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Abstract. IMU (Inertial Measurement Unit) is a set of inertial sensors normally composed of a triaxial accelerometer, a 
triaxial gyro and a triaxial magnetometer and is widely used in vehicles to evaluate their kinematic states (accelerations, 
velocities, positions and orientations). These sensors are indispensable in the control of Unmanned Aerial Vehicles 
(UAV), for example, and, with the recent popularization of these vehicles, there is a great effort in the development and 
price reduction of these units. In this work, a new sensor fusion algorithm is proposed to improve the estimated attitude 
(orientation) calculated from the data acquired by a low cost commercial IMU. In this algorithm, the measurements 
made by the gyro sensor are used to update the state transition matrix and, with an integration procedure, form one 
estimated attitude. In the other hand, the measurements made by the accelerometer and magnetometer are combined to 
form the second estimated attitude. Both solutions are fused to form an improved solution. For algorithm validation, the 
unit is coupled to a Stewart platform which in turn reproduces pre-programmed movements so that there is a known 
reference of the kinematic state of the IMU. With this reference, the calculated platform attitude values are compared 
with those obtained by the accelerometer combined with magnetometer solution, with those obtained by the gyro 
integration solution and with those obtained by the proposed fusion algorithm. The results indicate that the proposed 
algorithm minimizes noise and drift errors. 
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1. INTRODUCTION 
 

In the developed algorithm, the accelerometer, magnetometer and gyro data are combined in order to find the object’s 
attitude with minimal error. Accelerometers can measure the earth’s gravitational field acting in its three perpendicular 
axis. In an equivalent way, the magnetometer can measure the earth’s magnetic field acting in its axis. With these two 
measurements, the full body attitude can be calculated. However, since the accelerometer measurements are severally 
influenced by external accelerations and vibrations and the magnetometer measurements are influenced by external 
magnetic fields, this estimated attitude will be noisy and only valid when the body is static and away from sources of 
magnetic fields. 

The gyro sensor can also be used to calculate the body attitude. Its data are free from external influences and has small 
noise. Nevertheless, to do the attitude estimation, the sensor data must be integrated and, because all the calculation is 
done in the discrete time, this process will create an accumulated error, called drift. 

In order to fix the problems associated with the accelerometer and magnetometer solution (noise and external 
influences) and the gyro solution (drift), both attitude estimations will be fused. The resulting solution will combine the 
benefits of the individual sensors and will greatly reduce its weak points. 

The main attitude representation system will be the quaternions. This representation can be written in vector form, 
which facilitates the usage of the state space system. In addition, the quaternions are less non-linear than the Euler angles 
representation. Its drawback is the fact that there are always two possible representations for any given attitude. 

A Stewart platform is a parallel mechanism with six degrees of freedom consisting of six limbs with variable lengths 
that are connected to a fixed base by six spherical joints and to a moving platform by six universal joints. In the 
experimental part, the IMU was attached to the platform and a series of pre-programmed movements were executed so 
that the solutions of the three methods could be compared with a reference attitude obtained by the platform sensors. 
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2. SENSOR FUSION ALGORITHM 
 

Initially, the accelerometer and magnetometer method and the gyro integration method will be descripted. The fused 
system will take the two methods as inputs and generate an improved result. Further details of the procedures presented 
in the subsequent sections can be found at Costa (2014). 

 
2.1 Accelerometer and Magnetometer Attitude Solution 
 

Considering a static situation, the accelerometer will measure only the gravitational acceleration, as shown in Eq. (1). 
 

gv1= accelerometer = R0
1 gv0= R0

1 �
0
0
g
� (1) 

 
In which gv0 is the gravitational vector in the global reference system (0), gv1 is the gravitational vector in the 

embedded reference system, 𝑹𝑹01  is the rotational matrix from the embedded to the global reference system and g is the 
local gravity acceleration. Taking the norm of this vector yields a unitary vector that represents the z-axis of the frame 0 
represented in the frame 1, as shown in Eq. (2). 
 

z0
1=

gv1

‖gv1‖ (2) 

 
The magnetometer measurements in an environment free of magnetic influences provides a vector, vm, that has 

components in the x and z-axis of the global reference system and those components represent the local earth’s magnetic 
field. In order to create an axis that is orthogonal to z0

1, the projection of vm in  z0
1 is rejected from vm, as shown in Eq. 

