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ABSTRACT

In mechatronic-related applications, estimating orientation from a magnetic, angular rate, and gravity
(MARG) sensor array is a significant topic. Representing attitude orientation is a well-known topic in
the aerospace industry, where it plays a critical role in airplanes and unmanned aerial vehicles (UAVs),
but it has also gained relevance in other sectors. However, most of the sensors utilized are quite
expensive, heavy, and large, making them unsuitable for modest applications. This paper examines the
performance of several sensors in low-cost hardware and high-acceleration environments. A theorical
method was adopted to estimate Euler angles by using accelerometer, gyroscope and magnetometer, and
a robust and easy to implement method calibration was proposed to calibrate the MARG sensor without
any external equipment. An experimental verification of the proposed calibration method was
completed. The experimental results are then interpreted to provide an insight to advantages and
disadvantages for using each sensor separately.
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1. INTRODUCTION

In recent years technology has been introduced to all the dynamic fields. Consequently, the
technological advancement was naturally involved in attitude estimation techniques, which
are responsible for determining the orientation of the body in three-dimensional space.
Knowing that these techniques utilize data obtainable by electronical systems such as GPS
(global positioning system) [1, 2], IMU (Inertial Measurement Unit) sensors [3, 4], and
MARG sensors [5, 6], researchers work on optimizing these systems to provide more precise
position and attitude estimations, according to the environment and the nature of the
application. While GPS data present a considerable challenge in determining indoor locali-
zations, IMU sensors and MARG sensors offer higher position accuracy. An IMU which
comprises gyroscopes and accelerometers, is able to track rotational and translational
movements leading to measuring only the attitude relative to the direction of gravity.
A MARG (Magnetic, Angular Rate, and Gravity) sensor is considered to be a hybrid IMU
sensor array doted by the recent advances in MEMS (Micro-electromechanical Systems)
which consist of 3-axis accelerometer, a 3-axis gyroscope, and a tri-axis magnetometer. This
sensor is capable to perform a complete measurement of orientation relative to both the
direction of gravity and the earth’s magnetic field. The accelerometer detects the gravity and
particular accelerations of the stiff body to which the sensors are mounted in the reference
linked to the sensor. The magnetometer detects magnetic disturbances as well as the earth’s
magnetic field, while the gyroscope measures the rigid body’s rotation speed.

Because of its characteristics and most importantly its low-cost compared to other
position estimation systems, MARG sensors are becoming essential in most of applications.
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In aerospace, these sensors were first used in aviation for the
purpose of flight control [7]. Afterword, MARG sensors
were introduced in controlling Unmanned Aerial Vehicle
(UAV) and capturing its motion through providing precise
attitude information to the control system [8]. In sports,
attitude information can be utilized for instance in esti-
mating the performance and the characteristics of skiers [9].
In addition, MARG sensors can be used in measuring
countermovement jump performance metrics in elite bas-
ketballers [10]. Moreover, these sensors have been used in
sport medicine [11]. In smartphones, attitude information
provided by the aforementioned sensors is used in naviga-
tion, and position estimation [12–14]. In robotics, MARG
sensors could be found in medical and rehabilitation robots
[15] as well as industrial production robots that include
human-machine interface [16]. In virtual reality, MARG
sensors are used in developing mechanisms which help in
the interaction of the user with the virtual environment by
using physical movements [17]. For instance, creating vir-
tual reality (VR) simulation system which can capture sol-
diers body movements during military training [18].

Due to various causes related to MEMS fabrication
technologies and environmental conditions of use, MEMS
sensors suffer from bias instability, noisy readings due to
mechanical stresses of the printed circuits, and sensitivity
drifts, which, consequently, affect their measurement accu-
racy. Measurements values are time-integrated, thus, the
error cumulation would eventually lead to an unreliable
estimation of orientation. In order to overcome the accuracy
issues in attitude estimation measurement and compensate
for drift and noisy readings, calibration of MARG array
sensors should be completed according to the specific appli-
cation. Several procedures were proposed by researchers to
estimate MARG sensors calibration parameters.

