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Ubersicht

Inertialmesseinheiten (IMUs) haben sich als niitzliche Gerite zur Orientierungsmessung bewihrt
und stellen eine kostengiinstige Alternative zur Erkennung menschlicher Aktivitit und Bewe-
gungsanalyse dar. Ein hdufiges Problem der Auswertealgorithmen ist die Bestimmung einer Ref-
erenzmessung. Goldstandard-Messungen verwenden oftmals externer Motion-Capture-Systeme,
deren Aufbau, Komplexitit und geringe Mobilitit jedoch Einschriankungen darstellen, insbeson-
dere wenn eine schnelle und einfache Auswertung von Algorithmen erforderlich ist. Diese
Bachelorarbeit schlug die Entwicklung und Konstruktion eines 3-achsigen Gimbals vor, welcher
eine 360° Drehung in 18° Schritten iiber drei manuelle Verdrehvorrichtungen ermoglicht. Die
definierten Schrittpositionen konnen als Referenzwinkel fiir die Algorithmenauswertung und die
Identifizierung von IMU-Fehlern verwendet werden.

Fokussiert wurde sich auf die Einschrinkungen des 3-achsigen Gimbals, die Sensorkalib-
rierung sowie die Evaluation von Fusionsalgorithmen. Der von Ferraris et al. vorgestellte Kalib-
rierprozess wurde zwischen dem vorgeschlagenen Gerit und zwei weiteren Kalibriergeriten
verglichen. Es wurden Ergebnisse erzielt, welche den 3-achsigen Gimbal als geeignetes Gerét
fiir die Kalibrierung klassifizieren. Um die Eignung des 3-achsigen Gimbals fiir die Bewertung
von IMU-Orientierungs- und Winkelberechnungsalgorithmen zu beurteilen, wurden drei Algo-
rithmen wihrend der Ausfiihrung zwei verschiedener Rotationsmethoden bewertet. Verglichen
wurden die Gyroskop Integration, der Madgwick Filter und der Mahony Filter. Dazu wurde
eine IMU am 3-achsigen Gimbal befestigt, um die Orientierungsschiatzung der Algorithmen in
definierten statischen Positionen miteinander und gegen die Referenzwinkel zu vergleichen. Die
Gyroskopintegration erreichte bei beiden Rotationsverfahren die hochsten Wurzel der mittleren
Fehlerquadratsumme (RMSE) in Bezug auf Roll- und Neigungswinkel. Die beobachtete RMSE
des Madgwick und Mahony Filters wihrend kleiner Schrittdrehungen erreichte dhnliche Werte
fiir beide Algorithmen. Friihere Studien verglichen diese Algorithmen gegen Referenzdaten,
welche mit Goldstandardsystemen gewonnen wurden, und kamen zu den gleichen Ergebnissen.
Der 3-achsige Gimbal ist daher ein geeignetes Gerit zur Auswertung von Algorithmen, kann

Goldstandard-Messsysteme aber aufgrund der geringeren Genauigkeit nicht ersetzen.
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Abstract

A common problem in algorithm evaluation is the determination of a reference measurement. Gold
standard measurements often use external motion capture systems, but their design, complexity
and low mobility are limitations, especially when fast and easy evaluation of algorithms is required.
This bachelor thesis proposed the development and construction of an 3-axis gimbal that allows
360° rotation in 18° steps using three manual turning devices. The defined step positions can be
used as a reference for algorithm development, evaluation and identification of IMU errors.

The focus was on the 3-axis gimbal limitations, sensor calibration and evaluation of fusion
algorithms. The calibration process presented by Ferraris et al. was compared between the
proposed device and two other calibration devices. Results were obtained which classify the
gimbal as a suitable device for calibration. In order to assess the suitability of the 3-axis gimbal
for the evaluation of IMU orientation and angle computation algorithms, three algorithms were
evaluated during the execution of two different rotation methods. The gyroscope integration, the
Madgwick filter and the Mahony filter were compared. An IMU was fastened to the 3-axis gimbal
in order to compare the orientation estimation of the algorithms in defined static positions against
each other and to the 3-axis gimbal. The gyroscope integration achieved the highest root mean
square error (RMSE) during both rotation methods in terms of roll and pitch angle. The observed
RMSE of the Madgwick and Mahony filters during small step rotations achieved similar values for
both algorithms. Previous studies compared these algorithms to reference data obtained with gold
standard systems and came to the same conclusions. Therefore, the 3-axis gimbal is a suitable
device for the evaluation of algorithms, but cannot replace gold standard measuring systems due

to the lower accuracy.
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Chapter 1
Introduction

Research around human and object motion tracking has received significant attention over the
past few years. Several motion capture technologies have been developed, such as optical, image-
based, acoustic, magnetic and mechanical systems [Sesl3]]. In particular, the optical motion
capture systems are still preferred in medical contexts, because they offer a reliable and highly
accurate way of motion recording [Ses13]. Disadvantages of these systems, apart from the high
costs, are the requirement of skilled people to manage such systems [Zec13]. However, inertial
sensors suffer from estimation errors which makes it difficult to obtain an orientation estimate

with high accuracy [Ric16]]. To achieve an highly accurate orientation estimation with an

imeasurement unit (IMU)| advanced technologies of signal processing and data fusion are needed
[Kok17].

1.1 Motion analysis with inertial measurement units

Over the last years costs for sensors decreased and measuring movements of humans and objects
became a growing area of interest [Youl 1]. Nowadays, they are used for inertial-only navigation,
attitude estimation, and also built into smartphone devices [Ted14].

Due to their low weight, can easily be attached to the body and thus open up new
possibilities for the evaluation of clinical and sports biomechanics. Motion analysis is used in
particular in the health care sector, with applications ranging from monitoring and measuring hu-
man body joint angles [Brel 1], classifying Parkinson’s disease from gait [[Car18]], identifying gait
types [Ahal9] or collecting biomechanical data to define running patterns [Mah19]]. Furthermore,
motion analysis can be beneficial for therapists and physicians because it facilitates the remote

assessment of patient activities [Bakl11].
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For the precise computation of kinematic parameters like angles and trajectories from sensor
data, validated algorithms are required. Typically, algorithms for sensor orientation estimation
employ strap-down-integration of the angular rates to obtain an first estimate of the orientation
[Seel9]. However, the estimation error grows over time due to quantization, integration and
sensor errors [Kim04]. For a highly accurate estimation with[[IMUg, a careful choice of algorithms
is crucial [Kokl17]. These sensor fusion algorithms allow an effective orientation estimation

calculation by combining data from various inertial sensors and migrate sensor errors [Amal6].

1.2 Sensor and fusion algorithm evaluation

In literature, several methods related to the topic of sensor fusion algorithms and performance

evaluation exist. Ludwig et al. compared two sensor fusion algorithms, called Madgwick filter and

Mabhony filter, with a basic fusion approach using foot mounted|magnetic and inertial measurement|

unit (MIMU)| data [Ludl18al]. Foot mounted data was used to estimate the Euler angles
as well as the position. The results show that the Madgwick filter obtained an better heading

orientation than the Mahony filter and the basic fusion approach in terms of the [root mean square
of the Euler angles when compared to the ground truth data recorded with a motion

capture system. However, the Mahony filter achieved a lower execution time than the Madgwick

filter. Madgwick et al. presented an algorithm applicable to[IMUk and [magnetic, angular rate, and|

leravity (MARG)| sensors and evaluated the algorithm performance using an optical measurement

system to obtain the reference data [Madl1]. Both sensor algorithm implementations are able to
achieve a static < 2° and dynamic error < 7° while sampling at 10 Hz.

An alternative to optical reference systems is the comparison of sensors and algorithms to data
generated by a robotic arm. Several studies evaluated the orientation error of sensors and fusion
algorithms against a robotic arm [Ric16, Moul3l ICav14]. Mourcou et al. evaluated different
smartphone sensors and angle measurement algorithms to determine if smartphone sensors are
reliable enough for clinical research [MoulJS]]. The authors recorded data from accelerometer,
gyroscope and magnetometer sensors. Dynamic and static protocols were used to determine roll
and pitch angles calculated from absolute angles. The Madgwick filter, Mahony filter and the

filter provided by the smartphone manufacturer were compared to an industrial robotic arm. For

the static protocol froot mean square (RMS) mean values were under 0.3° for roll and pitch angles

compared to the gold standard. In case of the dynamic protocol, the mean values were
higher than the results obtained in the static protocol, especially for Madgwick and Mahony filters,

but showed no significant difference between the filters.
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Another paper by Cavallo et al. compared sensor fusion algorithms against ground truth
quaternions obtained by a robotic arm [Cav14]]. The tested algorithms were extended Kalman
filter, Madgewick filter and Mahony filter. In terms of orientation error, the of the Euler
angles were calculated from quaternions. During slow trajectories, the algorithms provided
comparable results.

Robotic arms have the advantage of high precision and repeatability of measurements. Never-
theless, industrial robots are expensive and require expertise to perform the desired movement.

All studies described above used gold standard tools for the algorithm evaluation, which are ex-
pensive and difficult to transport. Zhoua cited real time operation, wireless properties, correctness
of data and portability as major deficiencies that must be addressed to realize a clinically viable
system for human motion tracking [ZhoO8]. Therefore, it is of particular importance to develop
a reliable tool for the evaluation of algorithms that meets the requirements of cost-efficiency,

simplicity and flexibility.

1.3 Gimbal as an evaluation tool

A gimbal is a device that permits a body to incline freely in any direction or suspends it so that it
will remain level when the orientation of its support is modified [Merl19]. Some existing studies
already used a gimbal as an evaluation tool for sensor systems and fusion algorithms to move an
inertial sensor to a certain position.

Lebel et al. performed an accuracy evaluation of inertial measurements under controlled
conditions, with an experimental setup providing well defined and repeatable testing movements
[Leb15)]. An instrumented gimbal table was used to generate static and dynamic motion conditions.
The table was entirely made of aluminum. For the absolute and relative accuracy, a combination of

static trials followed by single- and multi-axes trials were performed at different speed levels. The

authors observed ajmean absolute error (MAE) between 0.5° and 3.1° and a mean relative accuracy

between 2° and 7° under slow motions. This error evaluation proves that a gimbal provides a
simple and controllable evaluation tool. However, this study is limited to the differences according
to the sensor systems, rather than focusing on sensor fusion algorithms.

A study by Fan et al. focused on improving the performance against magnetic disturbances
[Fan17]. The proposed method is based on existing gradient descent algorithms and was validated
through experiments performed on a customized 3-axis instrumented gimbal with known orien-
tations. The gimbal consists of a base frame and three rotatable frames, all made of aluminum

alloy and equipped with a motor and an absolute encoder. For the determination of orientation
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estimation, aMIMU]| was mounted on the gimbal with double sided tape. The method could be
improved in such a way that it is completely immune to magnetic disturbances in stationary state.
In case of dynamic conditions the error caused by magnetic disturbance is reduced by 51.2 %
compared with the original gradient descent algorithm.