(3), in which x�0
1 is the non-normalized version of the unitary vector representing the x-axis of the frame 0 represented in 

frame 1. 
 

x�0
1 = vm - (vm ∗  z0

1) z0
1    →    x0

1 = 
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1
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After normalizing x�0

1, the unitary y-axis can be obtained by the normalized cross-product between x0
1 and z0

1, as shown 
in Eq. (4). 

 

y�0
1 = x0

1 × z0
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1 = 
y�0

1

�y�0
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 (4) 

 
The Eq. (5) shows how the three orthogonal unitary vectors (x0

1, y0
1 and z0

1) can be used to compose the rotational 
matrix that changes the representation from the embedded to the global reference system (R0

1). 
 
R0

1 = �  x0
1 | y0

1 | z0
1  � (5) 

 
As a design choice, the object will be considered free of rotations at the initial time. Therefore, the rotational matrix 

obtained at the discrete time k needs to be post-multiplied by the same matrix calculated at time zero. This operation is 
shown in Eq. (6). 

 
𝑹𝑹01𝑘𝑘 ≔ 𝑹𝑹01𝑘𝑘  𝑹𝑹𝑖𝑖 (6) 
 
The resulting matrix is transformed to quaternions. The four possible solutions appear in Eq. (7). The criteria for 

choosing one of these solutions take into consideration the algorithms stability and is shown in Eq. (8). The demonstration 
of both equations can be found at Diebel (2006). 
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q  =  �

 
 
 
 
 

 

q1 if r22 > -r33 & r11 > -r22 & r11 > -r33

q2 if r22 < -r33 & r11 > r22 & r11 > r33

q3 if r22 > r33 & r11 < r22 & r11 < -r33

q4 if r22 < r33 & r11 < -r22 & r11 < r33

 

 

(8) 

 
The resulting vector is normalized, as shown in Eq. (9). 
 
zk = 

q
‖q‖ (9) 

 
2.2 Gyro Attitude Solution 

 
According to Diebel (2006), the relationship between the unit quaternion vector and its time derivative (q̇) involves 

the angular velocity embedded in the body (ω). This relationship is exposed in Eq. (10). 
 

q̇ = 
1
2

 �
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The same equation in the discrete time can be achieved with the first order Euler method, as shown in Eq. (11). 

 

qk= qk-1+∆t·
1
2

Wk qk-1 
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          xk-1

 
(11) 

 
The resulting quaternion (𝒒𝒒�) is normalized with Eq. (9). 

 
2.3 Fused Attitude Solution 
 

First, the signs of all the quaternions in both solutions are compared, because equal quaternions vectors with different 
signs represent the same rotation. The function in Eq. (12) changes the sign of the quaternion vector obtained with the 
accelerometer and magnetometer solution (defined as 𝒛𝒛) if the majority of the signs in its elements are opposite to the 
signs at the quaternions obtained with the gyro solution (defined as 𝒙𝒙�). 

 

z = �

 
 
 
 
 
-z, �� �sign(zi) ≠ sign(x�i)�

4
i=1 � ≥ 2

z,   �� �sign(zi) ≠ sign(x�i)�
4
i=1 �< 2

 (12) 

  
To fuse both solutions, a simplified and adapted version of the original Kalman filter will be used. The original method 

can be found at Kalman (1960). The gyro solution, presented in Eq. (11), is used in the prediction step. The mathematic 
model is considered non-linear, because the state transition matrix (𝑨𝑨𝑘𝑘 ) is updated at each time step with new gyro data. 
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The Quaternion vector calculated with the accelerometer and magnetometer solution is the observation vector (𝒛𝒛𝒌𝒌) in 
the method. Consequently, the observation matrix (H) is constant and equal to the unit matrix (I4x4). The covariance 
between states will be neglected, so all elements outside the main diagonal in the matrix with the covariance of the process 
(Q) will be considered null. Furthermore, all elements in this matrix will have, by design, the same value, as shown in Eq. 
(13). 
 