The accelerometer traditional calibration procedures can
be extremely expensive through using specific setup to rotate
the MARG in desired directions which requires high preci-
sion laboratory equipment. These laboratory instruments are
used to obtain three main error parameters, that is, the
sensor output in case of no input allocated to the sensor
called the bias, the scale factor error calculated as the devi-
ation on the ratio between the change in sensor output to
input in addition to the non-orthogonality factors, which is
the deviation from the orthogonal axis calculated between
two sensors axes. The following papers present some tech-
niques used in laboratory set up, such as the method pro-
posed by Jianye Pan et al. [19] which consists of six rotation
sequences, allowing to calculate scale factor errors
throughout estimating the rates of velocity errors change.
Qingjiang Wang et al. [20] used thermal calibration equip-
ment to investigate the thermal characteristics of inertial
sensors under different temperature changing conditions.
Furthermore, other techniques can be defined as traditional
methods such as Six-position Static Acceleration Test, where
each sensitive axis of the inertial system is pointing up and
down alternately (six positions) on a level surface table [21].
In addition to the angle rate tests where the inertial sensor
system can be rotated through very precisely specified

angles, using a precision rate table [22]. However, to reduce
the dependence on these expensive pieces of equipment and
avoid taking the sensor to the laboratory, in-field inertial
sensor autocalibration gravity-based methods have been
developed in recent years [23–26]. The theory of autocali-
bration is based on the notion that in the static condition,
the vector sum of triaxial readings should theoretically equal
local gravity. These calibration methods simply take repo-
sitioning the sensor to get a decent enough approximation of
the error parameters to approximate motion, though not to
a high degree of accuracy. The accelerometer calibration
method proposed in this paper is gravity based autocali-
bration approach.

The gyroscope can detect the angular velocity of the
vehicle and determine the change in attitude. However, the
precision of MEMS gyroscopes is typically low, therefore
attitude error can quickly build. MEMS gyroscopes must
therefore be calibrated before use. Some calibration tech-
niques are not often ideal for cost-effective gyros due to the
requirement of specialized equipment, which is frequently
quite expensive. In addition, there exist optical tracking
systems [27] and systems that estimate the SEM parameters
[28] either by themselves or in combination with the
referential data [29], using a single-axis rate table with
the Kalman filter (KF). The main drawbacks of these
approaches are their challenging and time-consuming
implementations. Gyroscope calibration procedures can also
be supplement by using external data. Calibration using the
Global Navigation Satellite System (GNSS) is one of the
most common ways [30], [31]. However, in a static situation,
good performance is impossible to obtain due to occlusions
such as buildings, viaducts, tunnels, and dense forests, where
GNSS signals are not always available. In order to remedy
this issue, calibration methods which use the magnetometer
to calibrate the gyroscope have been developed, in order to
increase the navigation solution’s dependability and preci-
sion [32, 33]. In our proposed technique, the gyroscope was
calibrated under steady conditions by calculating the mean
offset from a measurement sample array, without using any
special and costly rotating tables. The developed algorithm
below is convenient for a wide range of applications
including drone orientation estimation.

The magnetometer detects a constant local magnetic
field vector when there are no magnetic disturbances. This
vector points to the local magnetic north; hence it can be
used to calculate heading estimation. However, because they
are susceptible to electromagnetic disturbance, they must be
calibrated before use. Many calibration methods can be
found in literature. John L. Crassidis et al. [34] developed a
real-time attitude-independent three-axis magnetometer
calibration method, where the calibration parameters are
estimated by alternative real-time algorithms based on the
extended Kalman filter and the Unscented filter. Other
models based on attitude independent classical calibration
method have been used also in references [35–37]. These
methods were proposed to overcome the necessity of
external attitude information, particularly heading infor-
mation, required by traditional magnetometers calibration
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methods which could lead to mistaken calibration findings
as a result of inaccurate attitude information. Ellipse/Ellip-
soid fitting [38, 39] is another method for compass cali-
bration that does not require an external heading source.
This method involves calibrating the compass in the mag-
netic field domain, based on the fact that the error-free locus
produced by the compass is a circle when rotated fully in 2D
or a sphere when rotated fully in 3D, spanning all possible
orientations. In this work, we developed a simplified cali-
bration method based on Ellipsoid model.

The main contribution of this work is a simplified
practical calibration procedure of MARG sensors in case of
UAV (Unmanned Aerial Vehicles) drones, which aim to
improve the accuracy of orientation estimation. The pro-
posed approaches do not need any laboratory equipment
and can be executed by any user. An algorithm for orien-
tation estimation was developed based on Euler angles
sensor models. A simplified in-field procedure was proposed
to simplify inertial sensors and magnetometer calibration.
An experimental verification was conducted to validate the
proposed method. Experimental tests for estimating the
drone orientation have been conducted for each individual
sensor and their limits have been discussed.

