affected by
additive white Gaussian measurement noise.
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
˜f
z
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�
=


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z

ub

+ ⌘
u

b
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(23)

where ⌘
f

z

is again assumed to be additive Gaussian white
noise. The time varying measurement function is given by:

h(x
k

, u

k

, p) =


�K ¯V 2

a

(C
L0 + C

L

↵

↵)
d1R

b

n

(v

n

s

+ v

n

t

) + �um

r

�
(24)

The first measurement equation in (24) uses the z-
accelerometer together with the aerodynamic model (1) to
estimate the aerodynamic coefficients and the wind velocities
via ¯V

a

and ↵. Here ¯V
a

is used in order to interpret fast
changes in the acceleration f

z

as to be induced by changes
in the angle of attack ↵, which has higher frequency com-
ponents instead of interpreting them as airspeed changes due
to turbulence. This assumption provides different gradients
when differentiating (24) with respect to v

n

s

and v

n

t

and
therefore allows separate observation of these states. The
second measurement equation utilizes the wind triangle (5)
to relate the measurements of the velocity over ground to the
relative longitudinal velocity um

r

measured by the pitot-static
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Moving Horizon Estimation
• Objective	Function

11

• Arrival	Cost:	

• Summarises	the	information	before	the	current	window	

• Tuning	factor	c	

• Approximation	necessary:		

Unscented	Kalman	Filter:	

• Avoids	linearisation	

• Allows	representation	of	input	noise	

• Easy	to	implement	

Arrival Cost Measurement Error Noise
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Flight Tests
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Flight Profile

13
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Flight Profile
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Coefficient Estimates

15

0 500 1000 1500 2000 2500 3000
Time in Seconds

0.14

0.16

0.18

0.2

0.22

0.24

0.26

Li
ne

ar
 L

ift
 C

oe
ffi

ci
en

t

CL,  Navstack
CL,  Pixhawk
reference

0 500 1000 1500 2000 2500 3000
Time in Seconds

0

0.005

0.01

0.015

C
on

st
an

t L
ift

 C
oe

ffi
ci

en
t

CL,0 Navstack
CL,0 Pixhawk
reference



Andreas Wenz - MHE for Wind Vel. and Aerodyn. Coeff. Estimation 15.01.18

Angle of Attack Estimation Error

16
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Sideslip Angle Estimation Error

17
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Wind Estimation Error
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x-direction

y-direction
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Wind Estimation Error
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z-direction
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Conclusions

20

Future / Current Work:

• Wind adaptive path planning/ following 

• Icing detection

MHE	provides	accurate	estimation	of	AoA,	Coefficients	and	Wind	velocities

No	prior	knowledge	about	the	UAV	needed

Attitude	changes	during	take	off	sufficient	for	persistence	of	excitation	

Realtime	capable	(0.072	s/sample	<	0.2	s)
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Icing Detection
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Motivation
Inflight	icing	is	a	global	phenomenon

22

Bernstein, B. C. et.al. (2009). An inferred climatology of icing conditions aloft, including supercooled large 
drops. Part II: Europe, Asia, and the Globe. Journal of Applied Meteorology and Climatology, 48(8), 1503–
1526.
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Effects of Inflight Icing on UAVs
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Control Surfaces

Pitot-static Tube

Wings
Engine
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Icing Detection Architecture

24

Autopilot

Environment

Wind, Ice Trigger

Control
Aero. Coeff. Estimation

MeasurementsMeasurements

T/H SensorT/H Sensor

Trigger
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 Effects of Airfoil Icing

25

Effects on Lift Coefficient: 
• Lower stall angle 
• Lower maximal lift force 
• Flatter rise in lift coefficient

Re=2x105
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Drag coefficients in Icing

26
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Future Work: Drag Estimation

Benefits 
• More	accurate	icing	detection	

• Allows	pitot-tube	and	engine	fault	detection	

Challenges 
• More	parameters	to	estimate	=>	Lack	of	excitation	source	of	errors	

• Thrust	estimation	needed	=>	RPM	sensor	or	RPM	estimation

27
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Questions?