Q(α) = α I4x4,         α ≥ 0 (13) 
 
The same criteria are applied to the matrix with the covariance of the observation noise (R), as defined in Eq. (14). 
 
R(β) = β I4x4,         β ≥ 0 (14) 
 
Alpha (α) and beta (β) parameters will act as weights in the process. Small alphas will give more weight to the gyro 

solution and small betas will give more weight to the accelerometer and magnetometer solution. These parameters need 
to be tuned accordingly to the system dynamics and to the sensors used. However, as a general rule, alpha should be two 
or more orders of magnitude smaller than beta because the gyro solution is much more accurate than the accelerometer 
and magnetometer solution, has much less noise and is not influenced by external factors. The small weight of the 
accelerometer and magnetometer solution should be just enough to remove the drift in the gyro solution. 

The original Kalman equations are maintained but the simplifications applied to matrices H,  Q and R will make it 
loose some of its filtering capabilities. However, since the main goal is to develop a method to fuse two solutions and not 
to filter undesired noise, the proposed simplified method should be enough to fulfill the task. 

 
3. INVERSE GEOMETRY AND KINEMATICS OF THE STEWART PLATFORM 
 

As shown in the Fig. 1, this mechanism consists of six limbs (with variable lengths d1, d2, d3, d4, d5 and d6) that are 
connected to a fixed base by six spherical joints (A1, A2, A3, A4, A5 and A6) and to a moving platform by six universal 
joints (B1, B2, B3, B4, B5 and B6). The position and the orientation of the moving platform are given by x, y, z, φ, θ and ψ.  

 

 

Figure 1. Geometric scheme of a Stewart platform 

The inverse geometry could be obtained by the vector sum shown in Eq. (15) with i = 1, …, 6, where RB
A is the 

transformation matrix between the fixed frame A(x, y, z) and the moving frame B(u, v, w) (Tsai, L.W., 1999). 
 
AiBi ������= OP���� + PBi����� - OAi����� ∴ di = p + RB

A 𝒃𝒃𝑖𝑖
B - ai (15) 

 
Applying the time derivative in Eq. (15), the Eq. (16) can be obtained. si is the unit vector on the direction of the 

segment 𝐴𝐴𝚤𝚤𝐵𝐵𝚤𝚤������. vP and ωP are the linear and angular speed of the moving platform, respectively, and they form the vector 
𝒙̇𝒙, which describes the kinematic state of this platform (Eq. (17)). 𝑑𝑑𝚤𝚤̇ , with i = 1, …, 6, are the actuator’s linear velocities 
from the mechanism and they form the vector 𝒒̇𝒒. 

 
di̇  = si·vP + (bi×si)·ωP (16) 
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(ẋ ẏ ż)T

(ϕ̇ θ̇ ψ̇)T� (17) 

 
The inverse Jacobian matrix relates the linear and angular speed of the moving platform (𝒙̇𝒙) to the linear velocity of 

the actuators (𝒒̇𝒒), as shown in Eq. (18). 
 
q ̇ = J-1ẋ (18) 
 
Separating the variables related to the limbs from the variables related to the moving platform, the inverse jacobian of 

the mechanism can be written (Eq. (19)). θi (with i = 1, …, 6) is the angle between the limb i and the fixed base. biu, biv 
and biw are the coordinates of the point Bi relative to the frame B(u, v, w). More details about this procedure can be found 
in Albuquerque (2012). 
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4. PERFORMANCE EVALUATION METHOD 
 

For the proposed algorithm validation, the unit is coupled to a Stewart platform with pneumatic actuation which in 
turn reproduces pre-programmed movements so that there is a known reference of the kinematic state of the IMU. Figure 
2 shows different configurations of the Stewart platform. 

 

 

Figure 2. Different configurations of the Stewart platform 

The IMU used in this experiment has a tri-axis accelerometer and a triaxial gyro incorporated in one integrated circuit 
(MPU-6000) and a triaxial magnetometer in another integrated circuit (HMC-5883L). Both circuits are part of the PX4 
development platform, commercialized by 3D Robotics. 

