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ABSTRACT

The meteorological mini unmanned aerial vehicle (M?AV) was used for measuring the meteorological
wind. The wind is the vector difference between the aircraft speed relative to the earth (inertial velocity)
and relative to the airflow (true airspeed). The latter was computed from five-hole-probe pressure mea-
surements in combination with calibration—coefficient polynomials obtained during wind tunnel calibration.
The aircraft inertial velocity, position, and attitude were calculated using a Kalman filter that combined data
from a global positioning system (GPS) and an inertial navigation system (INS). The temporal (and spatial)
resolution of the M?AV wind measurement is remarkably fine. An inertial subrange of locally isotropic
turbulence can be measured up to 40 Hz (or 0.55 m at 22 m s~ ! airspeed).

The first M?AV wind estimation showed some systematic deviations compared to the expected values
(like a constant mean wind in every flight direction). Therefore, an in-flight wind calibration technique was
developed that corrects for the inaccuracy of the true heading, the constant offset of the pitch angle, and the
underestimation of the true airspeed. The final adjusted wind measurements were verified during a field
experiment at the measurement field of the German Meteorological Service, southeast of Berlin. The mean
horizontal and vertical wind measured by the M?AV agreed well with simultaneous sodar and tower

1969

measurements.

1. Introduction

Aircraft measurements play an important role in
boundary layer research. The main advantage of air-
borne systems is their flexibility: they are capable of
measuring on horizontal tracks or probing the bound-
ary layer vertically by slant profiles. Because of its high
operational speed, an aircraft can obtain statistically
significant measurements faster than ground-based
measurement systems. Research aircraft are therefore
involved in large field experiments in addition to
ground stations and remote sensing systems with area-
representative measurements (e.g., Bange et al. 2002;
Beyrich and Mengelkamp 2006). An important variable
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for boundary layer research is the wind vector. The
wind vector calculation from airborne measurements is
complex and described by many authors, mostly based
on the studies of Axford (1968) and Lenschow (1986).
The difference between the aircraft velocity relative to
the earth (inertial velocity) and the velocity relative to
the air (true airspeed) results in the wind vector. The
wind vector is small compared to the true airspeed and
the inertial velocity vectors and is subject to the errors
of the complex determination of these vectors (Gross-
man 1977). The attitude, velocity, and position of an
aircraft constitutes a dynamic system whose state can
be estimated by a Kalman filter. Error-state Kalman
filters were previously applied by Leach and MacPher-
son (1991) to improve the accuracy of wind compo-
nents. In recent decades, navigation technology has im-
proved [e.g., the advent of the global positioning system
(GPS)], which has resulted in more accurate turbulent
flux and wind measurements by airborne systems (e.g.,
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Brown et al. 1983; Crawford and Dobosy 1992; Scott et
al. 1990; Tjernstrom and Friehe 1991; Wood et al. 1997,
Khelif et al. 1999).

During the last ten years, a new trend in airborne
meteorology has evolved: the operation of mini un-
manned aerial vehicles (UAVs). The mini UAVs are
inexpensive compared to a fully equipped research air-
craft and are highly flexible. Some manual radio-
controlled UAVs are already successfully in operation,
measuring temperature and humidity (Egger et al.
2002; Hobbs et al. 2002). The disadvantage of radio-
controlled systems is the limited measurement range.
The systems must remain within sight, which reduces
the range to 600-700 m in the horizontal and even less
in the vertical distance. To expand the measurement
range, an autopilot on board is necessary. Since 1997,
the robotic plane meteorological sounding system
(RPMSS) developed by the Chinese Meteorological
Administration in Beijing has participated in several
field campaigns (Ma et al. 2004). The RPMSS has a
wingspan of 3 m and a take-off weight of about 13 kg,
and the engine is powered by gasoline, which results in
a flight endurance between 4 and 8 h. The system is
used for soundings up to a height of 5 km, measuring
the temperature, humidity, and wind vector. The wind
vector is derived by the displacement of the RPMSS
during spiral flight trajectory (comparable to wind mea-
surements with balloons). The Aerosonde is another
autonomous UAV which has operated in field experi-
ments since 1998 (Holland et al. 2001; Soddell et al.
2004). This long-range UAV was developed in Austra-
lia and is now produced by Aerosonde North America.
The Aerosonde has a wingspan of 3 m and a take-off
weight between 12 and 14 kg. During flight the system
is under control of an on-board autopilot, and the flight
missions can be changed by uploading new way points
to the aircraft during flight. Among other values, the
Aerosonde measures the temperature, relative humid-
ity, and the wind vector. The horizontal wind is calcu-
lated using GPS groundspeed (the horizontal compo-
nent of inertial velocity) and the airspeed from a pitot
tube mounted on the nose. Because only scalar wind
speed is available (no airflow angles), the wind can only
be calculated by performing special flight maneuvers;
this wind-finding method provides a horizontal resolu-
tion of about 300 m.

