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Abstract

The Institute of Aerospace Systems of the 1.1 The Project “Carolo”

Technical University of Braunschweig has pyring the project “Carolo” (2003 to 2006), the
developed a highly miniaturized yet powerful first  MAV-prototype  “Carolo P50”  was

Miniature Integrated Navigation and Control geveloped: a miniature drone with 50 cm
(MINC) system allowing for highly dynamic on- \jingspan and a take-off mass of approximately
board flight control using a tightly coupled 500¢q, capable of automatic start, waypoint

Kalman filter for GPS/INS data fusion. The navigation and landing, with the first automatic
whole system with all micro-electromechanical flight taking place in 2004 [4].

(MEMS) sensors measures 40 x 80 x 15 mm3 at
a mass of only 20 grams.

1 Introduction

The interest in small Unmanned Aerial Vehicles
(UAV) and Micro Aerial Vehicles (MAV) is
steadily increasing during the last years [1] [2],
mainly driven by the promising applications
such systems allow. However, the usefulness of
such devices is directly coupled to their grade of
autonomy in flight.

Since 2001, the Institute of Aerospace
Systems (ILR) of the Technical University of
Braunschweig, Germany, is working on Fig. 1: Prototype "Carolo P50"
autonomous Mini and Micro Aerial Vehicles For this family of MAV and Mini-UAV, a
(MAV) [3]. Emphasis is put on a high degree of special “Carolo” autopilot system was
on-board autonomy: The aircraft shall be able of developed, based on micro-electromechanical
guidance, navigation, and control without (MEMS) inertial sensors and MEMS-sensors for
requiring intervention from the user on ground. static and impact pressure. This type of sensors
Main focus of the recent developments is a is known for their poor performance regarding
precise and reliable attitude determination, the accuracy, long-term stability and temperature
basis for highly dynamic flight control. This dependency, but this class of sensors is the only
paper will deepen on the hardware development, one which fulfills the stringent requirements

both for attitude determination and flight regarding size, weight and power consumption
control, of the current autopilot hardware. aboard a MAV.
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The flight guidance and control algorithms
of the Carolo autopilot were hosted on a 32 bit
CPU running at 200 MHz. Navigation was done
using the GPS satellite navigation system, but
no GPS/INS data fusion algorithms were
applied, keeping the computing demands low,
but causing reliability problems on the smallest
prototype P50 at gusty wind or flight trajectories
requiring highly dynamic flight control.

1.2 The Project “AutoMAV”

Since 2004, several leading research institutions
in Germany are jointly working on a new MAV
project called “AutoMAV” within the German
National Aerospace Program 2003-2007 [5].

Fig. 2: The MAV of the AutoMAV Project

Current flight control systems for Mini-

Besides the Institute of Aerospace Systems asUAV and MAV usually use simple (and

project head, the Institute of Flight Guidance,
the Institute of Aircraft Design and Lightweight
Structures and the Institute of Fluid Mechanics
of the Technical University of Braunschweig
are involved, as well as the Chair of Flight
Dynamics of the RWTH Aachen and the
DLR Institute of Aeroelasticity, Goéttingen, are
contributing their expertise to develop a fully
autonomous MAV with a wing span of 38 cm
and a take-off mass of 400 g. The payload of the
electrically propelled AutoMAV consists of a
small video camera with an analog downlink.

As can be seen in Fig. 2, the AutoMAV
shows a rather unconventional ‘twin-wing’
configuration: The main body reminds of a
delta-shaped flying wing with a thick airfoil to
accommodate the aircraft subsystems, as
commonly used for MAVs. But in this case, the
aircraft also uses an elevator for longitudinal
control, which is mounted beneath the main
wing to ensure sufficient controllability even at
near-stall angles of attack.

computationally undemanding) flight control
algorithms, usually resulting in well-damped
(and hence controllable), but not agile aircratft.
One goal of the AutoMAV project was to
redefine flight performance for small MAVSs:
The aircraft shall be able to perform highly
accurate and dynamic flight control even under
bad circumstances like gusts and shall allow for
demanding flight trajectories with sharp turns
and high bank angles, thus using the
aerodynamic and flightmechanical potential of
this class of aircraft to its full extent. To achieve
this performance only with MEMS-based
inertial sensors and a satellite navigation
system, on-board data fusion of GPS and INS
data is essential.
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(MINC) System (Fig. 3), measuring only
. o 40 x 80 x 15 mm3 at a mass of 20 g (without