This paper has been divided into four sections. The
current section discusses the previous works elaborated in
this field. In the following, section 2 presents sensor models
for orientation estimation of drones in three-dimensional
space based on Euler angles. Section 2.2 presents the pro-
posed procedures of accelerometer, gyroscope, and magne-
tometer calibration. Section 3 provides the experimental
verification results and discussions, and Section 4 concludes.

2. METHODOLOGY

2.1. Estimation of orientations

2.1.1. Estimation of orientation by the accelerometer. In
this paper, estimation of orientation is described by Euler’s
angles. Euler angles [40] are 3 angles called (roll, pitch and
yaw) that designate the orientation of the drone in three-
dimensional space. This orientation is obtained by three
rotations performed successively in an arbitrary order, each
around one of the three axes of the frame [41]. This is
equivalent to performing a rotation in the plane formed by
two axes around a third, and this three times in a row.

The output of the accelerometer can be modeled by
Eq. (1):

aS
!¼

0
@ aSx

aSy
aSz

1
A ¼ aB

!þ RB
I : g
! (1)

aS
! corresponds to the output of the accelerometer. It is

represented by the sum of aB
!, the acceleration experienced

by the moving body on which the accelerometer is hooked,
and g! the earth’s gravity. RB

I is the rotation matrix, which
makes it possible to project g! from the terrestrial inertial

frame of reference to the frame of reference of the moving
body. All vectors are oriented according to the North-East-
Down convention as can be seen in Fig. 1.

Orientation changes are described by roll φ, pitch θ and
yaw ψ rotations around the X, Y and Z axes respectively.

It is further assumed that the accelerometer has no linear

acceleration aB
!¼ 0

!
. This assumption is necessary to solve

Eq. (1). Therefore, any linear acceleration or disturbance will
introduce errors in the estimation of the orientation.

Based on this assumption, Eq. (1) becomes:

aS
!¼

0
@ aSx

aSy
aSz

1
A ¼ RB

I : g
!¼ RB

I :

0
@ 0

0
g

1
A (2)

The orientation of the IMU sensor can be defined by three
rotations of roll, pitch and yaw from the initial position. The
roll, pitch and yaw rotation matrices, which transform a
vector (like the gravitational field vector g! ) under a rota-
tion of the coordinate system of Fig. 1 of angles φ, θ and ψ
around the X axes, Y and Z respectively, are expressed by:

RðX;φÞ ¼
0
@ 1 0 0

0 cos φ sin φ
0 �sin φ cos φ

1
A (3)

RðY; θÞ ¼
0
@ cos θ 0 �sin θ

0 1 0
sin θ 0 cos θ

1
A (4)

RðZ;ψÞ ¼
0
@ cos ψ sin ψ 0

�sin ψ cos ψ 0
0 0 1

1
A (5)

By multiplying these three matrices and eliminating the
unsuitable sequences we find that the pitch and roll angles
prove to be expressed with the following relations:

tanφxyz ¼
aSy
aSz

(6)

tanθxyz ¼ −

aSxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aSy2 þ aSz2

p (7)

The absence of any rotation angle dependence in yaw ψ is
easily understood physically, since the first rotation is in yaw
around the sensor’s Z axis which is initially aligned with the
gravitational field and pointing downward. Accelerometers

Fig. 1. North-East-Down terrestrial repository convention
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are completely insensitive to rotations around the gravita-
tional field vector and cannot be used to determine such
rotation.

The Rxyz rotation sequence is widely used in the aero-
space industry and is referred to as the “aerospace rotation
sequence” [42].

tanφyxz ¼
aSyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

aSx2 þ aSz2
p (8)

tanθyxz ¼ −

aSx
aSz

(9)

The index xyz or yxz is added to indicate that the roll φ
and the pitch θ are calculated according to the rotation
sequence Rxyz or Ryxz respectively.

Equation (9) is defined mathematically for all values of
asx and asz except for asx ¼ 0 and asz ¼ 0. This condition
occurs when the sensor is aligned with the y-axis, even if the
sensor is not completely vertical. In this region, the pitch θ
becomes unstable.

