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Abstract: Aiming at the problem that the traditional attitude measurement cannot meet the
requirements of small and unmanned aerial vehicles in industrial and civil areas in terms of weight,
volume, and power consumption and so on, a UAV attitude measurement system based on MEMS
accelerometer, gyroscope and magnetometer was proposed. The Euler angle method were used to
combine the quaternion method for attitude solution, The three-axis attitude determination (TRAID)
algorithm was used to construct the measurement model, and the data fusion was carried out by the
unexplained Kalman filter (UKF) algorithm, so as to realize the accurate attitude measurement in
static and dynamic. The experimental results showed that the system static error was less than 1°,
and the dynamic error was less than 1.3°. The system had higher measurement accuracy and could
meet the practical application requirements.

Introduction

In recent years, attitude measurement was widely used in aerospace, human motion posture capture,
robotics and other fields. In this paper, the attitude measurement of small unmanned aerial vehicle
(UAV) was studied. Attitude angle is an important parameter of airframe attitude information, and its
accurate measurement is of great significance to control aircraft flight and unmanned aerial vehicle
detection. In order to ensure the continuous high-precision measurement of attitude information,
traditional large aircraft usually have liquid-floating gyroscopes and electrostatic gyroscopes with
high precision installed on the fuselage, and the zero-bias stability could reach 0.0015o/s [1, 2]. But due
to the weight and volume of the device and the high cost, it couldn’t be applied to a small UAV.
Silicon micromachined gyroscope fabricated by MEMS sensor had the advantages of light weight,
small size, low power consumption and small inertia [3, 4], which provided a good choice for UAV
attitude measurement. However, the MEMS sensor also had disadvantages such as low precision and
large drift, so that the gyroscope couldn’t measure the angle for a long time. Therefore, Benoît
Huyghe et al [5, 6] first measured the geomagnetic field and gravitational field with a magnetometer and
accelerometer, and then calculated the object attitude angle through the direction cosine matrix.
Thereinto, roll angle and pitch angle were calculated by using the object under static state only by the
gravity characteristics. The heading angle was calculated by the characteristics of roll angle, pitch
angle and constant geomagnetic vector measured by accelerometer. The advantage of this method was
that there was no error accumulation in the static attitude angle measurement. The disadvantage was
that the calculation of the object attitude angle was inaccurate due to the influence of gravity and other
external forces in the dynamic state. Anthony Kim et al [7-9] proposed quaternion to represent the
attitude angles to reduce the computational complexity. However, the problem of heading angle, roll
angle and pitch angle distortion caused by external magnetic field distortion exists in the quaternion.
The Euler angle was more intuitive and easy to understand, but the singular value problem exists in
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the attitude solution for a long time.
To summarize, the method of combining Euler angle and quaternion to calculate the attitude had

been proposed in this paper. The three-axis attitude determination (TRAID) algorithm was used to
construct the measurement model, and the data fusion was carried out with the Unscented Kalman
Filter (UKF) algorithm, so that the accurate attitude measurement could be achieved when static and
dynamic.

The Overall Design of the Measurement System

In this paper, the attitude measurement system applied to micro-aircraft was developed by using
three-axis MEMS gyroscope, three-axis MEMS accelerometer, and three-axis MEMS magnetometer
and so on. The system structure was shown in Fig.1. Under static conditions, the gravitational field
and magnetic field near UAV were measured directly by accelerometer and magnetometer. Then, the
direction cosine matrix was used to transform the navigation coordinate system and the body
coordinate system, and the attitude angle was calculated. Under dynamic conditions, firstly, the
direction cosine matrix observations of the carrier were obtained by TRIAD algorithm based on the
output of accelerometer and magnetometer. Then the differential equation was established according
to the output of the gyroscope and the quaternion was solved by using Runge-Kutta algorithm. Finally,
the attitude of UAV was obtained by data fusion using UKF filtering algorithm.

Fig.1.The configuration of the measurement system

Attitude Solution of Triad

The TRIAD algorithm based on a single vector observation was an algebraic method for
determining the attitude matrix of an aircraft. Assuming that two non-parallel unit reference vectors
are r1、r2 in the navigation coordinate system and b1、b2 in the body coordinate system. Under the two
kinds of coordinate system, orthogonal coordinate system L and S which conform to the right-hand
rule were respectively constructed, and then the unit vectors of each coordinate axis in the two
orthogonal coordinate systems can be obtained, i.e.