The alpha and beta parameters were tuned, experimentally, to 0.0001 and 10, respectively. In order to visualize more 
clearly the results, all obtained quaternions were transformed to Euler Angles (roll, pitch and yaw sequence). This 
transformation is shown in Eq. (20) and the demonstration can be found at Diebel (2006). 
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In this method, the Stewart platform is set to a pre-programmed configuration and the IMU measures the kinematic 

and geometric state of the moving platform (𝒙̇𝒙IMU and xIMU). At the same time, the actuators displacements are measured 
with potentiometric transducers coupled to the pneumatic cylinders and it gives the vector qpot. With the IMU data, the 
vector x can be estimated, and, using this to calculate the transducers displacements, another vector q is obtained (qIMU). 
The method of evaluation consists in the comparison between the elements of these two vectors. This is made calculating 
the Absolute Percentage Error (Eq. (21)) of each actuator (i), at each configuration. 

 

APEi=100∙ �
qIMU(i) - qpot(i)

qpot(i)
� (21) 

 
5. RESULTS 
 

The time response of the platform orientation obtained by the IMU using the accelerometer and magnetometer 
solution, the gyro solution and the fused solution for the pitch angle (θ) can be found in Fig. 3. The first solution shows 
the undesired noise and the angles that are far from the real ones because of the accelerations involved in the motion. The 
second solution has much or almost none noise but it drifts apart from the real angles. The fused solution successfully 
cancels the noise, the drift and is much closer to the real platform attitude.  

 

Figure 3. Comparison between the three solutions for the pitch angle (θ) 

The time response of the platform orientation obtained by the IMU using the fused solution can be found in Fig. 4. 
The numbers correspond to each configuration tested and, for each one, the orientation of the platform is concatenated 
with the known position values (all configurations were chosen with this restriction) and thus, the vector xIMU was created. 
This vector was transformed in the vector qIMU using the inverse geometry evaluated at each configuration. After this 
procedure, the vector qIMU is compared with the vector qpot obtained by measuring the displacement of platform actuators. 
Table 1 shows the Absolute Percentage Error (calculated by Eq. (21)) in each of these configurations. 
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Figure 4. Angles estimated with fused solution in each configuration 

Table 1. Absolute percentage error in each configuration. 

Configuration 1 2 3 4 5 6 7 8 9 
APE1 (%) 3.4 2.1 2.4 0.8 2.5 1.1 0.4 0.1 0.2 
APE2 (%) 3.5 1.7 1.9 0.1 0.2 1.7 0.9 1.1 0.4 
APE3 (%) 1.7 2.3 1.9 0.1 4.3 0.3 0.2 3.1 1.4 
APE4 (%) 0.5 1.9 2.3 0.7 2.6 0.4 0.8 1.8 0.8 
APE5 (%) 2.9 2.1 1.5 0.5 0.1 0.1 1.1 0.7 0.4 
APE6 (%) 2.2 2.0 1.8 0.6 1.2 0.4 0.4 1.0 0.7 

 
6. CONCLUSIONS AND FUTURE WORK 
 

This work presented solutions for estimating attitude based on inertial sensors measurements, such as accelerometers, 
gyros and magnetometers. Experimental tests showed that the solutions based on individual measurements of the sensors 
had poor results. The use of the proposed algorithm made possible to merge the results of sensors and obtain estimates 
that optimize the measurements of each sensor. Thus, the fused solution have been proposed and validated in experimental 
tests. 

Hence, the comparison between the values obtained by the proposed algorithm and those obtained with the gyro 
attitude estimation and using the accelerometer and magnetometer attitude estimation shows that the fused algorithm 
reached small error values when compared to the other methods. This indicates the possibility to use this kind of technique 
in most types of inertial measurement units. 

The evaluation method presented in this paper works only in static configurations of the platform, therefore, the 
ongoing work focuses on extending the validation method to one in which the time response of the fused solution can be 
compared with the time response obtained by the inverse kinematics of the Stewart platform. For this, are being evaluated 
ways to obtain the platform position in real time. After making the dynamic validation of the fused solution, the unit will 
be attached to the Stewart platform and the control loop described in Albuquerque et al (2013) may be implemented. 
Furthermore, engaging the unit on a quadrotor aerial vehicle, a control strategy such as described in Costa (2014) can also 
be implemented. 
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