1.4 Patent research

There are several patents relating to gimbal constructions. Many of these patents are based on
motor driven gimbals. Two inventions patented by Hoffman (Appendix [A.T]and Appendix [A.2)
include inertial sensors mounted on gimbals. The first invention (Appendix describes an
apparatus including a kinematic inertial sensor to measure angular velocity and position relative
to inertial space about the desired axis.

Appendix [A.2]includes a gyroscope mounted on gimbal sets to cancel out the effects of drift.
The angular rate output signal to correct the gyroscope drift is obtained by torques connected
between the gimbal sets carrying the sensor. The idea proposed by LaSarge (Appendix [A.3)
provides a control mechanism to resist gimbal rotation leading to Gimbal lock, to dampen gimbal

tumbling and to restore the gimbals to a given orientation.

1.5 Purpose of thesis

The literature review reveals an extensive algorithm evaluation, however, all studies used
gold standard measurement systems as a reference. Disadvantages resulting from current gold
standard measurements are the high costs and difficult handling. In addition, these systems require
power supply, which makes the data acquisition under real conditions difficult. Existing studies
proved that instrumented gimbals are suitable for the evaluation of accuracy and performance
[Lebl5,Fan17], however, their suitability for the sensor fusion algorithm evaluation is not verified.
Therefore, the purpose of this bachelor thesis is to investigate a low-cost 3-axis gimbals ability
for the algorithm evaluation, which is able to perform predefined rotations with known angles.
Thus, it represents a reference for the comparison and evaluation of algorithms that allow the
computation of orientation and rotation angles. Besides simple handling, the presented tool
provides good transportability to test and evaluate algorithms at different locations and under
real conditions. Moreover, the exact trajectory of the during the movement is known a priori
and therefore the 3-axis gimbal represents its own proof of concept application, which makes

it a reliable alternative to optical and robotic gold standard measurement systems. Besides the



1.5. PURPOSE OF THESIS 5

evaluation of algorithms, the device can be used for calibration by adjusting different positions
and rotations. In addition, it can serve a tool for demo purposes, as it increases the understanding
of orientation estimations through the simple representation and visualization of the sensor

rotation.






Chapter 2
Fundamentals

This chapter describes the fundamentals for the understanding of this work. First, the terms and
systems used are explained. This is followed by a brief explanation of mathematical concepts for
the description and calculation of rotations. The chapter concludes with an introduction to sensor

fusion, followed by a description of the different methods to solve the sensor fusion problem.

2.1 Inertial sensors

The term inertial sensors is a generic term for electrical devices that can measure and report forces
on the basis of mass inertia [Kok17]]. These are usually translational and rotational acceleration
forces. Translational forces are measured by an acceleration sensor (accelerometer) and rotational
forces by a rotation rate sensor, also called gyroscope. Devices designed around these sensors, as a
combination of 3-axis accelerometers and 3-axis gyroscopes, are called [MUk [Kok17]. Generally,
they are used to track how an object rotates and translates during movement [[HerOS]]. In inertial
sensor technology, a basic distinction is made between systems that consist of accelerometers and
gyroscopes, and systems that also include a magnetic field sensor (magnetometer). For this work,

only accelerometers and gyroscopes are relevant, both are explained in the following.

2.1.1 Acceleromter

Accelerometers measure translational movement in form of linear acceleration along an axis as
an effect of gravity [Her05]. A static object will experience acceleration only due to gravity.
Depending on the orientation of theIMU] it will experience different portions of acceleration along

the three axes. The accelerometer functional principle can be explained by a spring-mass-system
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é I Input Axis

Proof
mass

% Spring

Displacement pickoff

Figure 2.1: Mechanical accelerometer functional principle. An accelerometer consists of a mass,
which is attached to a spring and a damping device [WooQ7].

(Figure [2.1)). It consists of a proof mass, which is attached to a spring, a damping device and a
displacement sensor to measure the proof mass movement. When force is applied, the behavior of
the spring follows Hookes’s law

F,=D- Al 2.1

and thus deforms proportionally to the applied load, where F; denotes the force, D the spring
constant and Al the change of distance [Vib19]. The spring-mass-system settles into rest position
after a certain time due to friction and gravity. If the deflection of a spring-mass-system is
measured, the initial amplitude is proportional to the accelerating force [Woo07]. Newton’s

second axiom describes the connection as follows:
F=m-a. (2.2)

F represents the measured accelerating force, m corresponds to the accelerated mass and a to
the acceleration. During a static sensor position, the mass is only affected by gravity forces,
giving information about the gravity along the input axis [Lyn15]]. The accelerometer outputs
the acceleration in g. The sensor data is integrated twice to first determine velocity and finally

information about the sensoras position [Kok17].
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2.1.2 Gyroscope

Gyroscopes measure rotational movement in form of angular velocity around an axis of rotation,

i.e. the rate of change of the sensor’s orientation [Kok17]. In a 3-axis gyroscope, the rate of change

can be measured around all three axes in the units of [°/s]. Usually jmicro-electromechanicall

lsystems (MEMS)| gyroscopes are used for orientation measurements, which measure rotation

based on vibrating masses m. The Coriolis force F, is defined as:
Fo==-2m-(wxv). (2.3)

The system moves along the drive axis with a local velocity v. Vibration is induced when the
gyroscope is rotated and F, is measured along the perpendicular sense axis and is used to determine
the angular rate w (Figure 2.2)) [Woo07|]. Integration of the angular rate provides information

about the orientation of the sensor [[Kok17].

Sense Axis

Drive Axis

m

Figure 2.2: A|MEMS|gyroscope measuring the rate of change w [Woo07l].

2.1.3 Orientation estimation using IMUs

The sensors used for the orientation determination are the presented gyroscopes and accelerometers.

Both sensors have their advantages, however, both sensors are prone to error.
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The orientation estimation based on accelerometer data is most sensitive to the gravity vector
element, because they use the force of gravity as an input vector to determine the orientation
of an object, whereby the orientation of the local coordinate system is calculated in relation to
the global coordinate system [Dev04]]. However, position estimation from the axes influenced
by gravity can not be calculated with an accelerometer due to the fact that gravitational force is
always constant in the direction towards the earth.

Gyroscopes offer very accurate measurements of the rotational speeds around the various axes.
The angular velocity measurement can be integrated over time to obtain the angle around the
measured axis, but the integration causes small offset errors which add up over time and lead to a
long term drift [Beal6].

In order to enable a more precise orientation estimation, an IMU]| includes both sensors.
Subsequently, the data of both sensors can be combined by filter algorithms to compensate for the
sensor errors. These filters use gyroscope data for changes in the short term, because it is very
precise and not susceptible to external forces. On the long term, accelerometer data is used, as it
does not drift. Whether the orientation of a measurement unit can be determined reliably depends

on the properties of the sensor and the algorithms for fusing and filtering the data.

2.2 Coordinate frames

In order to discuss quantities measured by inertial sensors, different coordinate frames need to be
introduced. An orientation system is usually applied to determine Euler angles which are regarded
as the essential parameters for navigation and motion control. Euler angles are defined as the
rotation angles from the given earth frame, denoted as F, to the sensor frame S, a coordinate
system fixed to the moving object [Zhal6]. It is necessary to know these frames since inertial
sensors record data (acceleration and rotation rate) in the S frame. In other words, measurements
made directly from the inertial sensor are referenced to the sensor axes, which are fixed by the
physical sensor orientation. In this specific case, the S frame is the [[MU|coordinate frame. All
inertial measurements are resolved in this frame and all sensor outputs are referenced to this frame.
To enable the tracking of position and orientation, we need to relate the data to a known origin.
In this work, the reference frame is the F frame, which is fixed to the earth. Therefore, for the

orientation estimation, the S frame has to be expressed in the E frame (Figure [2.3) .
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(a) E and S frame coincide (b) S frame rotated

Figure 2.3: Earth frame E and sensor fixed frame S in coincident (a) and rotated (b) position

The S frame includes the Euler angles roll, pitch and yaw. The rotation about the X g-axis
is called roll angle, about the Ys-axis pitch angle and about the Zs-axis yaw angle (Figure [2.4).
Rotation around the Xg-axis is called roll angle, around the Yg-axis pitch angle and around
Zg-axis yaw angle. For the transformation of a vector given with respect to the S frame into the

FE frame, vector rotations are used.

+ AR

Z.  Yaw

Figure 2.4: S frame and Euler angles roll, pitch and yaw.
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2.3 3-axis gimbal

A gimbal is a mechanical device that can pivot and allows the rotation of an object attached to

it [Lak15]. In case of inertial navigation a minimum of three gimbal frames mounted together

is needed where each frame offers a|degree of freedom (DOF)| [HerOS]. A construction of three

gimbal frames is called a 3-axis gimbal. Three DOH allow an item to rotate completely free of
its mounting around the three axes, Xg, Y5 and Zg (Figure 2.5a). When using sensors like an
inertial navigation unit, the [IMU]|is equipped with three orthogonally mounted gyroscopes to
sense rotation about these axes. In inertial navigation systems, Gimbal lock may occur when three

gimbal frames are aligned with their pivot axes in a single plane.

Gimbal lock

Gimbal lock is the loss of one[DOFin a three-dimensional system, when two of the three gimbal
frames are driven into a parallel configuration, locking the system into one rotation [Lak15]. This
phenomenon occurs at an angle of £90° when rotating about an axis and leads to unexpected

angles or singularities when rotating from this position (Figure [2.5b).

(a) Rotational position (b) Static position

Figure 2.5: 3-axis gimbal in rotational (a) and static (b) position. In rotational position each
gimbal frame allows rotation around a specific axis [Gim12]. In static position the gimbal frames
are locked and the inner frame can not change in pitch unless it rotates into another position.
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2.4 Mathematical background

As explained in Section[2.2] the sensor orientation can be described as the rotation between two
coordinate frames. Vector rotations are used to relate the orientation obtained in the .S frame with
respect to the F frame. There are several possibilities to describe vector rotations in Euclidean
space. These are Euler angles, rotation matrices and quaternions. The following section gives an

introduction to the basics of vector rotations and involved mathematical operations.

2.4.1 Euler angles

Euler angles are the most common way to perform the coordinate frame transformation. Executing
one Euler rotation after the other, the three rotations transfer the sensor coordinate system into
the earth coordinate system. There are several conventions on how to perform the sequence of
rotations around the respective axes, in our case we use XYZ-convention. Therefore, the yaw
angle v describes the first rotation, then the new Y-axis of the rotation coordinate system is rotated
by the pitch angle 6. The last rotation is done by the roll angle ¢ around the new X-axis. Euler
Angles are simple and intuitive but limited by Gimbal lock.