2 The Miniature Integrated Navigation and connectors and GPS receiver).
Control System As a successor of the “Carolo” autopilot,

An autopilot, on its basic level, generally has the MINC System incorporates several MEMS-
the task of determining the aircraft current state, based sensors to form a complete 3-axis IMU as
compare it with the desired state and drive the Well as sensors for barometric altitude and flight
control surfaces in such a way that the desired speed determination, with a data acquisition rate
state is achieved. For control surface actuation of 100 Hz. It also provides outputs for servo
commercially available products from the model actuator control, matching the sensor sampling
plane market fulfill most MAV requirements; frequency and allowing a closed loop control
the main challenge is the aircraft state frequency of true 100 Hz.

determination. Hence, the field of classical
flight control and flight guidance as in [6] shall
not be subject of this paper, but emphasis shall
be put on aircraft state determination. GPS receiver

The development of the AutoMAV flight

control hardware was driven by the demand for
sophisticated on-board GPS/INS data fusion to
overcome the shortcomings of MEMS-based

radio modem
A
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inertial navigation. A plain and commonly used Block ! ! Core
approach to avoid high computational load bommmmmmm oo ! tmmmmmmmm - !
aboard the aircraft is to send sensor data down| - 3-axis IMU - 32 bit CPU, 200 MHz
to ground control, process all data on a - static pressure - floating point unit (FPU)
: - impact pressure - 16 MB RAM
conventional PC, and send the control surface| &t roo= _ 32 MB ROM

commands back to the aircraft. However, this
concept obviously is in opposition to the
demand for autonomous flight, since it would
require a permanent and reliable radio The simplified block diagram of the system

connection between aircraft and ground control. iS shown in Fig. 4. As can be seen, it consists
mainly of two functionally separated blocks,

communicating via a bidirectional data link:
Sensor Block and Navigation Core. The
following sections further describe these blocks
in more detail.

Fig. 4: MINC System, Block Diagram

2.1 The MINC Sensor Block

The Sensor Block is located in the left part of
the MINC System (according to Fig. 3), and
geometrically and electrically forms a self
contained unit; for evaluation the Sensor Block
was built up as a separate board, measuring
40 x 40 x 15 mm?3 and weighting 15 grams. The
Fig. 3: The MINC System block diagram of the Sensor Block is shown in

The answer to the unusually risen demand F19- -
for computational power aboard a MAV is a
completely new autopilot hardware called
Miniature Integrated Navigation and Control
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angular rate sensors are measured individually
to allow for temperature calibration. Sampling
resolution is 12 bit with a nominal sampling rate
of 100 Hz. The linear accelerations are
measured using 2-axis sensors, thus giving a
redundancy for the x-axis. The impact pressure
is also captured using 12 bit resolution, but for
the static pressure, a high-resolution sigma-delta
A/D converter is used, resulting in a relative
accuracy (not considering drift and temperature
effects) of better than 30 cm near sea level.

2.1.1 Sensor Block Structure

Central part of the Sensor Block is a
microcontroller, which communicates with the
Navigation Core via a digital serial link and
several control lines for time synchronization.
For analog data acquisition, the block contains
all necessary A/D converters.

The Sensor Block has two main functions:
First, as the name suggests, it contains all
sensors for inertial measurement, forming a
complete  6-degree-of-freedom IMU. In
addition, the temperatures of the single-axis

angular rate 1 angular rate 2 angular rate 3 linear acceleration1 linear acceleration2

(x-axis) (y-axis) (z-axis) (x- & y-axis) (x- & z-axis)

wx 6 wy 6 w, 6 aa a1 ae a
L 2K 7 L 2K 7 Yy Vv v v \ Z \ 2

filter filter filter filter filter

1
—] filter i
a0 Sionals gigt ¢ [ impact 2ressure

12 bit A/D converters

Mikrocontroller 12 ch. servo control
static 24 bit <
pressure [P A/D Sinital signal >
Dot igital signals ¢ —>
at converter gral sig * serial digital link