The meteorological mini UAV (M?AV) was devel-
oped at the Institute of Aerospace Systems (i.e., the
Institut fiir Luft- und Raumfahrtsysteme, or ILR) at the
Technical University of Braunschweig and build in co-
operation with Mavionics GmbH, Braunschweig, Ger-
many. The M?AV, Fig 1, is a twin-engine (electric pro-
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FIG. 1. The M?AV system.

pulsion) aircraft with a wingspan of 2 m and a maxi-
mum take-off weight of 6 kg. The M?AV is controlled
by an onboard autopilot system. The meteorological
sensor package consists of two temperature sensors, a
humidity sensor, and a five-hole probe (SHP). A GPS
receiver and an inertial measurement unit (IMU) are
on board to measure the inertial velocity and the atti-
tude angles. A Kalman filter is used to couple GPS and
an inertial navigation system (INS; Winkler and Vors-
mann 2007). Combined with the measurement data
from the SHP, the M?AV is capable of calculating the
mean and the turbulent wind vector with 40-Hz reso-
lution, corresponding to a spatial resolution of 55 cm.
The first meteorological performance was during the
LAUNCH-05 field experiment (October 2005) at the
Meteorological Observatory Lindenberg (MOL) of the
German Meteorological Service (i.e., Deutscher Wet-
terdienst or DWD) (Spie et al. 2007). Furthermore,
three M2AYV systems operated successfully during a 14-
month stay (October 2007-December 2008) at Halley
Station, Antarctica, for the British Antarctic Survey.

In this paper we will focus on how the wind vector is
calculated. This includes the SHP calibration, the de-
scription of the INS—-GPS fusion using the Kalman fil-
ter, the error estimation, and an in-flight wind calibra-
tion. In the second part, wind measurements are pre-
sented from a small field experiment at the MOL site of
the DWD.

2. M?AV instrumentation

The aircraft can be hand-launched or started with a
bungee rope. After the takeoff, the way-point naviga-
tion is activated and the system flies autonomously. A
laptop computer is used to follow the aircraft’s mission
and to check some (meteorological) parameters which
are sent from the aircraft to the laptop using a radio
link. Within the radio link, the mission can be changed
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TABLE 1. Specification and performance of the M?AV.

Takeoff weight 6 kg

Wing span 2m

Twin engine Electric propulsion
Navigation GPS, IMU
Optimal speed 2124 ms™!

Max climbing rate 5ms!
Endurance <60 min
Horizontal distance 60-70 km

Altitude range 10-800 m AGL

by sending new way-points to the aircraft. Outside of
the radio link range, the aircraft continues the com-
manded mission and can reach a flight distance of 60-70
km (at an airspeed of 22 m s~ '). The landing procedure
can be done automatically or manually. The detailed
specifications were published by Buschmann et al.
(2004) and SpieB et al. (2007); a summary is listed in
Table 1.

a. Autopilot system

The flight-guidance algorithm developed for the
M?AV uses user-defined cubic splines to determine the
flight trajectory. This ensures deterministic curve radii
between spline segments and allows for an easy defini-
tion of complex flight patterns. At test flights under
moderate to harsh conditions (10 ms~! mean wind
speed, with gusts up to 12 ms™'), the new spline tra-
jectory controller was able to minimize the distance
from the aircraft to the planned trajectory to better
than 5 m vertically and 10 m horizontally at any time.
On straight legs under less severe conditions, the dif-
ference between commanded and actual altitudes was
smaller than =1 m and the lateral deviation was less
than =2 m.

b. Meteorological sensor package

The meteorological package consists of one fast tem-
perature sensor (thin foil element) developed by Dan-
tec and a Vaisala Intercap (HMP50), which measures
the temperature and relative humidity with a response
time (in flight) of 1 s. A SHP manufactured by the
Institute of Fluid Dynamics (TU Braunschweig) mea-
sures five differential pressures at the tip of the probe
(Fig. 2). The static pressure is measured by four holes at
the side of the probe. The measurements are used to
calculate the airflow angles and the dynamic pressure
(see following paragraph). A microelectromechanical
sensor system (MEMS) gives time series of the angle
accelerations and the accelerations in the x, y, and z
directions and was developed at the ILR. The sensor
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F1G. 2. The SHP with a diameter of 6 mm. At the tip, the central
hole P, is visible. Around the central hole, two holes are posi-
tioned in the vertical, (upper) P;, and (lower) P; and two holes are
positioned in the horizontal, (left) P,, and (right) P,. The four
smaller circumferential holes (only two are visible) are the static
pressure ports.

block contains a three-axis IMU, which consists of
three angular-rate sensors with a range of +300° s™!
and two accelerometers with two axes each, providing
redundancy for the aircraft’s longitudinal axis (for
specifications, see Table 2). The range is 2 times the
force of gravity (g) for the horizontal and 10 g for the
vertical axis. The IMU has a weight of less than 15 g and
a size of 40 X 40 X 16 mm®. The IMU was calibrated for
the determination of the scale factor (sensor sensitiv-
ity), bias, and misalignment (Buschmann et al. 2006).
The temperature influence on calibration data was not
explicitly taken into account. Because of the integration
with GPS, changes in sensor bias can be estimated by
the navigation filter and extracted from the measure-
ments. Surface and flight tests have shown biases of
0.1-0.15 ms~2 and 0.6-2.3° s~'. The inertial velocity
vector and the position are measured by a single-
antenna single-frequency GPS receiver (u-blox com-
pany, type SAM LS) with a measurement frequency of
1 Hz. Except for the GPS receiver, the IMU and the
meteorological sensors are sampled with 100 Hz.