2.4.2 Quaternions

Quaternions are four dimensional numbers that contain information about both the rotation angle
and the rotation axis [Hanl1]. The quantity of quaternions H extends the real numbers by adding

three imaginary number components i, j and k. The Cartesian form of a quaternion is given by:
q = GQuw+ iQx + jQy + kq,z~ (24)

Where iq, + jq, + kq. is called the vector part. Using the complex numbers for quaternions ¢ € H

and the fundamental equations of quaternions, given by

PP=2=k=ijk=—1 (2.5)
and
iy =—ji=
jk=—kj =i (2.6)

ki = —ik = j,
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computational operations (e.g. addition, subtraction, division and multiplication) can be performed.

Quaternions can also be displayed as a vector directly by

q:[Qw Gz Qy q,z]a (27)

with its conjugate defined as

q* = [Qw —qz _Qy _QZ] . (28)
Quaternions can be used to describe a rotation from one coordinate system A to an arbitrary
coordinate system B [Kuel3l]. The rotation is represented by a three-dimensional unit vector
4 defining the axis of rotation and a rotation angle 6 (Figure [2.6)). The vector 7 is defined in
the coordinate system A, gq describes a quaternion that rotates frame A into frame B. The four

components of a quaternion can be represented as a vector by:
M=l 0 0 @)= [os (9 —rsin(§) —Arsin(g) —Arsin(9)] . @9

Quaternions that are derived by this equation automatically have unit length and are denoted by ¢

The Euclidean norm and the inverse of a quaternion are

HNZ¢%+%+%+@ (2.10)
and
_ q*
IZW, ||CJ|| #0. (2.11)

The multiplication of quaternions is associative but not commutative and is used to define a
combination of two rotations. It is a combination of the three-dimensional scalar and cross

product. The quaternion product a ® b is denoted as [Ell14]:

a®b=la, a, a, a,]®I[b, by b, b, (2.12)

awbw — aacb;t - ayby - azbz
_ | wwbe + acby +ayb. —azby | (2.13)
awby — azb. + ayby + a.by

ayb, + azb, — ayb, + aby,



2.4. MATHEMATICAL BACKGROUND 15

The multiplication operation can be reversed by multiplying with the conjugate of a quaternion
g, which can be used to swap the relative frame described by an orientation [Mic17].

Quaternions represent a computationally elegant possibility to describe rotations in Euclidean
space and also represent the orientation of the measuring unit in a defined coordinate system.
Moreover, they are resistant to Gimbal lock because rotation is carried out around the desired axis
of rotation directly. A disadvantage of quaternions is their unintuitive way of angle representation.
Nevertheless, the computational effort to perform a rotation with quaternions is clearly below the
complexity of an Euler angle rotation. Therefore, the presented filter algorithms use quaternions

for orientation estimation.

2.4.3 Rotating vectors using quaternions

Rotation described by quaternions can be applied by representing a vector as a quaternion without
a real part. This means a 0 is inserted as the first element to build a four element row vector 7,

written as:
r=[0 1o, . (2.14)

Vector rotation by treating the vector like a quaternion with a zero-part and multiplying it by the

quaternion describing the orientation and its inverse is defined as [Kuel3]]

By — 4G @ 4r ® 44" (2.15)
Another option to apply rotation by a quaternion ‘44 is by transforming ‘34§ into a 3 x 3 rotation

. A .
matrix 3R using:

1-2¢; —2¢2 2quqy — 202w 242 + 24y qu
gR = 2qa:Qy + ZQZQU) 1- 2%25 - 26]3 QQsz - QQme : (216)
ZQ:EQZ - ZQwa 2qu,z + ZQIQw 1— 2q92¢Q§
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Figure 2.6: The quaternion representation of the rotation.

2.5 Calibration

Low-cost accelerometers and gyroscopes provide accurate navigation data over short time in-
tervals but suffer from accuracy degradation with time due to the combined effects of errors.
Typical low-cost sensor errors to be calibrated are biases and non-linearities, but sensors can
also be affected by systematic errors given by imprecise scaling factors and axes misalignment
[Ted14]]. These errors fundamentally impair their performance in non-protected environments
and an accurate calibration of these sensors is important to achieve a high measurement accuracy
[Eer95]. In the following, an overview of various errors is given.

Bias offset

Data obtained from accelerometers and gyroscopes often show a small offset in the average signal
output, even when there is no movement [Fle05]. Therefore, accelerometer bias b, and gyroscope
bias b, can be estimated by the average sensors output from when they are not undergoing any
rotation or acceleration. After determining the bias, compensation is done by subtracting the bias

from the output. The stationary part of bias is also named as offset (Figure [2.7al).
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Output'l Output‘

Input Input

(a) Bias offset (b) Scale factor

Figure 2.7: Bias offset and scaling factor [Lv16].

Scale factor

The scale factor is the ratio between the change of measurement and the change of real input
(Figure [Lv16]. The actual output is the result of linear effects which is proportional to
the input but scaled. Scale factor errors are most apparent in motion with high acceleration
and rotation. To correct the scale factors of the three sensors in each triplet diagonal matrices
are multiplied to the sensor measurements, whereby K, and K, denotes the accelerometer and

gyroscope scale factor matrices, defined as:

ka,x:c 0 0 kg,xw 0
Ko=1] 0 koy 0 |andK,=| 0 ko, O |. 2.17)
0 0 Koo 0 0 Ky

Misalignment

In an the 3-axis gyroscopes and accelerometers are composed of sensor triplets. In each
triplet, the nominal sensitivity axes of the three sensors are mounted orthogonally. Mounting
errors occur if the actual sensitivity axis of each sensor does not exactly match the nominal
sensitivity axis and the angle between sensors is not perfectly 90° [Err14]. The misalignment
describes the existence of angular error between sensor frame Xg, Ys and Zg and the body frame
Xp,Yp and Zp (Figure 2.8)). Misalignment errors need to be calibrated whenever the is
installed into a new external sensor case, namely, when the sensor frame has been changed. Since
sensor frame and body frame are both regarded as orthogonal, a small angle orientation matrix

that can project readings from the sensor frame to the body frame is required [Lv16l]. R represents
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the orientation matrix to compensate misalignment between sensor frame and body frame. The
specific orientation matrix for the accelerometer triplet is denoted by R, and the rotation matrix

for the gyroscope by I, with:

Ta,xx 7’a,xy Ta,xz TQ,II TQ»IZ/ Tg,xz
Ro = |Taye Tayy Tay:| A Rg= 1500 Ty Ty (2.18)
Taze Tazy Tazz Tgzz Tgzy Tgazz
B Zs
Xs B
7\:
XB YS

Figure 2.8: Error of misalignment between sensor frame Xg, Ys and Zg and body frame Xp, Y5
and Zp [Lv16].

2.5.1 Ferraris calibration

Different calibration techniques have been developed differing mainly in the proposed sensor
output model, the used instrumentation, and the complexity of the calculations [Ol109]. Ferraris et
al. proposed an effortless in-field calibration method of 3-axis rate gyroscopes and accelerometers
employed in a strap-down inertial navigation system [Fer93]]. This calibration method requires
the data from six static positions (three axes parallel and antiparallel to gravitation vector)
and three rotations around the three main axes. In the following course of this work, we will
call the method for sensor calibration described by Ferraris et al. Ferraris calibration.

To perform the Ferraris calibration, a static calibration is necessary. Therefore, a calibration
apparatus needs to set the sensor sensitivity axes at known angles with respect to the gravity
direction. The use of a particular case for the sensors, coupled with a support base having a
reference block, allows the calibration of both (accelerometer and gyroscope) sensors without
special-purpose instrumentation [Fer95]]. The proposed calibration process relies on two natural
standards, the full revolution angle for the gyroscope calibration and the local gravity for the

accelerometer calibration. Ferraris et al. calibrated the accelerometer performing six gravity
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measurements in different sensor positions with a carefully constructed sensor case to allow
perfect alignment of the sensor with gravity [[Qurl7]. Static intervals are used to calibrate the
gyroscope bias. For the scale factors and misalignments, complete rotations around each axis are
performed.

The calibration procedure is fulfilled in two steps. In step 1, the accelerometer is calibrated,
followed by the gyroscope calibration process (step 2). To perform the accelerometer calibration
each sensitivity axis is placed parallel to gravity in positive and negative senses, therefore the mea-
sured accelerations will be 1g and —1g respectively. This is repeated for the three accelerometer
axes X, Y and Z (Figure [2.94). In a second step, the sensor is rotated by 360° around each axis, to
calibrate the gyroscope (Figure[2.9b). The necessary calibration matrices are calculated from the

recordings of the positions and rotations.

-X ° y 4z ‘ C oz
+X +Y - I ! ——————
@ @

(a) Accelerometer Ferraris calibration

- = =

: o ez |
+X +Y —

(b) Gyroscope Ferraris calibration

Figure 2.9: positioning to measure acceleration along the three acceleration axes X, Y and
Z (a) and the gyroscope rotations clockwise around the X, Y, and Z axis. [Call9].

2.6 Sensor fusion

Sensor fusion refers to a process that combines sensor data from different sources and generates
information with less uncertainty, higher accuracy and leads to more reliable results. The angular
velocity from the gyroscope can be fused with the earth gravitational field measured by the

accelerometer to compute a single estimate of orientation angles. This is possible with a fusion
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strategy for the sensors when both sensors acquire data for the same phenomenon, like rotation or
movement of an object.

It is important to choose an orientation filter that performs the combination of the raw data
and still has a reasonable computation time. Most filters calculate the position or angles in
quaternions. Advantages of orientation estimation using quaternions are, that quaternions avoid
Gimbal lock and overall they are more efficient than Euler angles from a computational point
of view [Alal3]]. The combination of the angular velocity data and the orientation quaternion
determined by accelerometers leads to a stochastic estimation of the actual orientation of the
[Kim04].

Several sensor fusion algorithms have been proposed in literature. There are mainly two
different fusion approaches, the complementary filters and the Kalman filters [Lud18a]. Since it is
not possible to do a detailed and complete analysis of all possible filters presented in literature, we
decided to evaluate the orientation estimation based on three algorithms. The filters analyzed
are basic gyroscope integration, the Mahony filter [MahO8] and the Madgwick filter [Mad11]. We
decided to perform sensor fusion with the named complementary filters as these filters have a
significantly smaller computational load and still operate around the same accuracy as the Kalman
filters [Ngo17]].

2.6.1 Gyroscope integration

Gyroscope integration does not represent an algorithm for data fusion, nevertheless, we need
to explain the method in more detail since integration is a basis for the complementary filter.
Orientation estimation is achieved by accumulating the change of orientation derived only from

the gyroscope readings. The derivative of the angular position over time is given by [dM14]]:
w(t) = —=, (2.19)

Integrating the velocity gives us the angular position:

t

t
0(t) = 0 + / W(t) & O+ Y wWeyroscope (t) At (2.20)
0 0

At is the inverse of the sampling rate and 6 the estimated angle. 6, describes the start angle. The
approximation will introduce errors when gyroscope data changes faster than the sampling rate

and the integral approximation will be incorrect. This error is called drift, as it increases in time.
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As aresult, the sensor reading will not return to O at a static position. Therefore, it is important to

choose a good sampling period [dM14].