(to Navigation Core)

time-multiplexed PWM signal
(from remote control receivey

Fig. 5: Block Diagram of the MINC Sensor Block

The second main function is the generation control receiver, as widely used in remote-
of pulsewidth-modulated (PWM) signals for controlled model planes. This adds an important
servo actuator control. The Sensor Block is safety feature to the MINC System: The aircraft
capable of generating 12 independent PWM can be controlled via the Sensor Block directly
outputs with a period of 100 Hz and a pulse from the ground using a model plane remote
width resolution of Jus. Since the generation of control. This is possible without passing data
these signals completely occurs in the digital through the Navigation Core, giving a real back-
domain, this task is comparably easy, bearing up control possibility in case of severe
few distress of signal noise or distortion. Full malfunction of the Navigation Core hard- or
characteristics of the Sensor Block are listed in software, which especially eases the
Tab. 1. development, on-board implementation and

In addition to these two primary functions, performance testing of the navigation and
the Sensor Block also contains an input for a control algorithms.
time-multiplexed signal from a common remote
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2.1.3 Sensor Calibration
sensors measurement range To overcome the well-known prOblem of
temperature dependency of MEMS-based
_ _ . sensors, several Sensor Block prototypes were
lin. acceleration (x- & y-axis) +15m/s%x*1.5¢g calibrated at temperatures from —-20°C to
lin. acceleration (x- & z-axis) + 80 m/s2~+8.2 ¢ +50 °C using a climate chamber. But besides
temperature effects, also misalignment plays an

angular rates (x-, y- & z-axis) +300 °/s~ +5.2 rad/s

static pressure 15 to 105 kPa . . .

_ important role. Especially since the Sensor

Impact pressure 0101.250 Pa Block prototypes were manually assembled,

derived air data® measurement range misalignment errors of up to 10% can easily

barometric altitude 0to 13 km OCCUI; icallv. th ¢ of q
asically, the sensor set o ros an

air speed 0 to 45 m/s (h =0 km) y gy

accelerometers form a coordinate system with
e.g. ws :(a)X,S W, s Cdz,s) being the angular
rate vector measured by the three gyros (index

0to 91 m/s (h =13 km

additional functionality

actuator control (PWM) 12ch., 100 Hz period X, y, and 2) in the sensor-fixed coordinate
remote control input 1 channel, time-muxed ~ System (|nd(_a>8). The unit of this vector is plain
— digits as given by the A/D converter, not

Tab. 1: Sensor Block Characteristics containing any scaling to physical units (e.g.

°/s). Please note, that the axey, andz do not
form an orthogonal or even right-handed
coordinate system.

Similarily, the accelerometers deliver four
accelerations ,@as &, &s aes (with
redundancy for the-axis), but for clarification,
only the angular rates are being considered in
the following steps, the process is analog for the

2.1.2 Data Quality

Within the MINC System, analog and
digital electronic components are integrated
with a high packing density. Besides this, the
stringent constraints regarding size do not allow
for high order analog filtering of sensor signals,
as would be good design practice under normal
circumstances. To ensure sensor data quality”near accelerations.
gnd in_tegrity, t_he first_prototypes were subject to To obtain the desired angular rate vector
intensive testing. This was partly done at the — . :
Instuitute  of  Flight  Systems, DLR % :(wxyg Wy g wz,g) in the geometric
Braunschweig, using a precision turn table and coordinate system (index not to be confused
climate chambers. As an exemplary result, a with the geodetic system), the following
time series of a z-axis angular rate sensors (A/D transformation (Eq.1 and 2) can be used to
converter digits over time) is shown in Fig. 6, transform the measured angular rates using
together with the autocovariance and the power a transformation matriM. The coefficientsk;;
spectrum of the_datgset. As can be Seen, thegt the transformation matrisv describe the
peak-to-peak noise is approximately 8 digits, .,nyribution of the sensorto the desired value

corresrﬁ)ondmg to approxmarl]tely 2°s. | i along the geometric axis The coefficients;;
__The autocovariance shows very low self-  ;onin not only the misalignment correction,
similarity; no signs of unwanted oscillations or but also the (temperature-dependent) scale
beat_s can be ob;erved, The overall signal 5oy for each sensor. So strictly speakiMgs
guality can be considered quite good for such a a function of the Temperatur® Besides this,

highly integrated MEMS  sensor — system, e ingividual, temperature-dependent tiagn
showing an approximation to white noise, which digits) of each sensor has to be known
is important for the GPS/INS integration filter. '