3. Wind vector

Wind measurement by airborne systems is challeng-
ing. High resolution and thus fast and accurate sensors

TABLE 2. Properties of the MEMS IMU.

Sensor Noise Resolution
Accelerometer (horizontal axis)  0.13ms 'h'?  0.012 ms™2
Accelerometer (vertical axis) 037ms 'h"?  0.035 ms™?
Angular rates (gyro) 1.82°h~ 1?2 0.24° 57!
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are needed to determine the attitude, position, and ve-
locity of the aircraft relative to the earth, as well as the
airflow at the nose of the fuselage, with high accuracy.

The wind vector W, defined in geodetic coordinate
system is the vector difference between the inertial ve-
locity vector V, and the true airspeed U, (neglecting
the small lever-arm to the SHP):

W,=V,+M,M,U, 1)

with the matrix M, to transform the true airspeed from
aerodynamic (index a) to body (index b) coordinates,
and M., for the transformation into the geodetic coor-
dinate system (index g). An overview of the three co-
ordinate systems of the airplane is shown in Fig. 3.

To obtain all components of (1) in the geodetic co-
ordinate system, two coordinate transformations have
to be applied. First, the true airspeed vector U, as mea-
sured in the aerodynamic coordinate system has to be
transformed into the body coordinate system of the air-
craft using the transformation according to Boiffier
(1998), Lenschow (1986), and Axford (1968):

1
U,
U,=M,U, = D tang |, 2)
tana
with a normalization factor
D = \/1 + tan’a + tan’p (3)

and the angles «, B (measured by the SHP in flight)
between the airflow and the x and z axes, respectively,
in the body coordinate system. The norm [U,| has to be
calculated using the measured total air temperature
T\, the static pressure p and the dynamic pressure g:

p K
|Uu|2 = 2cthot[1 - (P T q> :|a 4)

with the Poisson number k = R/c,, where R = 287 J
K" kg™" is the gas constant for dry air and ¢, = 1005
Jkg~! K™ is the specific heat for dry air.

Then, the flow vector U, has to be transformed into
the geodetic, Fig. 3 system using M,, (Haering 1990;
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F1G. 3. The three coordinate systems used to transform the true
airspeed into the geodetic coordinate system. The indices a, b, and
g represent, respectively, the aerodynamic, body, and geodetic
coordinate systems. “Alpha” is the angle of attack «, “beta” the
sideslip angle B, “yaw” the true heading W, and “pitch” the pitch
angle 0.

Leise and Masters 1993; Boiffier 1998). Finally, the re-
sulting W, has to be transformed into the standard me-
teorological frame of reference, with the wind compo-
nents u, v, and w (east-, north-, and upward, respec-
tively; Lenschow 1986):

U=V, =V, — U, D~ '[(cos® sinW¥) + tanB(sin® sin® sin¥ + cos® cosW¥)

+ tana(cos® sin® sin¥ — sin® cosV¥)],

v=1u, = uy, — |U,ID " [(cos® cos¥)

+ tan - (sin® sin® cos¥ — cos® sinV) + tana(cos® sin® cosV¥ + sind sinW¥)],

w=—-w

=Wy, T |U,ID '[(—15in®) + tanB(sin® cos®) + tana(cosd cos®)], ®)
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with inertial velocity vector V, = (44, Uaq, Wa,) and
the Euler (attitude) angles’ pitch ©, true heading W,
and roll ®.

4. Calibration of the airflow angles

The calibration of the SHP was performed at the
Pfleiderer Institute (TU Braunschweig), which pro-
vided an open wind tunnel capable of wind velocities up
to 100 ms~'. The SHP was mounted on the M?AV
fuselage nose and was calibrated at an airflow velocity
of 22 ms™! and at predefined airflow angles & and B
between —20° and + 20° (with a A& and A of 2°). The
measurement uncertainty of the wind tunnel velocity
was 0.7% (~0.2 ms~ ' for the specified velocity of 22
m s~ ). The airflow angles were varied manually during
the calibration with an uncertainty of 0.2°.

These wind tunnel angles & and B are related to the
airflow angles o and B (Boiffier 1998) used for the wind
calculation (5):
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a=a,

B = arctan ( (t:m[? ) . (6)

osa

The SHP has five total pressure ports on its conical
head and four static pressure ports downstream of the
head (Fig. 2). Five differential pressures are measured:
the difference between the central hole and each of the
four remaining total pressure ports (APy;, APg,, APys,
AP,,) and the difference between the static pressure
and the central hole (AP,,). These measurements are used
to determine a total pressure difference (Sasongko 1997):

1 4 1 4 27112 1 4
AP=[52<Pi§jEOPj> ] +[P012Pi],
(7

which uses the absolute pressures P, ... P,. Equation
(7) can be rewritten by using the differential pressure
measurements APy ... APy,

1
AP = {E [(APy, + APy, + APys + APy)* + (—4APy, + APy, + APy + APy,)* + (AP, — 4AP,,

(1/2)
+ APy; + APy,)* + (APy, + APy, — 4APy; + APy,)* + (AP, + APy, + APy — 4APO4)2]}