2.6.2 Complementary filters

A complementary filter tries to filter out the advantages from both sensors to compensate the
weaknesses of the individual sensors by the strengths of the others. In case of data combination,
the complementary filter uses the accuracy of the gyroscope in short term because it does not react
to external forces and the drift that occurs from the integration only comes into force after a while.
In the long term, the accelerometer data is used because it suffers from short-term disturbances
and stability is only given over long periods [GuilS]. Therefore, the orientation calculation is
based on the gyroscope integration of the angular velocity. This measurement is corrected using
the estimated position vector of the accelerometer measurements [Die06]. An equation for the

solid angle determination is described by [[Guil5l]:
0 =ax (9 + waroscope * At) + (]- - O-/) * A Accelerometer (221)

with the filter coefficient a € [0, 1]. The @ is the angle (roll or pitch) calculated by combining the
two sensor values and weighted by the filter parameter «. If this parameter is set to 1, the position
determination depends only on the angular velocity wgyrescope Obtained from the gyroscope, at the
value 0 only on those of the acceleration Sensor a accejerometer- 1he gyroscope data is integrated
every timestep with the current angle value [dM13]]. Figure [2.10]illustrates the principle of the
complementary filter. The acceleration sensor data is filtered by the low-pass filter, while the
gyroscope data is processed by a high-pass filter. In the end, data obtained from the two sensors

are merged into one position estimate [Yanl7].

The filters introduced in this work are also complementary filters, known as Mahony and
Madgwick filter. Mahony uses a proportional and integral controller to correct gyroscope bias,
while Madgwick uses only a proportional controller [Ludl8b]]. The two algorithms are using
common notations for quaternion and sensor readings. The notation used to explain the filters
is the one already used in Section [2.4.2] and described by Madgwick [Madl1]]. For example:
the symbol ~ denotes a normalized vector, the symbol * means the conjugate of the vector, the
operator ® denotes a quaternion product, g means the orientation of frame B with respect to

frame A, “r is a vector in frame A.
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Gyroscope
—

Estimated
»_ orientation
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Accelerometer
l

Low Pass Filter

Figure 2.10: Block diagram of complementary filter [Boy135].

Madgwick filter

The filter is based on the introduced complementary filter, whereby it uses angular velocities
instead of solid angles like the complementary filter. For the filter implementation accelerometer
data is used, whereby it is assumed that the acceleration measured in the sensor frame (Eq. 2.23)
aligns with the global direction of the gravitational vector (Eq. [2.22). The earth coordinate system
(denoted by E) is chosen so that the gravitational vector coincides with the Z-axis of the inertial
frame:

Pg=1[0 0 0 1], (2.22)

a4 =10 a, ay a. (2.23)

The global gravitational axis can be transformed into the local sensor frame S by:

g=5d®" 30 5q (2.24)
The combination of a gravitational quaternion ¥§ (Eq. [2.22)) and a normalized acceleration
quaternion “a (Eq. [2.23) yields to the simplified objective function f (Eq. [2.25) defined by
equation:

f(34.%a) =5 §©F § 05 4 — “a. (2.25)
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This filter is characterized by adding a corrective stage using a gradient descent algorithm, as
described in [Mad11], to minimize f. The minimization requires the Jacobian matrix (Eq. [2.26))
of f to calculate the error direction on the solution surface (Eq. [2.27). The Jacobian matrix is

used to make a variable change when compensating for the change in the coordinate system.

_2qy 2(]2 _QQw 2(]30
J(24) = | 2¢.  2¢, 2¢. 2q (2.26)
0 —4q, —4q, O

Vf(34,°a) = J(54)" f(34,°a) (2.27)

The kinematic equation of a rigid body is defined by angular velocity measurements at time ¢ from

the gyroscope to describe the variations of the attitude in terms of quaternions as such [Lud]18a]:

Sw=00 w, w, wl (2.28)

. lg.
%qw,t = 5%%—1 X Swt, (2.29)

where %(}wﬁt and w; are the quaternion rate and the angular velocity at time point ¢. Integration of

the quaternion rate leads to the gyroscope based orientation estimation:
S S A S .
2wt = 5di-1 + pquiAt, (2.30)

where At is the inverse of the sampling rate. In the final step, the estimation from accelerometer
and gyroscope are merged. When the two rotation angles are fused, the accelerometer data is
weighted with an adjustable filter gain  representing all mean zero gyroscope measurement
errors. Therefore, the algorithm is not able to compensate for any bias drifts. The filter gain is
calculated according to [Fanl7] from a unit quaternion ¢ and @, 4., the maximum gyroscope

measurement error of each axis as:

1. . . . 3.
ﬁ - ||§q & [O Wmaz Wmaz wmax]” - \/;wmax' (231)
The output of the gradient descent algorithm is then used to correct the orientation estimated by:

V(25 a)

S . S .
dr = 5qu; — B . (2.32)
PRIV (R4S )
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Accordingly, the filter function is as follows: A vector with direction and rate of rotation is
calculated from the data of the acceleration sensor using a gradient descent method. The same
is calculated from the data of the gyroscope and then fused. At each time step the divergence is
corrected by measurement errors in the angular velocity using the acceleration based estimation.
Only after this calculation, an integration after the time takes place using the corrected quaternion
rate. Figure shows the block diagram of the Madgwick filter.

Accelerometer i
Gradlent.descent
algorithm

parameter: f§

Estimated

Gyroscope Gyroscope . - orientation
y p 4 x .| Quaternion Quaternion %
—»¥ correction ¥ . + o >
propagation normalization

algorithm

Figure 2.11: Block diagram of Madgwick filter.

Mabhony filter

Mahony et al. developed a complementary filter which is shown to be an efficient and effective
solution when performance is only validated for an [MahO8]]. The filter corrects the input
rotation rate vector by a proportional-integral (P1) compensator [Cirl6]. First, the filter estimates
the direction of gravity and then calculates the error of the signal by taking the cross product
between the estimated direction and measured direction of field vectors. Therefore, filter design
starts with the same procedure as the Madgwick filter. An orientation error is obtained on the
basis of the normalized accelerometer measurements ° & and an estimated gravitational vector °§
(Eq. from a quaternion. The algorithm computes the error vector °e by cross multiplying

the measured and the estimated vectors of the acceleration:
Se="a xg. (2.33)
Angular velocity *w (Eq[2.28)) is corrected using the PI compensator:

S =%w, + K,%e + K;Ate, (2.34)
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whereby the integral and proportional adjustable gains to tune the filter are given by K; and
K,. Afterward, the quaternion rate of change (Eq[2.29) is integrated to obtain an estimate of the
orientation (Eq{2.30). Figure shows the block diagram of the Mahony filter.

Gyroscope
Estimated
Compute ientati
Accelerometer uaternion uaternion orieniation
orientation —» Pl regulator Q 5 ¥ M Q s o »
error propagation normalization
param.: K, K;

Figure 2.12: Block diagram of Mahony filter.

2.6.3 Conversion between quaternions and Euler angles

The presented algorithms are evaluated using quaternion representation and conversion into Euler
angles. The expected angles generated by the 3-axis gimbal are given in Euler angles. Therefore,
we will explain the calculation of Euler angles from quaternions as well as the calculation from

Euler angles to quaternions.

Quternions to Euler angles

Quaternions can be converted to Euler angles, however, the exact equations to calculate Euler
angles from quaternion depends on the order of rotations. In our case we use the ZY X-convention,
using first the yaw ), then the pitch 6 and finally the roll ¢ angle. This results in the following

conversation equations [Bek07]:

¢ = arctan2(2(qyq: + Gula), & — @, — ¢ + 05 (2.35)
0 = —arcsin(2(q:q: — quwq-)) (2.36)
¥ = arctan2(2(q.qy + quwi:), 6 — 4 — ¢ + ¢.) (2.37)

where arctan? denotes the four quadrant arcus tangens. When converting from quaternions to

Euler angles, Gimbal lock still occurs and can cause the filter to fail due to occurring singularities.
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Euler angles to quaternions

By combining the quaternion representations of the Euler rotations we use ZY X-convention again,
where the rotating sensor first does yaw, then pitches and finally rolls. The 3-axis gimbal rotation
axis Zg, Yg, and X are consistent with those of the Euler angles, thus these angles and the Euler
angles are in one-to-one correspondence. The expected 3-axis gimbal Zz Yy X Euler angles are
converted to quaternion by using Eq. so that the quaternion estimated by fusion algorithms

can be compared with that of the gimbal. Quaternion calculation is given by [D1e06]

cos($) cos(§) cos(¥) + sin($)sin(f)sin(%)
_ r_ sin(%)cos(g)cos(%) — cos(%)sin(g)sin(%) )38
9= @& 4 ¢ cos(2) sin(%) cos(%) + sin(2) cos(?) sin(2) (2.38)
cos(%)cos(g)sin(%) — sin(%)sin(g)cos(%)

where 1, 6, ¢ denotes the rotation angles around Zg, Yz, and X axis, and q is the derived

quaternion.

2.6.4 Error metrics

To analyze and compare the calibration and orientation data, three error metrics are calculated.
The standard deviation (STD) is a measure of how spread out numbers are. Therefore, in this work

it is used as a metric for the reproducibility of the measurements. It is calculated by [Ahn03]:

STD = | —— D (i —m)?, (2.39)

where N is the sample size and = the mean.
Mean absolute error (MAE) and root mean square error (RMSE) are used to measure accuracy for
discrete variables. MAE is the average over the test sample of the absolute differences e; between

expected z; ., and actual measurement x;. Its formula is denoted by [Wil05]:
1 & 1 &
MAE = N;]xi—xi&mp] = N;‘@J s (240)

RMSE is the square root of the average of squared differences between expectation and actual
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observation. Its formula is denoted by [W1l05]:

1 N 1 N
= — . 2 2
RMSE = , | - ;:1:(% T eap)? = 3| 77 ;:1 €2 (2.41)

2.6.5 Error estimation

To analyze and compare the orientation data, the will be calculated. measures the
average magnitude of the error angle. The error estimation will be based on rotation matrices and
quaternions. Distance between two unit quaternions q and p will correspond to distance between
orientations. It is to note, that when comparing quaternions globally, g and —q always represent
the same orientation. The angle ¢ of rotation to get from one orientation to another is given by the

formula:
0 = cos ' (2(q,p)* — 1) (2.42)

where (g, p) denotes the inner product of the corresponding quaternions. A notation of the

distance d can be computed by
d(g,p) =1~ (g,p)’ (2.43)

and gives the estimate of distance [Huy(09]]. In particular, it gives 0 whenever the quaternions
represent the same orientation and gives 1 whenever the two quaternion orientations are 180°

apart.