. . (1)

The unique orthogonal attitude matrix C could make the following function as .

If then

The TRIAD algorithm establishes orthogonal basis based on the first set of vector (rl，bl). In this
process, part of the information of the second set of vector (r2，b2) would be lost, and the attitude
matrix obtained was different due to the selection of the reference vector.

If the measurement accuracy of the two sets of vectors was known, and in which the higher
accuracy of the vector as a benchmark, the attitude solution accuracy was higher. Therefore, this paper
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used the magnetic field information as a reference vector for attitude solution.

UKF Filtering Algorithm

In the process of attitude solution, Kalman filtering was usually used for attitude estimation, but it
only had higher accuracy for linear models [10]. If the model was non-linear, an extended Kalman filter
(EKF) can be used. EKF used the Taylor expansion to expand the nonlinear function and retained the
first order term [11], so that the nonlinear function was linearized, but the accuracy was only one order.
Juiler et al [12] proposed unscented Kalman filter (UKF) .UKF used unscented transform (UT).
According to the mean and variance of nonlinear function, its distribution was estimated, and the
accuracy of filtering could reach more than second order [13, 14].

For a nonlinear system, the basic principle of UKF filtering was as follows.

. (2)

Where xk was the nx-dimensional system state vector and yk was the ny-dimensional system
observation vector. vk was the system noise, and the covariance matrix was Pv. nk was the observation
noise, and the covariance matrix was Pn. Suppose Vk, nk were Gaussian white noise, and were
irrelevant to each other. The filtering algorithm can be obtained, i.e.

(1) Initialization

. (3)

(2) Calculate sigma points (sampling points)

. (4)

Where k∈{1,…,∞},
(3) Time updating

. . . (5)

. . (6)

(4) Measurement updating

. . (7)

. . . (8)

Where was the scale factor, L was the dimensionality of the state, Rv was the system

noise variance, Rn was the observed noise variance and Wi was the weight.
When the Euler angle was used to describe the attitude, the differential equation had singularity

problem. That was, when the pitch angle θ = 90°, attitude updating could not be performed. However,
there was no such problem with the attitude differential equation established by the quaternions, and
the equation was linear and the calculation was small. Therefore, the UKF filtering algorithm was
used to improve Euler angle. In the time updating phase, the algorithm used Eq. 9 to convert the
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sampled Euler angles into quaternion to update the pose. And then, by using the Eq. 10 to convert the
updated quaternion to the Euler angle form and carry out the remaining steps of the UKF filtering.
After the improvement, the UKF algorithm based on Euler angles could work in full attitude without
singularity problems.

. (9)

. (10)

Where q0, q1, q2 and q3 were quaternions, and θ, γ and ψ were the pitch angle, roll angle and
heading angle.

System Tests and Analysis

In order to verify the effect of UKF filtering algorithm, the measurement module was composed of
gyroscope, accelerometer and magnetometer, and was tested. Firstly, the system was put on the
three-axis turntable for static test. Test time was 35s, the sampling period was 0.1s, that is, 10
sampling points per second. Then the pitch angle, roll angle and heading angle curve of the system
were shown in Fig.2 when the pitching angle was 40°, the roll angle was -50°and the heading angle
was 100°. It could be seen from the figure that the error of roll angle and pitch angle was less than
0.5° and the error of heading angle was less than 1°during the test time. This paper described the
design of the measurement system under static conditions with high measurement accuracy.

In order to verify the measurement accuracy of the attitude measurement system under the rotation
condition, the dynamic test is carried out. Test time was 35s, the sampling period was 0.1s, that is, 10
sampling points per second. During the test, the attitude measurement system was respectively rotated
around three axes, and the test results were shown in Fig.3. As could be seen from the figure, the error
of the pitch angle and the roll angle was less than 1°, and the error of the heading angle was less than
1.3°in the test of time, which also had high measurement accuracy.
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Fig.2.Static attitude angle curve Fig.3.Dynamic attitude angle error curve

Conclusions

In this paper, a UAV attitude measurement system based on MEMS gyroscope, accelerometer and
magnetometer was proposed, and the fourth-order Runge-Kutta algorithm was used for attitude
solution. The accelerometer and the magnetometer were used to establish the measurement equation
and data fusion by UKF filtering algorithm. The system test showed that the static error was less than
1° and the dynamic error was less than 1.3°. It had higher measurement accuracy and could meet the
practical application requirements.
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