1
+ 4 (AP + APy, + APy; + APy

The dimensionless pressure coefficients &, and kg are
defined using AP and the measured differential pres-
sures

APy, — APy,
k, = AP and 9)

APy, — APy,
B= T Ap (10)

To calculate the airflow angles and the dimensionless
coefficient k, for the dynamic pressure, three functions
were defined:

a= fl(kou kﬁ)o

B = fo(k,, kg), and

kq = f"}(kas kB)? (11)

with the general calibration polynomial form (11th or-
der) for f, (x = 1, 2, or 3) according to Bohn and Simon
(1975)

®)

flbas k) = 25 kT2 Xylke)) - (12)
i= =

where m = n = 11 and X, represents the coefficients
for the angle of attack a;, the sideslip angle b;;, or the
dynamic pressure g;; for fi, f>, and f; respectively. The
function (12) contains m - n unknown coefficients
which can be determined with a system of m - n inde-
pendent equations. This linear problem is solved by the
least squares method for all three functions (11) and
returns the coefficients a;, by, and g;;.

The method enables the determination of the airflow
angles and the dynamic pressure coefficient k, with the
measurements of the SHP. Finally the dynamic pres-

sure g during flight is calculated
q = APy, + APk,

and used to calculate the true airspeed (4).

(13)

5. Determination of the attitude angles

The reliable determination of the attitude, velocity,
and position of the aircraft is essential for wind identi-
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FIG. 4. Navigation filter structure, where a and  are the acceleration and angular rate from
the IMU and r, v, and ¢ are the position, velocity, and attitude from the INS system. The
position, velocity, and attitude solution from the Kalman filter are defined as ¥, ¥, and ¢.

fication. With the M?AV this is achieved by an inte-
grated navigation system consisting of a GPS and an
INS. The INS calculates the position, velocity, and at-
titude by a strapdown calculation of the accelerations
and angular rates measured by the IMU. The GPS-INS
system offers a significantly increased performance,
compared to an INS only, due to the complementary
characteristics of GPS and INS; the latter assures the
continuous availability of the attitude, velocity, and po-
sition. The growth of navigation errors with time due to
the low-cost MEMS IMU is prevented by the use of
aiding information provided by the GPS receiver. Fig-
ure 4 displays the navigation-filter architecture.

For the GPS-INS integration a discrete error state
Kalman filter was used (Gelb 1989). Kalman filters are
based on linear dynamic systems discretized in the time
domain (Kdlmdan 1960). The system model uses the fol-
lowing discrete error-state vectors: three position er-
rors, three velocity errors, and three attitude errors, as
well as three errors in the gyro sensor signal bias, three
errors in the accelerometer signal bias, one error in the
GPS receiver clock, and one error in the clock drift,
which are in total 17 states. By processing GPS raw data
(pseudo range, delta range, and carrier phase), esti-
mates of the error-state vector are made to correct the
full states of the navigation system. The GPS receiver
measures the delay of the satellite signal and calculates
the distance to the satellite, which is called the pseudo
range. The delta range is the velocity of the GPS re-
ceiver relative to the satellite calculated via Doppler
shift of the carrier wave. The receiver gives also the
phasing of the carrier wave. This method of aiding is
called tightly coupled (Wendel and Trommer 2004).
Furthermore, with such a filter the INS can still be
aided by GPS when there are less than four visible
satellites. A tightly coupled GPS-INS filter usually pro-
cesses pseudo ranges and delta ranges. Based on the
method used by Farrell (2001) and van Graas and Far-
rell (2001), the delta ranges can be replaced by time-
differenced carrier phases and used for the M?AV navi-

gation (Winkler and Vorsmann 2007). It was proven
that the filter with a time-differenced carrier phase
achieved a better velocity and attitude accuracy than
the filter using delta ranges. The method allows using
the high measurement accuracy of the carrier phase
without solving the integer ambiguities. Compared to a
delayed-state Kalman filter (which would be commonly
used in such case), this method does not induce addi-
tional cross-correlation between measurements at one
epoch.

a. Observability

The Kalman filter can be used to determine the state
of the system that is not directly measured. In this case,
the Kalman filter will operate as an observer. A system
is observable when the states can be identified by the
measurements (GPS raw data).

The performance of the GPS-INS system depends on
the M?AV maneuvers. More precisely, the flight dy-
namic is responsible for the observability and hence
for the attitude, velocity, and position estimation qual-
ity. The following relations were defined from the ob-
servability matrix (described in detail by Winkler and
Vorsmann 2007), assuming that the body coordinate
system equals the geodetic system (Euler angles ¥, ®,
and © = 0):

¢, = —a,8V¥ + a,80 + éa,,
¢, =ad¥ —a,dP + 8a,, and
c, = a,d8P - a,d0 + da, (14)

where c,, c¢,, and c, represent the acceleration errors (in
the x, y, and z directions, respectively, in the geodetic or
body coordinate system) provided by the GPS. Using
an error-state filter, the system errors are determined;
from these, the full-state navigation solution can also be
solved (like the attitude, velocity, and position). Be-
cause the unknown error angles 8®, 80, and &V (roll,
pitch, and true heading) are assumed to be small, these
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FiG. 5. Roll, pitch, and yaw (true heading) errors, determined
during the test flight of 17 May 2006, with the FOG IMU refer-
ence system.

were approximated from trigonometric functions. The
parameters a,, a,, and a, are the acceleration in x, y,
and z direction, and &a,, da,, and 8a, are the corre-
sponding accelerometer bias-errors determined by the
Kalman filter.