Chapter 3

Methods

To evaluate the accuracy of algorithms quantitatively, it is necessary to have a true reference
of the orientation and position. This study used an 3-axis gimbal to move an[IMU]|through
a series of predefined motions and angles. In this chapter, the assembly of the 3-axis gimbal is
explained and the materials and methods for measuring and combining the sensor data for the

algorithm evaluation are presented.

3.1 NilsPod

In this thesis, NilsPods (Portabiles GmbH, Erlangen, Germany) were used for data acquisition.
The device includes a Bosch BMI160, which is a small low power and belongs to the
low-cost MEMS] NilsPods are composed of a 16-bit digital 3-axis gyroscope and a 16-bit digital
3-axis accelerometer. Accelerometer and gyroscope ranges were both set to the maximum values,
+16 g and £2000°/s. During all measurements the sensor data was recorded with a sampling
rate of 204.8 Hz. In the static state, the accelerometer gravity axis measures +1 g. The cutoff
frequency of the internal lowpass filter was set to 1000 Hz, effectively disabling the filter. For the
data acquisition of the sensor, a custom built smartphone app was used, which saved the data in

binary file format for the subsequent processing.

In this work, three different sensors were used for data acquisition. The sensor used for the
calibration recordings is called Calibration Sensor (NilsPod 220F), the sensors for the algorithms
evaluation recordings are called Sensor 1 (NilsPod 9CAS5) and Sensor 2 (NilsPod 0D14). All
sensors included the same system components and the described settings were adjusted. Therefore,

the sensors were assumed to be comparable.
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3.2 3-axis gimbal

In order to evaluate computed parameters, a data set from a reference system is essential. For
this purpose, we constructed a 3-axis gimbal, which is usable for sensor calibration, as well as
for comparison and evaluation of [MU] sensor fusion algorithms. It allowed the adjustment of

positions in multiples of 18° angles and the execution of predefined rotations around three axes.

3.2.1 Materials

The main components for the 3-axis gimbal were manual turning devices, aluminum profiles,
connecting elements (MiniTec GmbH & Co. KG, Schénenberg-Kbg, Germany) and a ball bearing
(Onpira GmbH, Zittau, Czech Republic). Two rotational frames (inner and outer frame) made of
aluminum profiles and a ball bearing as base provided three (Figure [3.Ta)). The connection
between the outer frame and the ball bearing was provided by a perforated plate fixed with screws.
A turning device and a frame mounting fixed the inner frame to the outer frame and allowed the
inner frame to rotate (Figure[3.1b). To generate a inner frame rotation parallel to the ground, both
elements were located at the same height. The for data measurements was attached to the
inner frame by an fastening on a second turning device, which fixed the [MU]parallel to the inner
frame.

Manual turning devices allowed an 360° rotation and fixation in multiples of 18° (Figure
[3.2). The two turning devices are located on the inner frame on the outer frame (Figure [3.1b).

Locking bolts ensured safe angle adjustment of the turning devices in 20 desired positions.

outer turning device frame mount

fastenlng IMU

Ea

(a) 3-axis gimbal arrangement (b) 3-axis gimbal components

Figure 3.1: 3-axis gimbal (a) arrangement and (b) components.
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(b) 20 adjustable positions in
18° intervals

(a) Manual turning device

Figure 3.2: Manual turning device with adjustable angle positions.

The aluminum ball bearing at the bottom of the 3-axis gimbal also realized a 360° rotation
and an angle adjustment consistent with the manual turning devices. However, the adjustment
was performed by a clamp, because a locking bolt could not be installed at the ball bearing
frame. The 18° angles were drawn manually onto the ball bearing frame using a protractor for
the measurement. An aluminum profile was attached to the ball bearing using various joining

elements to connect the outer frame to the ball bearing afterwards.

3.2.2 Construction

The following chapter contains instructions on how the 3-axis gimbal should be constructed
to produce safe and reproducible angle adjustability. Especially the assembly is important for
the calibration and algorithm evaluation. Only if the device generates angles in known and
reproducible positions, an exact algorithm evaluation will be possible. Therefore the AGT digital
spirit level NX-6946-675 (Pearl GmbH, Buggingen, France) with an angle measuring function
and an accuracy of £0.5° was used as a reference for the 3-axis gimbal assembling. Reference
measurements of the angles generated by the 3-axis gimbal were required to ensure a correct and
reproducible angle generation. Before the assembling started, the spirit level was calibrated to the
floor on which the construction was set up, in order to ensure accurate measurements.

The construction started with the assembly of a substructure, which prevented the outer gimbal

frame from tilting to one side in certain positions. This substructure was fastened to the bottom of
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the ball bearing.

1. Ball bearing measurement
First, the ball bearing was measured without the outer frame being fixed to it. The spirit
level was placed horizontally on top of the ball bearing profile. In this position, the spirit

level should indicate an angle close to 0°.

2. Assembling of the inner frame
In order to ensure the correct assembly of the gimbal frames, it is important to first explain
the three main components of the frames. Basically, a frame consists of three aluminum
profiles, called Ay, By and C] for the inner frame components, the outer frame components
are called Ay, B, and C (Figure[3.3)). First, the C'; component was connected to A, and B,
via angle connectors, ensuring that the components A; and B; are attached to component

(' at an angle of 90°.

Figure 3.3: Inner and outer frame components.

3. Assembly of the outer frame in combination with the installation of the inner frame
The assembly of the outer frame was similar to the assembly of the inner frame. Again, the
assembly consisted of three components: A,, By and C,. Component A; was connected
at an angle of 90° to component C, via an angle connector. Then the already assembled
inner frame was attached to the manual turning device of the outer frame. Attention was
paid to the parallelism of components A; and A,. The C; component was installed at a
small distance from the inner frame rotation axis. To ensure the parallelism of the inner
frame to the outer frame and to achieve a good rotation of the inner frame, the outer manual
turning device requires the same height as the opposite frame mount. After attaching the
inner frame to the manual rotation device, component B, was connected to component C'y

at an angle of 90°.
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4. Connection of the frame components to the bottom ball bearing
The last step of the assembly was the connection of the component C’ to the ball bearing.
The connection was realized using panel connectors and screws, which were fastened to

both profiles. The final 3-axis gimbal construction is shown in Figure[3.4] the dimensions

are available in Appendix

(a) Inner frame is not rotated (b) Inner frame rotated by 90°

Figure 3.4: 3-axis gimbal construction in two different positions. (a) shows the construction when
the inner frame is not rotated and (b) when the inner frame is rotated by 90°.

5. Subsequent measurements
Finally, the individual components were measured again. The ball bearing was measured in
0° and 90° position, while the spirit level was located in the middle of the C'; component to
determine the horizontal position to the ground.

The inner frame was measured in four different positions, whereby the inner frame was
turned from 0° to 360° in 90° steps. Each measurement was performed according to the
following principle: 1. set the desired inner frame position, 2. measure the C'; component
with the spirit level, 3. measure A; and B; component with the spirit level (Figure 3.3)). For
the C'; component an angle of approximately 0° and for components A; and B; an angle of
approximately 90° should be measured when the outer turning device was set to 0° or 180°.

In outer turning device positions of 0° or 270°, 0° should always be achieved.

Additionally, we measured a 3 x 360° ball bearing rotation around the senor Zg axis with an
The same rotation sequence was measured again when the sensor was rotated by the inner

turning device. During both measurements, the 3-axis gimbal remains in zero-position. In order
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Ay

G

(b) Inner frame in 90° position

(c) Inner frame in 180° posi- (d) Inner frame in 270° posi-
tion tion

Figure 3.5: Inner frame positions and corresponding spirit level positions on the inner frame
components Ay, By and C}.

to determine the inner frame alignment around its rotation axis, the inner frame was rotated via
the outer rotation device. Therefore, a 360° rotation around the sensor Yy axis was performed,
while stopping every 18° for 10 seconds. Since the rotation was carried out around the Y, only
the quaternion ¢, component may change with an optimal inner frame alignment. Therefore, the
quaternion curves were calculated from this measurement with the Madgwick filter and a (3 value

of 0.18 to determine the ¢, and ¢, deviation from 0.

3.3 Study protocols

In the following, the different tools for the Ferraris calibration are introduced. First, the turntable
calibration is described, followed by the common calibration tool for the Ferraris calibration.
Furthermore, the calibration process and the data acquisition protocols for the IMU]|orientation

estimation with the 3-axis gimbal are presented.
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3.3.1 Calibration measurement

The overall aim of this section is to find out whether the 3-axis gimbal is suitable as a calibration
tool for the Ferraris calibration described in Section 2.5.1l The common custom method for
the calibration is carried out with a cube, as described in [[Fer95]]. The required static positions
and rotations for the calibration process can also be achieved by the 3-axis gimbal. For the
calibration tool comparison, the Calibration Sensor’s turntable calibration dataset was selected as
a benchmark. To guarantee comparable calibration results, the recordings were taken with the

Calibration Sensor for all three calibration tools.

Turntable calibration

To perform the turntable calibration, the named sensor was attached to an instrumented ADRS
rotary stage ADRS-150 from Aerotech (Aerotech GmbH, Fiirth, Germany). This rotary stage has
an accuracy down to 29.1 prad [[Aerl8]]. As it is programmable, it can be used to perform the
required Ferraris calibration rotations and also to place the sensor in the desired static positions.
The sensor was placed in the rotation center of the table and the recorded data was used to
calculate the Ferraris calibration matrices. This turntable reference calibration was obtained from

the Portabiles NilsPod turntable calibration database and was created from previous recordings.

Sensor calibration using an 3D-printed cube

The cube used for the Ferraris calibration process was manufactured by a 3D-printer and consisted
of polymer (Figure [3.6). The sensor was mounted centrally in the cube and was not removed
during the entire measurement process. The static states in calibration step 1 were held for at least

3 seconds, in order to detect the static sections in a subsequent data processing step.

Figure 3.6: 3D-printed calibration cube with centrally fixed
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Sensor calibration using the 3-axis gimbal

The calibration process using the 3-axis gimbal followed the calibration procedure of the 3D-
printed cube with the sensor being attached to the inner turning device. However, a longer static
position time of 5 seconds was maintained between the position changes, since pilot measurements
showed that the size, geometric arrangement of the gimbal frames and slight instability of the
ball bearing caused the 3-axis gimbal to oscillate. At the beginning of the measurement, two
3-axis gimbal starting positions were defined. All measurements were started from one of the two
positions. In the zero-position, the turning devices and the ball bearing were in 0° position (Figure
3.7d). In the 90°-position the outer turning device was set to 90°, the inner turning device and the
ball bearing were set to 0° (Figure [3.7b).