2.1.2. Estimation of the orientation by the gyroscope. The
sensor orientation parameters (Pitch, roll, and yaw) can be
obtained by integration of the angular velocity signals pro-
vided by the gyroscope. The relationship between an object’s
position and its speed is well known by expression (10), in
which the position x is the integral of the speed v taking into
account the beginning position x0.

xðtÞ ¼ x0 þ
Z t

0
vðtÞdt (10)

In this case, the angular speed in degrees is known and the
angular position in degrees is the desired variable. In discrete
time, it can be calculated using Eq. (11):

αNþ1 ¼ αN þ ω:Δt (11)

where αNþ1 is the angle to be measured, αN is the angle
measured previously, ω is the angular speed and Δt is the
time between two successive measurements. Euler angles
(roll φ, pitch θ and yaw ψ) can be obtained using Eq. (12):0

@ φnþ1
θnþ1

ψnþ1

1
A ¼

0
@φn þ ωx:Δt

θn þ ωy:Δt
ψn þ ωz:Δt

1
A (12)

The required integration to calculate the angles of rotation
from measured data introduces an integration constant,
resulting in a deviation or offset, as well as an increase in
inaccuracy between the actual and measured values.

It is clear that the two sensors are not optimal. When the
system is not in motion, accelerometers are appropriate, and
gyroscopes are appropriate for short periods of time, but the
gyroscope does not provide an accurate estimate of orien-
tation over prolonged periods of time.

The remaining problem is to correct the error of the yaw
angle, which is not measurable by the accelerometer. To do
so, a magnetometer must be used to overcome the acceler-
ometer’s weakness, knowing that the magnetometer can
measure yaw by measuring the components of the earth’s
magnetic field.

2.1.3. Estimation of the azimuth by the magnetometer.
Figure 2 shows how to calculate the azimuth ψ, which is the
angle between the magnetic north axis and the x-axis of the
compass. Only the horizontal components of the earth’s
magnetic field ðMhx; MhyÞ recorded by the magnetometer
are used.

When the magnetometer is positioned horizontally, the
roll and pitch angles are zero, and the yaw angle ψ is
calculated as follows:

ψ ¼ atan2
�
Mhy;Mhx

�
(13)

where Mhx and Mhy represent the horizontal components of
the earth’s magnetic field.

The tilt angles (roll and pitch) as well as the three
magnetic field components ðMx; My; MzÞ should be used to
compute the yaw angle ψ if the compass is inclined [43].

Figure 3 indicates the case where the magnetometer is
inclined with roll angles φ and pitch θ with respect to the
horizontal plane. The components of the magnetic field
ðMx; My; MzÞ, measured by the magnetometer can be
transformed in the horizontal plane by applying the
appropriate rotation matrices we obtain the following two
formulas [44]:

Mhx ¼ MxcosðφÞ þMysinðθÞsinðφÞ �MzcosðθÞsinðφÞ
Mhy ¼ MycosðθÞ þMzsinðθÞ

(14)

2.2. Calibration of sensors

At rest, the accelerometer, gyroscope, and magnetometer
will have a measurement offset, which means they will not
produce exact zero values, despite the fact that they should
in principle. Before using these sensors, they must be
calibrated.

The sensors accuracy, stability, and reproducibility are
checked during calibration. Sensors that have been cali-
brated are required for precise, repeatable measurement
findings. The calibration of the accelerometer, gyroscope,
and magnetometer will be discussed in the following
paragraphs.

2.2.1. Accelerometer calibration. In the case of the accel-
erometer, it is pretty simple and can be done with only a few
quick calculations. These operations must be carried out at
each iteration, just after reading the values of the sensors.

The first step is to verify the accuracy of the acceler-
ometer measurements. This can be done using the acceler-
ation of gravity 1g as a reference. First and foremost, the
accelerometer should be placed on a flat, horizontal surface.
The measurement should be –1g if the sensor is properly
calibrated. The measurement will be 1g if the sensor is
inverted.

However, this is not always the case. There are some
errors due to mechanical characteristics, humidity, pressure,
and temperature. For the minimum value, the components
of vector acceleration must be nearly –1g, and for the
maximum value, they must be close to 1g.
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Once you have the minimum and maximum numbers,
you may use Eq. (15) to compute the offset.