During flight, the horizontal accelerations are
smaller than the vertical accelerations because of grav-
ity. If the horizontal acceleration is neglected (a, < a,
and a, < a_), (14) can be reduced to

¢, =a,00 + éa,,

and

o
|

= —a, 00 + da,,

oa

z 2

o
Il

(15)

where 80, 5P, 6a,, da,, and da, are the remaining un-
known parameters.

The pitch angle can only be observed in combination
with 8a, and the roll angle can only be observed in
combination with 8a, (15). The heading observation
results from two combinations (14): first, the combina-
tion of the pitch angle, da,, and the heading and second,
the roll angle, da,, and the heading. Thus, the true
heading cannot be observed directly. The heading esti-
mation is always a combination of respective filter
states and thus the heading varies in its dependency on
the estimation. The variability of the heading can be
seen in Fig. 5. A more detailed discussion and an ex-
tensive observability analysis of the GPS-INS system
based on the observability matrix are provided by
Winkler and Vérsmann (2007).

The test flight described here was performed under
ideal flight conditions: highly dynamical flight with con-
tinuous change of flight maneuvers. The observability
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of the Euler angles is best when the M?AV experiences
accelerations in the x, y, and z directions.

For the extreme case of a steady cruising flight in a
stationary nonturbulent flow with no significant hori-
zontal accelerations, (15) shows that the absence of
these accelerations results in a loss of the heading cor-
rection. So, a rotation about the vertical axis, which
equals a heading change, has no effect on the velocity
vector during this phase. The only observational infor-
mation provided by GPS is position and velocity. Dur-
ing this flight phase, the heading is supported by INS
only, which means that the heading is the integration of
the vertical gyro and its error. Thus, the heading re-
mains uncorrected and drifts conditionally on the gyro
error during a flight without horizontal accelerations.

However, during a flight in the atmospheric bound-
ary layer, horizontal accelerations always occur because
of atmospheric turbulence. The larger these horizontal
accelerations, the better the true heading can be ob-
served and corrected. From practical experience, a
compromise was found between the needs for, on the
one hand, a long steady flight to achieve small statistical
meteorological measurement errors and, on the other, a
highly dynamic flight to obtain the optimal filter ob-
servability. Flights in the convective boundary layer
with straight and level legs up to 6 km include enough
horizontal acceleration for an adequate heading deter-
mination. Shorter flight legs (2 km) in the stable bound-
ary layer are recommended to achieve sufficient dy-
namics in the turns.

The M?AV wind measurement unit is still under de-
velopment. It is planned to improve the navigation so-
lution from the Kalman filter by the implementation of
a magnetic compass, in addition to the INS-GPS. A
reduction of the variable error and drift of the true
heading will result in a more accurate determination of
the horizontal wind components.

b. Flight test

A flight test was carried out on 17 May 2006 near
Braunschweig with a duration of 16 min to identify the
achievable accuracy of the navigation solution under
realistic conditions. The M?AVwas additionally
equipped with a navigation reference system based on a
fiber optical gyro (FOG) IMU with an attitude accu-
racy of approximately 0.01° and a velocity accuracy of
approximately 0.05 ms~'. The M>AV low-cost GPS—
MEMS-IMU was compared to this reference system.
Figure 5 shows the angle errors that resulted from the
differences between the systems. The characteristics of
the roll and pitch errors are representative for the ve-
locity errors (not plotted here). The accuracy achieved
during the flight is summarized in Table 3. The largest
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TABLE 3. Kalman filter: attitude and velocity accuracy (o)
achieved during the flight with the reference IMU (17 May 2006).

Roll angle 0.54°
Pitch angle 0.71°
Yaw angle 1.22°
Velocity north 018 ms™!
Velocity east 0.16 ms™*
Velocity down 0.58 ms™!

error occurred for the true heading (or yaw angle),
which is usually the most difficult angle to determine in
flight.

6. Wind vector calibration

The wind vector (5) calculated from airborne mea-
surements is very sensitive to errors in the input param-
eters. The first M*AV datasets were measured in both
convective and neutral stratification. During these
flights, the mean vertical wind was expected to be
nearly zero, but the actually measured w showed a de-
viation of a few meters per second. The mean horizon-
tal wind components were assumed to be constant dur-
ing the entire flight. However, both the measured u and
v time series showed offsets depending on the flight
direction compared to @ and v for a complete square-
shaped pattern.

a. The impact of sensor errors on the wind
calculation

A simple error estimation (VOrsmann 1985) was
made to identify the parameters causing the above-
described systematic errors in the horizontal and verti-
cal wind components. To quantify the errors, a refer-
ence state for the M?AV was defined (Table 4): a typi-
cal airspeed of 20 m s~ ', small airflow angles and Euler
angles (0.02 rad), and a vertical velocity of 1 ms™'; the
horizontal velocity components were set to 20 ms ™'
depending on the flight direction. The reference wind
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components (i, Ve, and w,.¢) were calculated as a
function of the true heading (0. .. 360°).