(a) Zero-position. Gimbal outer (b) 90°-position. Gimbal outer
turning device on 0° turning device on 90°

Figure 3.7: Gimbal zero- and 90°-position.

Acceleromter calibration

1. Xg-axis calibration
The manual turning device of the outer gimbal frame was initially set to 90° so that the
static positions for the positive and negative X g-axis can be measured. The positive
Xg-axis was measured with an inner turning device position of 0°, the measurement
of the negative X g-axis in a position of 180° (Figure [3.9a and Figure [3.9D).

2. Yg-axis calibration
The Y axis was calibrated in the same outer gimbal frame formation as the X g-axis.
However, the angle settings of the inner turning device must be set to 90° for the
positive Yg-axis and to 270° for the negative Yg-axis (Figure and Figure [3.9d).
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3.

/ g-axis calibration

In case of the Zg-axis calibration, zero-position conformation of the 3-axis gimbal
was required. The two turning devices were reset to 0°. This position was considered
to measure the positive Zg-axis. For the negative Zg-axis measurement, the outer
turning device was set to 180° (Figure and Figure [3.91).

Gyroscope calibration

After the accelerometer calibration process, the gyroscope calibration steps followed. The

sensor was first turned around the Zg-axis, followed by the X g-axis and Yg-axis rotation to

avoid clamp adjustment in between.

1.

Zs-axis calibration
Gyroscope calibration started from zero-position, turning the sensor around its Zg

axis by an inner turning device rotation. The frame was rotated clockwise from 0° to

360° (Figure[3.8¢).

. Xg-axis calibration

For the Xg-axis rotation the 3-axis gimbal was in 90° position. The inner turning
device remains in 0° position. Subsequently, the clamp of the ball bearing was loosened
and the ball bearing was rotated by 360° in sense of rotation clockwise (Figure [3.8a).

. Ys-axis calibration

The Yg-axis rotation is similar to the X g-axis rotation. The outer frame formation

maintained, however, the inner turning device was set to 90°, followed by a 360°
rotation clockwise (Figure [3.8D)).

(a) Rotation clockwise around (b) Rotation clockwise around (c) Rotation clockwise around

the X g-axis

the Yg-axis the Zg-axis

Figure 3.8: 3-axis gimbal arrangement and rotation to calibrate the gyroscope.
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(c) Positive Yg-axis (d) Negative Yg-axis

(e) Positive Zg-axis (f) Negative Zg-axis

Figure 3.9: 3-axis gimbal arrangement for the six static positions to calibrate accelerometer.
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3.3.2 Orientation estimation

The data acquisition for the algorithm evaluation was carried out using two different rotation
methods. All measurements started with the 3-axis gimbal in zero-position while the ball bearing
was fixed in one position with screws. Starting from this position, the sensor was rotated around
the Xg-axis and Yg-axis using the outer turning device.

Both methods aimed to evaluate the static positions of the sensor. In this work, we limited the
evaluation of the algorithms to static positions because an accurate algorithm comparison requires
repeatable measurements, however, a dynamic movement repetition at the same speed cannot be

guaranteed using manual turning devices.

18° steps method

In a first experiment, data were recorded while the static positions were held every in 18° position
until a full 360° rotation was achieved. This measurement was designed to prove whether the
algorithms calculate 18° angles over the different positions. Each 18° angle position was held for
10 seconds, followed by a rotation time of approximately 2 seconds in which the turning device or
ball bearing was rotated to the next 18° angle position. The static position was also held for 10

seconds in 0° and 360° position.

Defined steps method

The second measuring method checked the angle calculation of the filter algorithms for angles
> 18°. The exact angle positions were 18°, 52°, 90°, 180°, 270° and 360°. After each angle the
turning device was turned back to 0° position. The steps with the corresponding angular positions
are shown in Table [3.1] The execution time for static positions was 10 seconds, followed by a
rotation time of approximately 4 seconds.

The first measurement method was used to compare the algorithms results in 18° steps and
a second method to test the algorithms for steps greater than 18°. Each trial was repeated with
Sensors 1 and Sensor 2 for five times. For an appropriate algorithm comparison, the sensors

were rotated around the Xg-axis and Yg-axis one after the other using the 3-axis gimbal. No

Table 3.1: The 12 steps of the defined steps method with the corresponding angles in degrees.

Step |1 2 3 4 5 6 7 8 9 10 11 12
Anglein[°] |18 O 54 0 90 O 180 0O 270 O 360 O
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rotation around the Zg-axis was carried out because this axis was influenced by gravity and
therefore no exact position measurement is possible with the accelerometer. During the entire
measurements it was assumed that the sensors were calibrated correctly. Therefore, throughout
the algorithm evaluation, the sensors for data recording were calibrated with the corresponding

turntable calibration.

3.4 Data processing

In order to compare the data recordings of the calibration and the algorithms, the data must first
be preprocessed. This section starts by describing the necessary steps to obtain the parameters of
the Ferraris calibration described in section [2.5] Subsequently, the procedure for the preparation

of the orientation estimation data recordings is described.

3.4.1 Calibration

The data recordings of the custom calibrations tools (cube and 3-axis gimbal) were preprocessed
to compare them with the benchmark (turntable). The raw calibration measurements were stored
as binary files and processed using a package included in the NilsPodLib. NilsPodLib is a python
package to parse logged NilsPod binary files. This package implements the [MU}infield Ferraris
calibration.

As described before, this calibration method requires data from six static positions and three
rotations around the three main IMU|axes to determine the calibration object, holding the required

calibration parameters (1o, Ry, Ko, Ky, by, by, kg o). This object was saved and loaded from and

to alJavaScript object notation (JSON)|file and used to apply the calibration to new data from the

same Sensor.

To evaluate the calibration tools, we focus on the R, and R, matrices (Eq. 2.18). The Ferraris

calibration was repeated five times for the cube and the 3-axis gimbal. Since the repeatability of the

measurements is decisive for the evaluation of the tools, the |standard deviation (STD)|of the cube

and 3-axis gimbal calibration matrices were calculated. Furthermore, the was calculated
from the angle of the 17, and R, matrix vectors to the corresponding turntable calibration vector.
Therefore, the vectors X, Y, and Z, which describe the sensor coordinate system, were extracted.

Afterwards, the absolute errors derived from the five measurements were averaged.
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3.4.2 Orientation estimation

The sensor fusion algorithms used in this work were implemented in Python. In this study, the
Mahony and Madgwick filter implementations by Kuederle (2013) were used [Kuel3]]. The raw
data were processed and filtered through the use of the presented filters, to evaluate which

filter best estimates the position compared to the angles obtained by the 3-axis gimbal.

The goal of the algorithm data preparation analysis is to obtain one quaternion value for each
angle step. Despite the measurement of static positions, there are slight deviations of the measured
values during a static position due to noise. For this reason, the values are averaged over the static
position to obtain a single quaternion. Afterwards, these quaternions are compared to the corre-
sponding quaternions calculated from the angles of the 3-axis gimbal. The quaternions derived

from the 3-axis gimbal are used as a reference for the evaluation of the proposed algorithms.

The preprocessing of the algorithm data acquisition started with the application of the specific
sensor turntable calibration file to the imported sensor recordings. The quaternions were calculated
separately for each dataset. In addition to the calibrated datasets, the Madgwick and Mahony

filters require specifications about the adjustable parameters.

Calculating the adjustable parameters is not trivial and several studies to optimal values are
available [Alal4, Mad11, Wul6]. In general, the value of § should be high enough to minimize
errors due to integral drift but sufficiently low enough that noise is not introduced by large steps
of gradient descent iterations [Mad10]. The 3 value for the Madgwick filter was set to 0.18 and
the Mahony algorithm parameters were set to /; = 0.02 and Kp = 0.28, according to [Alal4]].

In addition to the input parameters already mentioned, the Mahony and Madgwick filters need
the initial sensor orientation in the global (earth fixed) coordinate system. Therefore, the direction
of the gravitational vector at the beginning of the measurement in the sensor fixed frame was
transformed into the earth fixed 3-axis gimbal coordinate system. The absolute sensor orientation
was described by a quaternion expressing the rotation between the sensor fixed frame and the
3-axis gimbal coordinate system. The starting position of the sensor coordinate system was

calculated from the median of the first 100 samples when the sensor was still in a static position.

After the quaternion computation from the calibrated datasets with the algorithms, the static
sensor position detection followed. For this purpose, the series of the w quaternion values was

extracted (Figure[3.10a)) and convoluted with a derivative filter, calculated by

whereby £k is the discrete time index. It can be assumed that the peaks generated by rotations
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occur at a minimum interval of 10 seconds since the total interval duration is approximately 12
seconds (18° method) and 14 seconds (defined steps method). The peak detection was executed
on the derived w scalar part (Figure[3.10b). Subsequently, the sample values of peak appearances
were used to extract the static areas in the series. The mean value was calculated from the
respective static sections, excluding a certain number of samples from the calculation to ensure
that no measurement errors due to oscillation of the 3-axis gimbal were included in the average
calculation. This sample amount was 500 for the 18° method and 1000 for the defined step method

based on the rotation time of 2 seconds and 4 seconds.

18° method

After extracting the static positions, the rotation quaternion was calculated from one position
quaternion to the next 18° position quaternion. This rotation quaternion was converted into an
Euler angle to determine the deviation of the angle calculated by the algorithms from the expected
18° angle. The was calculated from the angle deviation for each 18° step separately. This
calculation was repeated for the five measurements and averaged to obtain the mean

Defined steps method

The procedure of the defined steps angle error estimation is slightly different from the 18°
method. The expected angles from the 3-axis gimbal were first converted into quaternions and
then compared with the quaternion values of the filter algorithms by calculating the rotation
quaternion between both orientations. Thus, the individual steps were not compared to each
other. Instead, the errors to the expected angles were calculated directly. The Euler angles were
calculated from the rotation quaternions to determine the This calculation was repeated
for 5 measurements and then the mean value of the was calculated.
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Figure 3.10: (a) extracted quaternion w scalar part and (b) derived quaternion w scalar part with
detected peaks from quaternions measured over twenty 18° steps.






Chapter 4

Results

In the following section the 3-axis gimbal construction, calibration and algorithm results are
presented. First, the results of the 3-axis gimbal construction error measurements are shown in
order to take them into account when evaluating the calibration and the filter algorithms. Then
the results of the calibration and the fusion filter comparison follows. The three different filter
algorithms described in Section 2.6 are compared by the error metrics [STD|and RMSE]

4.1 3-axis gimbal construction

In Section [3.2.2] the subsequent 3-axis gimbal measurements with the spirit level were described.
During the horizontal ball bearing measurement, an angle of 0° was measured. The spirit level
indicated an angle of 0° for the rotations of the ball bearing in 0° and in 90° position. The inner
frame measurements show slight deviations from the expected angles up to 0.4° (Table d.I).
When performing the construction measurements with an described in Section the
inner turning device exhibits a mean acceleration of 0.975 g and a of 0.005 g (Figure [4.Tal).
An equal rotation performed by the ball bearing received the same mean value and an of

0.015 g (Figure d.10).