0
BB@

AX
O

AY
O

AZ
O

1
CCA ¼

0
BBB@

�
AX
max þ AX

min

��
2�

AY
max þ AY

min

��
2�

AZ
max þ AZ

min

��
2

1
CCCA (15)

where AX
O, A

Y
O and AZ

O are the offsets for each component of
the acceleration vector.

If the sensor was properly calibrated, Amin and Amax

would be the same and the offsets would be zero. The next
step is to calculate the scale factors ( AX

S , A
Y
S and AZ

S) given by
Eq. (16) to convert counts from the ‘g’ unit to the acceler-
ation unit.

0
BB@

AX
S

AY
S

AZ
S

1
CCA ¼

0
BBBBBBB@

g

AX
max � AX

O

g

AY
max � AY

O

g

AZ
max � AZ

O

1
CCCCCCCA

(16)

After calculating the offset values and scale factors, the
measurements must be corrected by subtracting the offset
and by scaling the value, as represented in Eq. (17). Let AX

M ,
AY
M and AZ

M be the pre-calibrated measurements of the
components of the acceleration vector, and AX

C , AY
C and AZ

C
be the calibrated data.

0
BB@

AX
C

AY
C

AZ
C

1
CCA ¼

0
BBB@

�
AX
M � AX

O

�
:AX

S�
AY
M � AY

O

�
:AY

S�
AZ
M � AZ

O

�
:AZ

S

1
CCCA (17)

2.2.2. Gyroscope calibration. Gyroscopes need to be cali-
brated as well. The sensor is kept at rest for a short period.
Calibration is afterwards performed by subtracting the offset
value for each axis. This is important since the gyroscope’s
output values will not be exactly zero even if the device is not
in movement. Degrees of offset will always need to be
adjusted. To acquire the GX

O, G
Y
O and GZ

O gyroscope offsets, it
is typical to average a few samples. GX

M, G
Y
M and GZ

M corre-
spond to the measurements taken prior to calibration.

Fig. 3. The magnetometer is inclined in relation to the horizontal
plane

Fig. 2. Earth’s magnetic field
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The calibrated values are GX
C, GY

C and GZ
C which are

computed using Eq. (18).
0
BB@

GX
C

GY
C

GZ
C

1
CCA ¼

0
BBB@

�
GX

M � GX
O

�
�
GY

M � GY
O

�
�
GZ

M � GZ
O

�

1
CCCA (18)

2.2.3. Magnetometer calibration. The magnetometer is
significantly influenced by its environment. The results will
drift and become unreliable if any metal or magnets are
present near the magnetometer. However, some effects can
be corrected with proper calibration.

For a 3-axis magnetometer, a three-dimensional cali-
bration is required for the components of the magnetic field
vector ðMx; My; MzÞ. Instead of an ellipse, an ellipsoid will
be used, which is its three-dimensional expansion and it is
described by nine parameters A, B, C, D, E, G, H, I as shown
in Eq. (19) [45].

Ax2 þ By2 þ Cz2 þ 2Dxy þ 2Exz þ 2Fyzþ 2Gx

þ 2Hy þ 2Iz ¼ 1
(19)

Let MX
C, M

Y
C and MZ

C be the magnetometer’s calibrated
values calculated using Eq. (20) [46]. The measured values
are MX

M , MY
M and MZ

M. The e matrix represents the soft iron
losses correction matrix [47]. The coordinates of the ellip-
soid’s center are CX, CY, and CZ, it refers to the biases
induced by hard iron losses.

0
BB@

MX
C

MY
C

MZ
C

1
CCA ¼

0
@ e11 e12 e13

e21 e22 e23
e31 e32 e33

1
A
0
BBB@

�
MX

M � CX
�

�
MY

M � CY
�

�
MZ

M � CZ
�

1
CCCA (20)

The offset computation and correction technique for
magnetometers is the most complicated. The instrument is
secured in position on a flat surface for the hard iron losses,
and 1,000 samples are taken. The gadget is then rotated 1808
around the z-axis, and 1,000 samples are obtained again. The
offset for the x- and y-axes is then calculated using these
2,000 samples. The gadget is placed at a 90-degree angle with
the level surface for the z-axis, and 1,000 samples are taken.
After that, the gadget is rotated 1808 on the surface and
1,000 samples are obtained once more. The hard iron offset
for the z-axis is determined using the same procedure as for
the x- and y-axes. During typical procedures, these hard iron
offsets are always subtracted from the raw data.