The effect of every individual parameter (nine pa-
rameters in total) was determined by defining typical
measurement errors with values of 0.5 ms™' for the
velocities and 0.02 rad (=~1°) for the angles. These er-
rors were added to the reference states and used to
determine the individual contributions to each compo-
nent (Uepp, Vorp, and wy,,) of the calculated wind vector
(see Table 4).

Except for the inertial velocity components, the error
estimations for u and v depended on the flight direction
(Table 4). An error in the sideslip angle or the true
heading resulted in an erroneous # component in the
north (0°) or south (180°) flight direction and an erro-
neous v component in east (90°) or west (270°) flight
direction. A true airspeed error also affected both u
and v significantly depending on the flight direction.
The largest deviation of w was caused by the errors in
0, @, and the vertical velocity w ., independent of the
flight direction, as expected.

Assuming that the separation of the IMU origin and
the SHP is negligible, the true airspeed measured by the
SHP is transformed into the IMU coordinate system
(defined as the body coordinate system) by the angles
A®’, A®’, and AV’, corresponding to rotations about
the x, y, and z axes, respectively. These angles are un-
known and represent the mechanical misalignment be-
tween the SHP and the IMU (which should be the in
the same coordinate system in the ideal case). To trans-
form the measured true airspeed into geodetic coordi-
nates, the Euler angles (measured by the INS-GPS) are
increased by these unknown angles A®’, AV’ and A®'.
As shown by the error estimation, the error in ® had an
insignificant effect on the computed u, v, and w; there-
fore, A®' was neglected and set to zero. Although the
remaining biases cannot be measured, a flight strategy
was chosen to determine A®' and AW’.

The dynamic pressure (and the true airspeed) was
calculated using the wind tunnel calibration polynomi-

TABLE 4. Error estimation: differences Au, Av, and Aw between the reference and erroneous wind components.

Parameter Typical value Av Aw
v 0...2mrad 0.4 cos ¥ —0.4sin ¥ 0
(0] 0.02 rad —4 X107 3sin ¥ -4 X103 cos ¥ —0.4
P 0.02 rad -8 X 103 cos ¥ -8 X107 3sin ¥ -8 x107°
@ 0.02 rad —4X103sin¥ —4 X107 cos ¥ 0.4
B 0.02 rad 0.4 cos ¥ —0.4 sin ¥ 0
U, 20ms! 0.5 sin ¥ 0.5 cos ¥ 0
Vg 20 X sin ¥ ms~! -0.5 0 0
Uy, 20 X cos ¥ ms™! 0 -0.5 0
Wag 1ms™! 0 0 -0.5
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Fi1G. 6. Star flight pattern performed on 1 Aug 2007. The
dashed—dotted line represents the complete flight; the solid lines
show the horizontal legs used for the in-flight calibration.

als. Unfortunately, the wind tunnel was too small for
the complete aircraft and therefore the calibration
setup was reduced to a shorter fuselage. The wing of the
aircraft, including both engines and the full body, was
not taken into account and therefore the actual flow
distortion during flight was not included in the calibra-
tion. This effect can only be corrected by a new cali-
bration in a larger wind tunnel or by an in-flight cali-
bration. Because a new calibration in a larger wind tun-
nel is currently not feasible, the aecrodynamic effect of
the wings and the propulsion is approximated by a cor-
rection factor fy_of the true airspeed.

b. In-flight wind calibration

In total three angles—AW’, A®’, and fy;, —have to be
determined. The appropriate flight pattern for the in-
flight calibration is a star pattern (Fig. 6). The ideal
atmospheric conditions for the in-flight calibration are
no large turbulent transport, a constant mean horizon-
tal wind, and a mean vertical wind near zero. For every
straight horizontal leg, the mean values (U,, @, 8, 0, V,
D, Uy Vag and W, uncorrected) will be calculated
from the measured time series. These mean values will
be used to calculate the mean wind vector using Eq. (5),
which is supplemented by the unknown correction fac-
tors. The following parameters are replaced in (5):

0=0+ A0/,
V=T + AP, and
Ua = ﬁana’ (16)

where ©®, ¥, and U, are the mean values of the pitch
angle, true heading, and true air speed, respectively.
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The assumptions that the mean horizontal wind com-
ponents are actually identical on a round trip (two iden-
tical legs flown in reverse direction) and that the mean
vertical wind is close to zero lead to the following set of
equations:

and
(17)

where n, s, w, and e indicate north, south, west, or east
flight direction.