Table 4.1: Measurement results of the internal frame components obtained by the spirit level.

Inner frame position | Component A; Component B; Component 'y

0° 89.8° 89.6° 0.1°
90° 89.7° 89.8° 0.1°
180° 0.1° 0.1° 0.0°

270° 0.2° 0.2° 0.1°
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Figure 4.1: Acceleration measurements from a 3 x 360° rotation around Z g axis. The rotation
was carried out with (a) the inner turning device and (b) the ball bearing. During both rotations
the sensor Zg-axis was influenced by gravity.



4.2. CALIBRATION 47

The maximum deviation of the quaternion ¢, component from 0 is 0.029 and the deviation
of the ¢, component is 0.023. In addition, it can be seen that after a 360° rotation the quaternion

values are approximately the same at the beginning and at the end of the measurement.
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Figure 4.2: Quaternions calculated by the Madgwick filter (8 = 0.18) from a 360° rotation around

the @ Yy axis.

4.2 Calibration

The Ferraris calibration with the different tools was described in Section @ The R, and the Iz,
calibration matrices show close to 0 on the main diagonals and overall the values are
< 2.5 x 1073 (Figure and Figure . For the R, matrix, the gimbal generates the highest
[STD]but none of the two tools constantly achieved lower values. With respect to the R, matrix,

the cube consistently produces higher values than the 3-axis gimbal.
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Figure 4.3: from 5 measurements displayed for the cube and the 3-axis gimbal of (a)
accelerometer orientation matrix R, entries and (b) gyroscope rotation matrix 7, entries.
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Regarding the MAE|of the R, matrix, the cube Z vector generates the smallest error of 0.174°,
whereas the 3-axis gimbal produced an of 0.667°, which also represents the maximum value
generated by the 3-axis gimbal (Table[d.2). The difference between the 3-axis gimbal and cube
vectors concerning the X and Y vectors are < 0.178°. Similar results can be reported for the
R,[MAESE, the X and Y vector differences between the two tools are < 0.150° (Table #.3). The
difference in the between the two calibration tools of the Z vectors is 0.493° for the R,

matrix and 0.423° for the R, matrix. For both matrices, the gimbal Z vector creates the highest

MAEL

Table 4.2: MAE angles between turntable and calibration tool R, matrix vectors.

Calibration tool MAE

X vector [°] Y vector [°] Z vector [°]
Cube 0.309 0.593 0.174
3-axis gimbal 0.346 0.415 0.667

Table 4.3: angles between turntable and calibration tool 12, matrix vectors.

Calibration tool MAE

X vector [°] Y vector [°] Z vector [°]
Cube 0.521 0.556 0.147
3-axis gimbal ~ 0.404 0.422 0.570

4.3 Orientation estimation

The 3-axis gimbal rotation methods described in Section were tested using two different
MMUs, Sensor 1 and Sensor 2. To evaluate the filter algorithms, the[RMSE] values of the Euler
angles were calculated in degrees using the angles received from the 3-axis gimbal as ground truth
values. In the following tables, the maximum values for each axis and sensor are highlighted for a

better distinction.

4.3.1 18° method

The comparison of the algorithms concerning the RMSE| reported the highest values for roll and
pitch angle for the gyroscope integration, with a maximum error angle in pitch of 1.406° obtained

from Sensor 2 (Table d.4). The gyroscope integration calculated a roll error of at least 0.118°
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higher and a pitch angle of at least 0.862° higher than the other two algorithms. The RMSE
mean value of both tested sensors in case of the roll angle was 0.318° for Madgwick filter and the
Mahony filter reaches a mean[RMSE]of 0.329°. The pitch angle averages for the[RMSE]are 0.317°
for the Madgwick filter and 0.270° for the Mahony filter. The difference between the Madgwick
and Mahony filters is within a range of 0.033 — 0.05°. The RMSE] per 18° step are available in
Appendix [C]

The [STD]of the RMSE]shows very low differences between the filter algorithms, the maximum
difference is 0.279°. For Sensor 1 the maximum is 0.318° and for Sensor 2 0.097°, both
maximum values are generated by the gyroscope integration.

Table 4.4: Means of the RMSE] calculated from the difference in the obtained angles to the
expected 18°. Data was recorded with Sensor 1 and Sensor 2 during 18° method.

Sensor Filter algorithm RMSE n ]

roll  pitch

Gyroscope integration 0.790 1.112

1 Madgwick 0.309 0.250
Mahony 0.367 0.209
Gyroscope integration 0.444 1.406

2 Madgwick 0.326 0.384
Mahony 0.293 0.331

Table 4.5: [STD§ from [RMSE calculated from the difference in the obtained angles to the expected
18°. Data was acquired with Sensor 1 and Sensor 2 during 18° steps method.

ISTD|from RMSE in [°]

Sensor Filter algorithm

roll pitch

Gyroscope integration 0.318 0.102

1 Madgwick 0.187 0.109
Mahony 0.134 0.109
Gyroscope integration  0.080 0.376

2 Madgwick 0.183 0.199
Mahony 0.167 0.097

4.3.2 Defined steps method

The results from the defined steps method are displayed for the roll angle (Figure [4.4a)) and pitch
angle (Figure 4.4b). The RMSE]of the gyroscope integration rises with increasing angles, whereby

the errors of the other two algorithms remain at approximately similar values.
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Comparing the presented algorithms, the Mahony and Madgwick filters only show small
differences in the (Table {.4). The Madgwick filter reaches an averaged of 3.465°
and the Mahony filter an averaged of 3.376°. The averages were calculated over the
roll and pitch angles obtained from both sensors. Overall, the highest are reported for
the gyroscope integration. The maximum roll angle is 8.740° and the maximum pitch angle is
28.127°.

Looking at the obtained by Mahony and Madgwick filters, the achieved values are almost
constant (table[4.7)), whereas the gyroscope integration generates which differ strongly from
each other. The maximum [STD]is 13.098°, found in the pitch angle.

Table 4.6: Means from RMSE] calculated from the difference in the obtained angles to the expected
angles. Data was acquired with Sensor 1 and Sensor 2 during defined steps method.

Sensor Filter algorithm IRMSEI 1n.[ I
roll pitch
Gyroscope integration 3.605  12.472
1 Madgwick 3.793 3.825
Mahony 3.771  3.628
Gyroscope integration 8.740 28.127
2 Madgwick 2.566 3.676
Mahony 2.539  3.566

Table 4.7: |STDk from RMSE calculated from the difference in the obtained angles to the expected
angles. Data was acquired with Sensor 1 and Sensor 2 during defined steps method.

STD from RMSE in [°]

Sensor Filter algorithm -
roll pitch
Gyroscope integration  2.219 5.902
1 Madgwick 1.349 0914
Mahony 1.255 0.837
Gyroscope integration 4.585 13.098
2 Madgwick 1.209 0.826

Mahony 1.476 1.008
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Figure 4.4: RMSE values of (a) roll and (b) pitch for Madgwick filter, Mahony filter and gyroscope
integration. Data was recorded with Sensor 2 wile performing the defined steps method.



Chapter 5
Discussion

The purpose of the algorithm analysis was to determine the algorithm performance using different
methods to rotate the with the 3-axis gimbal. The results for the calibration and algorithm
comparison are discussed considering the construction. Furthermore, the calculated error metrics
are compared to results reported in literature, to assess whether the 3-axis gimbal represents an

adequate tool for the algorithm evaluation.

5.1 3-axis gimbal construction

To develop and determine an accurate positioning system is challenging on many levels as it
requires high precision components that can perform highly accurate rotations. The difficulties
in solving this problem increase when determining the orientation with IMUE, since sensor and
device errors add up. Therefore implementing a system of very high accuracy, low cost and high
mobility is very difficult.

In order to ensure good portability, a low weight is essential. At the same time, the construction
must remain stable to avoid measurement inaccuracies. Therefore aluminium was used for the
construction of the 3-axis gimbal because it combines these characteristics.

For the calibration analysis and algorithm evaluation, it was necessary to find out whether
the self-constructed 3-axis gimbal showed certain inaccuracies during rotation and in angular
positions. The measurement with the spirit level reported a maximum error of 0.4° (Table [4.1]),
but the spirit level itself only has an accuracy of £0.5°. Therefore, the accuracy of the spirit
level alone was not sufficient enough to detect construction errors. The additional acceleration
measurements should report constant gravitational values with an optimal construction. However,
the ball bearing mean acceleration was 0.015 g and therefore not constant. This value is
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three times as high as the when performing the same rotation with the inner turning device
(Figure [d.1)). Therefore, it can be assumed that additive noise in the ball bearing measurement was
generated by the unevenness of the balls, as these are not all completely uniformly shaped. Hence,
the measured values lose precision. Since the same quaternion is displayed at the beginning and
end of the 18° steps measurement, it can be assumed that rotation of 360° is achieved by the
turning device. In addition, the turning device received a low and therefore can be assumed

to be particularly suitable for the rotation execution.

Excluding the ball bearing, more accurate measurements are possible. Therefore, improve-
ments to the 3-axis gimbal could be the installation of another turning device instead of the ball
bearing. However, this modification needs a construction design that brings the device to an
adequate distance from the floor to simplify device handling. Another possibility would be the use
of only two turning devices accompanied by the loss of a[DOF and thus a limitation in the
rotation. This is not a problem when a sensor without a magnetometer is used because rotation
with the ball bearing always means a rotation around the axis influenced by gravity and the

accelerometer cannot accurately determine the acceleration along this axis.

The inner turning device only showed slight fluctuations, this could be due to a misalignment
of the inner frame. Performing a rotation around the Y axis, the quaternion ¢, and ¢, components
should both remain 0 in case of perfect inner frame alignment. The inner frame still displayed a
slight misalignment, which can be seen in the ¢, and ¢, deviations (Figure §.2)). Therefore, even
with optimal measurement, small measurement errors occurred. Since the same quaternion
is displayed at the beginning and end of the measurement, it can be assumed that a 360° rotation

is calculated correctly by the algorithm.

The misalignment of the inner frame could either be caused by the outer turning device or
measurement inaccuracies during the assembly of the inner frame. If the turning device is not
installed completely horizontally to the As profile, a deviation from the rotation axis occurs during
rotations. In this case, the inner frame no longer fits optimally in the opposite frame mount, even
if it is installed at the same height as the outer turning device. Therefore, the frame mount can
never be installed at an optimal height, since the optimal height changes with rotation and results
in an inner frame misalignment. The same error occurs if the assembly of the inner frame was not
carried out correctly. More accurate 3-axis gimbal measurements would be possible if a spirit

level with a higher measurement accuracy was used.
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5.2 Calibration

The compensation of systematic calibration errors requires careful correction procedures and fre-
quently repeated calibrations [Fer93]. Therefore, for a correct position and orientation estimation,
it is important to describe the quantities measured by the and to characterize typical sensor
errors, as well as their effect on the orientation signal to reduce or remove the errors and error
sources. Especially for medical applications, which presuppose high accuracy, accurate values of
the sensor parameters are necessary.