" assuming ICAO standard atmosphere
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time series

bits

10 20 m 4n 50 B0 70
time [s]

autocovariance

power density [s]

1 5 10 50
frequency [Hz]

Fig. 6: Exemplary Raw Data Time Series of a z-Axigular Rate Sensor, together
with the corresponding Autocovariance (AKF) and Bo®pectrum

the transformation matrix could not be
observed. However, for one temperature (room

Wy =M (T)[ﬁa)s ‘b(T)) 1) temperature), each geometric Sensor Block axis

was calibrated for angular rates of £300 °/s in

W, Kx Kyx Kox | [@es = by steps of 50 °/s, using a precision turn table.
S K K ’ K b Besides linearity  investigations, these

Deg | = Kay Kyy Koy |[HWs 70y 2) measurements reveal the cross-axis sensitivity

@, 4 K., K. K,,) | w,s—Db, due to the sensor misalignment and led to the

determination of the matrik, which then had
to be considered temperature-independent.
Due to gravity, at least one axis of the
Unfortunately, the Sensor Blocks had to be accelerometers is always excited. To distinguish
Statica”y mounted within the climate Chamber, temperature dependency of bias and scale for
prohibiting dynamic measurements at different the accelerometers, several measurements were
temperatures. So for the angular rates, only the conducted over a temperature range from -20 °C
bias could be determined as function of g +50°C with different Sensor Block

temperature, the change of scale factors within placements, allowing for bias determination

6
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over temperature, and in this case also scaleusing only integer arithmetics, and thé? 2
(and misalignment) over temperature. generation MINC System. While the old system
The temperature-dependent coefficients for emulated all floating point operations by using
sensor bias can be easily approximated with 32 bit integer arithmetics, the MINC System
sufficient accuracy within the Sensor Block utilizes its built-in FPU.
using the integrated microcontroller, which also
transforms the measured angular rates and linear I I I
accelerations according to the stored | .o |13.89 | |Hint32
temperature-invariant transformation matrices. | Autopilot f§l > Wiloats2
As a result, the Sensor Block can directly 037 Bfloaté4
deliver calibrated measurements in physical

units to the Navigation Core. MINC
System

2.2 The MINC Navigation Core |
0 5 10 15 20 25 30
million operations per second

b |

24,53
24,51
10,12

The Navigation Core, as the Sensor Block,
forms a geometrically and electrically separated
unit measuring 40 x40 x 6 mm3. It mainly

consists of a powerful 32 bit CPU and hosts the Fig. 7: Comparison of Carolo Autopilot
main guidance, navigation and control and MINC System
algorithms. The comparison data was derived by

running an addition and multiplication test loop.
Shown are the achieved million operations per
second, where “one operation” refers to one
loop pass with alternately one addition or one
multiplication. The operations were done within
a large data array to force external memory
accesses and prevent the exclusive use of
internal registers. However, both instruction and
data caching for both platforms was enabled,
allowing for efficient memory burst accesses.

The test loops were run for integer
arithmetics with 32 bit precision (labeled int32)
and floating-point arithmerics with both single
(float32) and double precision (float64). As can
be seen, the old design is outperformed up to
twentyfold by the new design for floating point
arithmetics.

The Navigation Core is powered by a
single, regulated 3.3V supply, the average
power consumption during test loop load was
approximately 0.9 watt, being reasonable for the
use within a MAV.

2.2.1 Navigation Core Hardware

While simple control algorithms can be
easily realized with fixed-point arithmetics, the
implementation of more and more complex
algorithms is increasingly calling for floating
point arithmetics, and in the case of INS/GPS
data fusion, even the use of double precision
(64 bit) numbers can be necessary. It shall be
noted, however, that every algorithm can be
implemented using fixed point arithmetics only,
but even with convenient tools and powerful
programming extensions like “System C”, the
use of fixed point arithmetics is still a time-
consuming process which holds lots of pitfalls
for the code developer during algorithm
implementation and verification.

These considerations, together with the
requirements for low power consumption and
small footprint, led to the choice of a 32 bit
CPU running at 200 MHz. The main criterion
for choosing this CPU type was its integrated
Floating Point Unit (FPU), which allows for
addition, multiplication and division of floating
point numbers with single (32 bit) and double
precision (64 bit) in hardware.

