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Abstract—A main problem in autonomous vehicles in general,
and in unmanned aerial vehicles (UAVs) in particular, is the deter-
mination of the attitude angles. A novel method to estimate these
angles using off-the-shelf components is presented. This paper
introduces an attitude heading reference system (AHRS) based on
the unscented Kalman filter (UKF) using the three-axis attitude
determination (TRIAD) algorithm as the observation model. The
performance of the method is assessed through simulations and
compared to an AHRS based on the extended Kalman filter
(EKF). The paper presents field experiment results using a real
fixed-wing UAV. The results show good real-time performance with
low computational cost in a microcontroller.

Index Terms—Attitude heading reference system (AHRS),
extended Kalman filter (EKF), three-axis attitude determination
(TRIAD), unmanned aerial vehicle (UAV), unscented Kalman
filter (UKF).

I. INTRODUCTION

THERE IS growing interest in autonomous vehicles. These
vehicles are suitable for mobile missions, specially in

vigilance, monitoring, and inspection scenarios [1], [2]. Be it
ground, marine, or aerial, controlling an autonomous vehicle
needs some knowledge of its attitude angles [3]–[5]. These
angles can be measured in different ways, for instance, using a
conventional inertial navigation system. Modern microelectro-
mechanical systems (MEMS) technologies are offering light
and moderate-cost solutions, denoted as inertial measurement
units (IMUs), which are appropriate for lightweight unmanned
aerial vehicles (UAVs).

Our research group is involved in the development of UAVs
relying on experimentation through a spiral life cycle develop-
ment based on prototypes. An on-board hardware and software
have been designed for these UAVs. The hardware includes an
IMU with three-axis accelerometers, gyrometers, and magne-
tometers; a global positioning system (GPS) receiver is also
included. The system is light and small enough to fly on a small
fixed-wing UAV.
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The first flights, using manual control, have been used to
gather signals from the sensors. We are looking at closing
autonomous control loops, which need an accurate estimation
of the three attitude angles. The signals from the sensors have
lots of vibrations due to the mechanical nature of the system
and noise with bias due to the sensors themselves and environ-
mental effects. A common approach to multisensor data fusion
is to employ a Kalman filter.

Conventional kinematic models of flying vehicles are highly
nonlinear; the filter should be able to cope with these non-
linearities. A typical Kalman filter for nonlinear systems is
the extended Kalman filter (EKF). Using our experimental
signals, the performance of the EKF was not completely sat-
isfactory. Sometimes, estimation errors are too high and some-
times the filter may diverge. This is inappropriate for control
loops [6].

Searching for a better alternative, we selected the unscented
Kalman filter (UKF) as a potentially better solution. While
the EKF is based on the linearization of the model through
Jacobians or Hessians, the UKF uses the nonlinear model
directly; therefore, the predictions should be more accurate.

The nine terms of the direct cosine matrix (DCM) can
be measured by using the three-axis attitude determination
(TRIAD) algorithm and data from on-board sensors: ac-
celerometers and magnetometers. Using a quaternion formu-
lation, which is a conventional way to deal with the attitude
of aerial vehicles [7], the DCM terms can be easily handled.
The quaternion approach is widely used in attitude heading
reference systems (AHRSs) because it avoids the gimbal lock
problem. With respect to numerical stability, quaternions are
easier to propagate than the angles themselves.

For systematic and nonrisky work, a simulation environment
has been developed. The core of the simulation is the X-Plane 9
simulator which is certified by the Federal Aviation Adminis-
tration for subsonic terrestrial flight. For realism, perturbations
in the form of high-frequency noise and sensor latencies are
included to the data from the simulator.

To evaluate the proposed solution, a number of simulations
have been run. These have been used to both validate the system
and to compare it to the same algorithm using the EKF. During
these simulations a maximum error of 1.0◦ is imposed on the
pitch and roll attitude angles, and a maximum error of 4.0◦ on
the yaw attitude angle. Under those requirements, which are
standard in the industry [8], the error tolerances in the different
signals are obtained through the analysis of a large number of
simulation cases. The solution based on the UKF shows better
performance.
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