The overall results of the calibration matrix comparison show very low especially for
the matrix main diagonal elements. The low of the main diagonal values is due to a constant
error that is distributed to the off-diagonal values. Especially the 3-axis gimbal generates very low
R, values. This means it generates very reproducible values for the gyroscope calibration.
This can be due to the turning devices of the 3-axis gimbal. Since these are standardized, very
reproducible rotations around each axis can be generated, leading to low between the R,
matrix values. These results coincide with the low during the acceleration measurement. No
statement regarding a better calibration tool can be made from the R, matrix values.

With regard to the angles of the calibration tool vectors to the reference calibration, the
X and Y vectors generate errors that hardly differ. Only the Z vectors show a difference > 0.4°
(Table 4.3). This suggests that the gimbal’s Z axis vector is not completely orthogonal to the
ground or the device has a construction error, resulting in a discrepancy between the sensor Z
axis vector and the turntable Z axis vector.

Overall it can be said that both calibration tools lead to very low [STDk and MAEs for R, and
R, calibration matrices. The angles are in a low range of 0.147 — 0.667°. Therefore, the

cube and the 3-axis gimbal produce very reproducible results and results that are close to the

reference calibration. Hence, the cube and the 3-axis gimbal represent adequate tools to perform
the Ferraris calibration.

5.3 Algorithms

For the evaluation of the algorithms, the rotation methods described in were applied. For the
algorithm evaluation using the RMSE] only the roll and pitch angles were considered. This is due
to the missing magnetometer information, which is needed to record the absolute rotation of the
sensor around the gravitational axis. The std provides information on the reproducibility of the
evaluated angles. Since a low means that most measurements are close to the average, we

can derive the reproducibility of the algorithm orientation estimation.
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5.3.1 18° method

In our test, the maximum difference between Madgwick and Mahony filters can be
observed in the roll angle of Sensor 1, with a difference of 0.058°. Overall, the Madgwick and
Mabhony filters achieved a smaller 0.4°, which is similar to the results of other studies.
Madgwick et al. achieved a less than 0.6° in static states for the Madgwick algorithm
[Mad11]. The authors of [[Cav14] reported values in static positions under 0.05° for the
pitch angle calculated by the Madgwick and Mahony filters. The roll was in a range of
0.02 — 0.03°. A[IMU]at a sampling frequency of 500 Hz was used for the data recordings, while
the sensor was rotated by a robotic arm. These values are below the values calculated during this
study. However, in this case, a equipped with a magnetometer was used, which usually leads
to more accurate values in angle calculation and therefore lower values. Alam et al. also
reported the same performance for the presented algorithms, with roll and pitch angle errors of
0.54° for both algorithms [Alal4].

5.3.2 Defined steps method

By applying the defined steps method, it is possible to determine the behavior over the
various angular distances. It is noticeable that errors add up over larger rotation angles especially
when applying gyroscope integration (Figure [4.4). This was to be expected because the gyroscope
data is reliable only in the short term, as it starts to drift in the long term [Joul7], which can
be seen for the roll (Figure and pitch angle (Figure #.4b). The of the Madgwick
and Mahony filters, on the other hand, remain stable over the different rotation angles, since the
error caused by the gyroscope integration is corrected by the accelerometer measurements. The
maximum RMSE] values of the complementary filters occur in the rotation back to 0° after a 270°
rotation. At 270° the load on the 3-axis gimbal originating from the inner frame is greatest and
thus pulls the device to the side. Due to this slight tilting, the actual angle is no longer at the

assumed 270° and thus the calculated error increases.

Summing up the results for the presented methods, it can be seen that the defined steps method
leads to worse results than the 18° method. This might be because a 360° rotation with the
gimbal requires more time than a small angle rotation. Moreover, a major rotation produces more

oscillation of the 3-axis gimbal.
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5.3.3 Summary

Overall, the differences between the Madgwick and Mahony filters RMSE] are within a very small
range and a similar behavior for the two filters can be observed. This is also the conclusion
reached by Ludwig et al., reporting the two filters to achieve relatively similar results [Lud18al.
The gyroscope integration generates the worst results regarding both presented methods and
therefore represents the worst algorithm for orientation estimation.

Based on the results obtained from the calculation, it can be assumed that in particular,
the complementary filters produce consistently reproducible angles. The most uncertain results in

terms of reproducibility are generated by the gyroscope integration.






Chapter 6
Conclusion and outlook

The purpose of this thesis was to determine if it is possible to evaluate sensor fusion algorithms
using a 3-axis gimbal. The device was designed to perform angle rotations around three axes and
therefore offers three [DOF It provides 360° full range of motion with fixed angle steps in 18° and
allows a direct comparison between the 3-axis gimbal angles to the estimates achieved by sensor
fusion algorithms. Our study is methodologically distinct from previous work quantifying
errors using gold standard ranked references like optical systems or robotic arms. To answer the
question of whether the device represents its own proof of concept, the of the algorithms
were calculated using two different 3-axis gimbal rotation methods and compared to the errors
of previous studies. Overall we achieved values for roll and pitch in small angles (18°
steps) < 0.4° and larger angles (range 0 — 360°) < 3.9°. The Madgwick and Mahony filters
differ in a range of 0.033 — 0.058° when performing small step measurement and in a range of
0.022 — 0.197° for larger angles. Therefore one can assume that the Mahony and Madgwick filters
perform equally, which is also reported in other studies [Alal4} Cav14,|Lud18a, Micl3].

In summary, the performed algorithm evaluation is in agreement with the results reported in
literature and therefore the 3-axis gimbal represents a suitable tool for the algorithm evaluation.
However, the development of a very accurate positioning system is a challenging task which
comes with many complications. Due to construction errors, a custom-made tool cannot compete
with the reproducibility of angles and error-free measurement of gold standard systems such as
optical motion capture systems or robotic arms. The errors can be minimized but not avoided.
Therefore, the 3-axis gimbal should not be considered as a true reference and cannot replace
gold standard measurement systems. Nevertheless, the presented tool can easily and fast mimic
different rotations and can be used to compare algorithm performances fast against each other

when a precise true reference is not necessary. Since orientation estimation is a very complex
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topic, the 3-axis gimbal can be used to perform rotations and thus facilitate the understanding
of this problem. Furthermore, many algorithms represent rotations in quaternions, describing
rotations in an unintuitive way, the 3-axis gimbal is a suitable tool to explain algorithm results and
thus make them more understandable. Besides, this setup is particularly suitable for explanatory
approaches and demo purposes.

One limitation of this study is the measurement of the 3-axis gimbal with relative inaccurate
devices. Neither the spirit level nor are high-precision measuring instruments. For a more
accurate evaluation of the 3-axis gimbal angles and orientation algorithms, a measurement with
more precise systems would be necessary. Another limitation was the restriction to experiments
in the lab, further work could aim at the evaluating algorithms in different locations and under
different conditions (e.g. thermic fluctuations). Besides this limitation, this study was based
on manually-controlled turning device rotation, leading to unreproducible dynamic conditions.
Another interesting improvement that may be done to achieve a more complete analysis and
evaluation of the filters is to modify the 3-axis gimbal with electric motors to expand the analysis
from static parts to dynamic parts. This allows the movement and understanding of algorithm
performance concerning to the speed and acceleration in motion. Furthermore, this allows a direct
and more accurately angle verification without needing a reference to other devices, like a spirit
level or a protractor.

More precise research on the adaptive gains should be another task for the future, as they
need to be analyzed under several conditions to achieve optimal filter gain values and therefore
better results in the Besides, the complementary filters a further algorithm evaluation
improvement may be achieved by the application of a Kalman-Filter. Taking these options into
consideration, the presented 3-axis gimbal describes an interesting application that may need

some further development of construction to serve various possibilities for algorithm evaluation.



Glossary

DOF degree of freedom.

IMU inertial measurement unit.

JSON JavaScript object notation.

MAE mean absolute error.

MARG magnetic, angular rate, and gravity.
MEMS micro-electromechanical systems.
MIMU magnetic and inertial measurement unit.
RMS root mean square.

RMSE root mean square error.

STD standard deviation.
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A.1 US4213343A

Title

Publication Number
Publication Date
Inventor(s)

Current Assignee

Abstract

Kinematic inertial sensor

US4213343A

1980-07-22

Jay Hoffman

Kearfott Guidance and Navigation Corp

A kinematic inertial sensor is provided for measuring angular velocity
and position relative to inertial space about one or more measurement
axes. The kinematic inertial sensor includes an angular rate sensor
having a ring of conducting fluid contained in a housing, a set of
gimbals for supporting the angular rate sensor, signal generating means,
torque applying means, angle measuring means, resolver means,

component processing means, and signal applying means.
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A.2 US4270387A

Title Drift compensated gyroscope

Publication Number US4270387A

Publication Date 1981-06-02

Inventor(s) Jay Hoffman

Current Assignee Kearfott Guidance and Navigation Corp

Abstract A gyroscope which has a spinning fluid filled annulus as an inertial

angle rate sensor is compensated for inertial drift by resolving an
output signal from the sensor into acceleration proportional
components related to the gimbal axes and the component related to the
inner axis is applied to the outer axis, and the component related to the

outer axis is applied to the inner axis to cancel out the effects of drift.
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A.3 US3941001A

Title

Publication Number
Publication Date
Inventor(s)

Current Assignee

Abstract

Gimbal control mechanism
US3941001A

1976-03-02

Lear Siegler Inc

Kearfott Guidance and Navigation Corp

A control mechanism to dampen gimbal tumbling and to orient the
axes of rotation of the rotor and the gimbals of a gyroscope when in an
inoperative state. The control mechanism serves as an overriding stop
to gimbal lock, dampens the gimbal rotation leading to tumbling and
restores the gimbals to a given orientation upon the cessation of gimbal
rotation. The overriding stop and dampening force in one embodiment
are the plurality of cams and cam followers rotatably mounted and
operatively connecting the inner and outer gimbals with the gyroscope
frame, and in another embodiment a cam and cam follower
arrangement rotatably mounted and operatively connecting the inner
and outer gimbal in combination with a bearing surface operatively

connecting the inner and outer gimbal with the gyroscope frame.



Appendix B

Gimbal construction



68

APPENDIX B. GIMBAL CONSTRUCTION

Figure B.1: Gimbal construction with dimensions.
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Figure C.1: RMSE values of (a) roll and (b) pitch for Madgwick filter, Mahony filter and gyroscope
integration. Data was recorded with Sensor 1 wile performing the 18° method.
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