MagMaster is then used to calculate the soft iron losses.
This program makes use of the device’s particular orienta-
tions. The gadget is first placed with the x-axis facing up-
wards, and then it is rotated exactly 1808 around the x-axis
for the second measurement. The process is then repeated
with the x-axis facing downward, and then with the other
axes. After that, the transformation matrix is calculated
using the collected data. After the hard iron offsets are
subtracted, this matrix multiplication is performed to
produce the corrected values during regular operations.

This device can also calculate hard iron losses, which pro-
duces similar results to manual calibration.

The calibration in this case necessitates getting the
transformation matrix as well as the bias. In order to obtain
these data, a MagMaster application is used.

3. RESULTS AND DISCUSSION

3.1. Raw data measurement: experimental study

In this section, an experimental study was done to obtain the
data of acceleration, gyroscope, magnetometer sensors
before and after the calibration. The experimental set up
consist of a control unit which uses a simple, low powered,
low-cost microcontroller (ATMEGA328P) and a MPU9250
measurement system which includes an accelerometer, a
gyroscope, and a magnetometer. Calibration algorithms
based on the equations presented in section 2.2 where
developed and applied in the following.

3.1.1. Measurement of acceleration. Figure 4(a) represents
the three acceleration components obtained when the sensor
is placed horizontally at rest. We notice that the accelera-
tions AccX and AccY are almost zero while the acceleration
AccZ indicates a value close to 1g.

However, the value to be measured is close to the gravity
acceleration g ¼ 9; 81m:s−2. To obtain the exact measure-
ments, it is necessary to calibrate the sensor. Figure 4(b) is
obtained after executing the algorithm explained previously
to calibrate the accelerometer.

3.1.2. Measurement of angular velocity. When the sensor
is at rest, the three angular speeds are shown in Fig. 5(a).
Even when the sensor is stationary, the signals recovered are
noisy and shifted from zero. To solve this problem, the
sensor must be calibrated using the procedure described
above. Figure 5(b) is obtained after executing the algorithm
used to calibrate the gyroscope.

3.1.3. Measurement of magnetic field components. The
MagViewer software is used here to visualize the com-
ponents of the measured magnetic field. Figure 7(a) shows
that the magnetometer data are uncalibrated since the
form obtained is an ellipsoid rather than a sphere, and
the origin of the reference is not confused with that of the
ellipsoid.

The components of the transformation matrix and the
coordinates of the center of the ellipsoid given in Eq. (20) are
obtained using MagMaster software.

We obtain the transformation matrix and bias vector
after filling out the table and clicking “Calculate Trans-
formation Matrix and Bias.” The different values obtained
are shown in Fig. 6.

MagViewer allows us to examine the sensor’s calibration.
In contrast to the test performed at the beginning of the
calibration method, Fig. 7(b) demonstrates that the different
axes pass through the center of the circles.
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Fig. 4. Measurement of acceleration components (a) before and (b) after calibration

Fig. 5. Measurement of angular velocities (a) before and (b) after calibration

176 International Review of Applied Sciences and Engineering 14 (2023) 2, 170–182

Brought to you by University of Debrecen | Unauthenticated | Downloaded 01/19/24 11:29 AM UTC



Fig. 6. The transformation matrix and the bias vector obtained during the calibration of the magnetometer

Fig. 7. (a) Uncalibrated and (b) calibrated magnetometer data in 3D space
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3.2. Estimation of orientation: experimental study

In this section, estimation of orientation is completed for each
sensor individually to evaluate its measurement capability.

3.2.1. Measurement of the roll and pitch angles with an
accelerometer. As explained previously in Eqs (6) and (7),
the accelerometer can be used to estimate the attitude (pitch
and roll) of an object, but it cannot be used to predict
heading or yaw due to the nature of gravity. Three tests are
performed in order to evaluate the limits of the accelerom-
eter in particular cases.

Test 1:

The first test aims to assess the accelerometer pitch angle
measurement. In this test, the device was rotated around the
y-axis of the sensor while being held in the hand. For this
reason, the roll angle is constant and equal to zero. The
sensor was moved slowly, so that the acceleration measured
by the sensor was pure earth gravity. Figure 8 shows an
example of pitch and roll estimate using the accelerometer.
The test demonstrates the ability of the accelerometer to
estimate the pitch angle accurately.