The unknown angles AW’, A®’, and f;, are calculated
from (17) where u, v, and w are calculated by (5) using
the substitutions from (16). The Levenberg—-Marquardt
least squares fit method (Press et al. 1992) is used to
solve the equations.

c. Experimental setup

A field campaign was carried out in the beginning of
August 2007 near the boundary layer measurement
field of the DWD, located 5 km south of the Meteoro-
logical Observatory Lindenberg, near Falkenberg. The
lower part of the boundary layer was probed by a 99-m
tower, a 12-m tower, and a combined sodar and radio
acoustic sounding system (RASS). A large-aperture
scintillometer (LAS) was installed over a path length of
4.7 km. The LAS transmitter was installed at the 99-m
tower in Falkenberg and the receiver on a 30-m lattice
tower at the MOL observatory site.

The main goal at the experiment was the comparison
of the M?AV wind measurements with tower and sodar
measurements. The 99-m tower provided measure-
ments of temperature, humidity, and wind speed at four
levels (40, 60, 80, and 98 m). The wind direction was
measured at heights of 40 and 98 m only. The sodar
wind speed and wind direction profiles reached from 5
to 350 m above ground. Tower and sodar measure-
ments were available for all the flight periods during
the campaign.

During the 2-day experiment, six M?AV flights were
performed. A special calibration flight was performed
at 1850-1920 UTC 1 August 2007, with two star pat-
terns at 280 m above ground. During this calibration
flight, a vertical wind component close to zero, weak
turbulence, a constant mean horizontal wind, and low
wind speed (less than 5 m's™') were observed. During
daytime in moderate convection, two 3D box patterns,
Fig. 7, were flown, which consisted of several square-
shaped patterns (four legs) flown around the 99-m
tower at different heights. Seven square patterns (with
flight legs of 650 m) at four flight levels (170, 113, 90,
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FiG. 7. The flight track of the 3D box pattern flown on 2 Aug
2007.

and 68 m) were flown during the first 3D box. The
second 3D box consisted of five square patterns (with
leg lengths of 1600 m) at five different heights (230, 173,
115, 87, and 58 m). Because the 3D box flights give
information on the mean vertical structure of the
boundary layer, these measurements were compared
with the 99-m tower and sodar profiles.

7. Results

a. Calibration flight

The in-flight calibration method was applied on the
measurements of the calibration flight (1 August 2007).
The following correction factors were determined:
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(i) the correction for the pitch angle, A®' = —1.0°,
(i) the correction factor for TAS, fy = 1.04, and
(iii) it was not possible to determine a constant correc-

tion for the true heading.

The calculated correction factors AW’ for both star
patterns differed significantly. The results from previ-
ous calibration flights (performed near Braunschweig)
also showed diverse AW’ estimations for each flight day
and even flight level. Obviously, AV’ included not only
the constant mechanic misalignment between the IMU
and SHP but also the variable error of ¥ calculated by
the Kalman filter. As discussed before, the calculation
of ¥ is complex and significant (variable) errors can
occur because of the filter properties.

To define this variable ¥ error, the calibration
method was also applied to suitable box and star flights
under moderate convective conditions, which consist of
four legs oriented in the north, south, west, and east
directions. For each flight the AW’ was calculated. To-
gether with the already calculated A@" (—1.0) and fy,
(1.043), the time series of the horizontal and vertical
wind were calculated.

b. Wind measurements

The power spectra of the time series of u, v, and w
showed no systematic errors or noise (Fig. 8). All three
spectra exhibit an £ law of the inertial subrange of
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FiG. 8. Example of the variance spectra of the u, v, and w wind components, measured by
the M?AV on 2 Aug 2007. The gray dashed line represents the £ law.
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TABLE 5. Results from both 3D box patterns flown around the 99-m tower. The horizontal wind speed U, and the wind direction
0O, are listed for every box; o represents the std dev of the measurements. The sodar and tower measurements are written in the same

row as the compared M?AV data.

M?AV Sodar 99-m tower
thht/leg < (m) Uhor (0-) (1’1’1 Sil) ‘Qhor (U) (O) < (m) Uhor (m Sil) Qhor (O) < (m) Uhor (m Sil) Qhor (O)

1/01 168 3.53(0.74) 242 (21) 160 3.7 246

1/02 168 3.74 (0.52) 242 (10) 180 3.5 224

1/03 112 3.41 (0.21) 241 (11) 120 3.6 238 98 3.7 255
1/04 111 3.65 (0.50) 251 (8) 120 3.6 238 98 3.7 255
1/05 89 3.58 (0.46) 259 (8) 80 33 237 80 2.9

1/06 67 3.17 (0.77) 233 (12) 60 34 264 60 28

107 67 3.14 (0.76) 234 (8) 80 35 217 60 34

1/07 40 32 237
2/01 228 6.70 (0.47) 151 (13) 220 5.1 151

2/01 240 55 149

2002 171 6.20 (0.07) 152 (6) 160 45 142

2/02 180 53 142

2103 114 5.75 (0.77) 141 (5) 100 58 152 98 62 144
2/04 86 6.04 (0.08) 148 (5) 80 5.7 143 80 5.6

2/05 58 6.91 (0.76) 159 (5) 60 4.8 156 60 5.8

2/05 40 55 150

isotropic turbulence up to 40 Hz, which corresponds to
a spatial resolution of 0.55 m (at 22 m s~ ' airspeed).