Fig. 7 shows a comparison between the
ILR’s 1% generation Carolo Autopilot module,
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Besides the FPU, the Navigation Core be aided by GPS when there are less than 4
provides several interfaces for connecting to the satellites in the field of view of the GPS
Sensor Block the external miniaturized GPS antenna. These two significant features can not
receiver and an optional radio modem for be fulfilled by using the position and velocity
communication with ground control. In outputs of the GPS receiver directly (loosely-
addition, a MultiMediaCard can be directly coupled).
connected as mass-storage device for in-flight Often, the measurement vectar of a
data recording. Provision is made to connect tightly-coupled Kalman Filter contains ranges
other periphery via USBor CAN bus in the and delta-ranges. But in the filter used here the
future. delta-ranges were replaced by time-differenced
carrier phases. The key idea of this method is to
improve the velocity aiding and hence the
attitude estimate of the filter which is the most
important aircraft state in order to achieve good
flight performances of autonomous MAVS.

2.2.2 Navigation Filter

For GPS/INS integration, a discrete error state
Kalman Filter of state vector x (Eg. 3) was used
[7]. By processing measurements from one
single-antenna stand-alone GPS receiver, it
provides estimates for the three position, three 2.3.2 Flight Test Results

velocity and three attitude errors as well as the A GN&C test platform was developed by the
three errors in the gyro sensor signal bias institute. It is a small UAV of 2 m wing span
estimates, the three errors in the accelerometerand about 5 kg maximum take-off weight, while
signal bias estimates, the error in the GPS offering 1.8 kg of payload capacity. For the
receiver (RX) clock error and the error in the flight test the GN&C test platform was equipped
GPS RX clock drift (17 states). The calculating with both a reference navigation system
time for one propagation step of this type of (integrated FOG-IMU/GPS) and the MINC
Kalman filter on the MINC Navigation Core is System.

approximately 1 ms, easily matching the sensor The accuracy of the low-cost navigation
and actuator update frequency of 100 Hz while system is given with respect to the reference
providing enough spare capability for the 1 Hz navigation system. The error of roll angig
filter update, flight controller and flight pitch angle ® and yaw angle¥ using the
guidance (not subject of this paper) and 17 state Kalman filter with state vector from
supplementary tasks like protocol handling for Eq. (3) is shown in Fig. 8. As expected, roll and

communication with ground control. pitch angle show a little better accuracy than
) N 3 yaw angle due to gravity influence. Fig. 9 shows
o -~ Pposition error the corresponding roll angle for this flight leg as
v ... velocity error well as the number of tracked satellites, which
o¢ ... attitude error decreases temporarily at high roll angles. The
X =| dm ... error of est. gyro signal bia  (3) attitude accuracies @) for roll, pitch and yaw
da ... error of est. acc. signal big: are listed in Tab. 2.
o(cat) ... error of RX clock error
d(cat) ... error of RX clock drift attitude error 17 state
- B (10) Kalman Filter
As aiding information, GPS raw data were roll angle 0.76 °
used in order to closely meet the Kalman Filter pitch angle 0.75 °
requirement of zero-mean and uncorrelated .
white measurement noise (tightly-coupled). yaw angle 1.0
Furthermore, with such a filter the IMU can still Tab. 2: Attitude Errors of the MINC System

2 USB: Universal Serial Bus
 CAN: Controller Area Network
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Fig. 8: Attitude Errors of the MINC System
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Fig. 9: Roll Angle and Number of Satellites
tracked during Flight Test

3 Summary and Outlook

At the institute of Aerospace Systems, a highly
miniaturized, yet powerful autopilot system for
MAV and Mini-UAV was developed. The
system includes a 6-DOF-IMU based on MEMS
sensors, which was calibrated regarding
temperature dependency and sensor
misalignment.

Contrary to other currently available
autopilot systems for MAV, the MINC System
contains a powerful CPU with integrating
Floating Point Unit, significantly accelerating
floating point operations at single (32 bit) and
double precision (64 bit).

Besides the classical flight control and
flight guidance, this allows for demanding
GPS/INS data fusion algorithms in real-time,
allowing highly dynamic autonomous flight.

CONTROL SYSTEM

The currently implemented navigation
filter consists of a tightly-coupled Kalman filter
with 17 states, delivering GPS-aided aircraft
position, velocity and attitude at 100 Hz.

The MINC System (without GPS receiver)
measures 80 x 40 x 15 mm3 at a mass of only
20 grams.
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