Test 2:

The second test objective is to evaluate the accelerometer
accuracy in estimating the roll angle. For this purpose, an

identical test to the first one is carried out, but this time with
the sensor rotated about its x-axis, as illustrated in Fig. 9. As
the roll angle reaches 908, the pitch measurements begin to
react randomly. It is also important to note that the pitch
should be zero, however this is not the case. This occurs
because the x and z components must be zero when the roll
is 90, but they are slightly larger and have some noise, which
causes this behavior.

Test 3:

The third test aims to verify the behavior of the accel-
erometer when movements other than rotational are intro-
duced. In this test the sensor is moved up and back at a
frequency of 5 Hz. In this case, the angles of Euler should
not change because the device moves along an axis without
changing orientation, however, the results are noisy and
measurements make no sense. The formulas used to calcu-
late the attitude are no longer valid when the accelerometer
is distorted by external accelerations (Fig. 10).

We notice that the accelerometer’s data are significantly
influenced by noise, which has a significant impact on the
tilt angle calculation and produces biased results.

3.2.2. Measurement of euler angles by the gyroscope. The
gyroscope can be used to estimate the orientation of a body
based on pitch, roll, and yaw with simple integration, as
shown in Eq. (12). Following the integration, each iteration

Fig. 8. Estimation of Euler angles with the accelerometer: pitch test

Fig. 9. Estimation of Euler angles with the accelerometer: roll test
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adds a small inaccuracy to the angle estimate, leading it to
deviate over time. Drift is the term for this phenomenon.

Two tests were performed to visualize this phenomenon. In
the first, gyroscopemeasurementswere taken in a small period of
timewhile in the second the experiment continued during 3min.
We notice after the first test that the gyroscope gives precise
results ina short amountof timeandallowsus toestimate theyaw
angle, unlike the accelerometer. However, we remark that we
have a derivation of the measurements over time due to the
accumulation of measurement mistakes (Fig. 11).

Figure 12 illustrates the results of the second test. In the
last, the device was left for 3 min in a static position. The

expected output would be a constant value of pitch, roll and
yaw, but there is a drift over time due to the impact
described above.

It should be noted that the measurements given by the
gyroscope are strongly influenced by noise, the latter in-
creases considerably after integration and increases as time
passes, which gives biased results.

3.2.3. Measurement of the azimuth by the magnetome-
ter. After applying the calibration and applying formula
(13), we connected the compass to an OLED (Organic
Light-Emitting Diodes) screen to visualize the value of the

Fig. 11. Estimation of Euler angles by the gyroscope

Fig. 10. Estimation of Euler angles with the accelerometer: movement of the sensor forward, backward, to the right and to the left

Fig. 12. The drift of the gyroscope over time
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magnetic angle. This test aims to verify the accuracy of the
measurements results provided by the magnetometer. For
this, we utilized any phone app that can provide the correct
azimuth angle as can be seen in Fig. 13.

The value displayed on the OLED screen is 302.478 while
the value displayed on the app is 301.48, see Fig. 13. As a
result, we may conclude that the sensor is adequately cali-
brated and provides precise readings.

4. CONCLUSION

In this paper, orientation estimation was modeled in the case
of low-cost MARG sensors (accelerometer, gyroscope, and
magnetometer) measurements. In field MARG sensors
calibration methods, which eliminate the necessity of
expensive equipment was proposed for the special case
of UAV (Unmanned Aerial Vehicles) drones. To verify the
presented methods, an experiment was carried out.
The developed calibration algorithm was found efficient in
adjusting measurements errors. For the purpose of evalu-
ating the sensor’s abilities, use has been made of the
calibrated sensors to estimate orientation for each sensor
individually. Therefore, Euler angles (pitch, roll, and yaw)
were calculated for each sensor individually to test their
stability. The experimental tests results showed that accel-
erometers are capable of measuring the pitch and roll angles
in all the sensor positions with the exception of the vertical
position. In addition, the accelerometer translation move-
ments could cause noisy readings. The performed experi-
ments proved that gyroscopes can measure pitch, roll, and
yaw angles but the measurement accuracy decrease over
time. The magnetometer was found able to measure the yaw
angle owing to its capability in measuring the components of
the earth’s magnetic field. The experimental tests reveal that

combining the data from the three sensors is essential for
producing efficient, consistent, and exact results. In future
work a study of the MARG sensors fusion will be conducted.
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