The mean wind components were calculated for each
square-shaped pattern at a certain altitude (see Table
5). For each M?AV flight level, the corresponding
tower (10-min average) and sodar (15-min average)
measurements at about the same height were selected
(Table 5; Figs. 9 and 10). On the first flight (Fig. 9) the
horizontal wind was weak (3-4 ms™'). The M?AV
mean horizontal wind speed agreed well within the sta-
tistical error bars (1 m s~ ') with both sodar and tower
measurements.

Because of the low wind speed, the wind direction
strongly fluctuated within 60° over the entire measured
height (see sodar data, Fig. 9), covering the averaged

M?AV measurements (which were compromised by a
20° error bar). A stronger wind speed was observed by
all involved systems on the second day (Fig. 10), which
resulted in smaller fluctuation in the wind direction.
During this flight, the M?AV measured a somewhat
larger mean wind speed compared to the sodar but
agreed with the tower measurements. The airborne-
measured mean wind direction agreed well with both
sodar and tower data, with smaller statistical uncertain-
ties compared to the first flight.

Measurements of the mean vertical wind with air-
borne systems are usually quite inaccurate. It was no
surprise that the mean vertical wind measured by the
M?AV was accompanied by large standard deviations
up to 0.4 m s~! (Fig. 11 and Table 6). Nevertheless, the
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FI1G. 9. Wind speed and wind direction for the first 3D box flight performed between 0922
and 0952 UTC 1 Aug 2007. The M?AV data at the same height were measured during two
consecutive square-shaped flight patterns. The error bars represent the std devs of the M?AV
measurements (Table 5). For every M?AV time interval and height the corresponding tower
(10-min average) and sodar (15-min average) measurements were plotted.
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FiG. 10. Wind speed and wind direction measured between 0837 and 0915 UTC 2 Aug
2007. The error bars represent the std devs of the M?AV measurements (Table 5).

vertical wind measurements on both flight days agreed
with the sodar measurements within their statistical un-
certainty.

8. Conclusions

The M?AV was developed as a low-cost and easy-to-
handle system for boundary layer research that is not
remotely controlled by a pilot on the ground but rather
operates autonomously. The advantages of the autopi-
lot are the possibilities of flying out of sight (long dis-
tance flights) or at night (stable boundary layer re-
search). At a typical airspeed of 22 m s~ ! the M*AV can
reach a flight distance of 60-70 km. It was not intended
to compete with large and heavy airborne research sys-
tems (e.g., the Helipod; Bange and Roth 1999) in terms
of data accuracy. Nevertheless, the results are quite
promising because the systematic measurement errors
(mainly caused by the use of light, small, and inexpen-
sive sensors) are acceptably small. The temporal (and
thus spatial) resolution of the wind measurement is re-
markably high. Power spectra exhibit an > law of the
inertial subrange of isotropic turbulence up to 40 Hz (or
0.55 m at 22 m s~ ! airspeed). There are only a few re-

200

search aircraft that are able to resolve submeter turbu-
lence, mainly due to the disturbance of the atmospheric
flow by large fuselages, engines, and wings.

An in-flight calibration method was developed to
correct the measured wind with a constant correction
factor for the true airspeed (only 1.04, presumably due
to the reduced wind tunnel settings) and correction
angles A®’ and AV’. The determined A®' represents
the construction misalignment between the SHP and
the IMU by a rotation on the y axis (in the body coor-
dinate system). The error in ¥ was caused not only by
a constant mechanic misalignment; it also included a
variable error due to Kalman filter properties, causing
a variable A®'. To correct for this error, the in-flight
calibration had to be applied on every (square-shaped
or star) flight pattern, assuming a homogeneous wind
field. The wind vector was recalculated using the cor-
rection factors and compared with sodar and tower
measurements during a 2-day field experiment. Despite
the short averaging length of the M?AV data in the
convective boundary layer, the measurements agreed
with the tower and sodar data. Particular for the first
flight with weak wind conditions, the mean wind speed
agreed with the sodar and tower data within 1 ms~*. In
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FiG. 11. Vertical wind; the error bars represent the std devs of the M?AV measurements
(Table 6). (left) First 3D box flight, 1 Aug; (right) second 3D box flight, 2 Aug.
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TABLE 6. Results from both 3D box patterns flown around the
99-m tower. The vertical wind speed w and the std dev o are listed
for every box. The sodar measurements are written in the same
row as the compared M?AV data.

M?AV Sodar
Flight/leg z (m) w (o) (ms™h) z (m) w (ms™1h)
1/01 168 0.7 (0.3) 160 0.3
1/02 168 -0.3(0.2) 180 —0.6
1/03 112 —0.0(0.2) 120 0.0
1/04 111 —0.5(0.3) 120 0.0
1/05 89 —0.4(0.4) 80 0.2
1/06 67 —0.5(0.2) 60 0.5
1/07 67 —0.4(0.1) 80 0.3
2/01 228 0.5(0.1) 220 0.3
2/01 240 0.3
2/02 171 0.2 (0.1) 160 0.8
2/02 180 0.6
2/03 114 0.4 (0.4) 100 0.5
2/04 86 0.2 (0.2) 80 0.3
2/05 58 —0.3(0.3) 60 0.2

stronger wind, the M*AV measured higher mean wind
speeds compared to the sodar profiles but agreed with
the tower measurements.
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