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Abstract

Higher-grade Inertial Measurement Units (IMUs) provide a better estimation of the orienta~
tion but are more expensive than lower-grade IMUs. The increase in availability and afford-
ability of lower-grade IMUs over the last few years has provided an alternate solution: combine
multiple lower-grade IMUs to increase sensor accuracy at low cost. Existing literature has
already shown the advantages of multiple IMUs. One advantage is a better estimation of
linear and rotational motion. Another advantage is Fault Detection and Isolation (FDI) from
component redundancy. However, existing literature is confined to a set of configurations that
are impractical (platonic solids) or small (arrays). In this thesis, we focus on combining FDI
with estimation of linear and rotational motion and further improve FDI by changing the IMU
configuration from an array to scattered placement of IMUs. First, we show in a Monte Carlo
simulation that because of the array configuration, the angular velocity and angular acceler-
ation covariance decrease proportionally with the number of accelerometers used rather than
quadratically, which is theoretically possible. We also reveal that for human motion capture,
the angular velocity and the specific covariance cannot practically compete with a higher-
grade IMU. Second, we propose a novel FDI method, based on the parity space method, to
reject disturbances which can be applied to bigger configurations and high rotational motion.
As a proof of concept for real-life implementation, we tested FDI on a simulated human arm
with three configurations. The first with lower-grade IMUs placed evenly around the arm.
The second and third are placed in the middle of the arm where the second is a lower-grade
array and the third is a single higher-grade IMU. A disturbance was applied, which resulted
in a 4°, 21° and 13° maximum yaw angle error respectively, illustrating the superior distur-
bance rejection capability of the larger configuration. In conclusion, we show that combining
multiple IMUs improves accuracy and when used in a larger configuration, may be beneficial
over a higher-grade IMU. The practical limitations are discussed in this thesis.
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Chapter 1

Introduction

In Section 1-1 of this chapter the motivation of the research is shown, as well as the main
goal that guides this thesis. Afterwards, in Sections 1-2 and 1-3 the existing work regarding
multiple IMU fusion and Fault Detection and Isolation are discussed. This is followed by
Section 1-4 the research questions of this thesis are introduced. The contributions of this
thesis is shown thereafter in Section 1-5. This chapter ends on introducing the outline of the
thesis in Section 1-6.

1-1 Background Research Motivation

Inertial Measurement Units (IMUs) are electronic devices used for measuring the movement
of an object or person, also known as motion capture [6]. Over the last decades, Micro-
Electromechanical System (MEMS) technology has revolutionized the IMU industry [25],
making them ubiquitous [29]. MEMS IMUs (see Figure 1-1 for an example) are lightweight,
cheap and small-sized [19], which has made them preferable over the most common alterna-
tive method of motion capture, optical motion capture [44], which is limited in practicality
and affordability [39]. These developments have increased use of MEMS IMUs in motion
capture for varying fields [6, 25]. Some examples are bio-mechanics, video games, sports and
navigation.

A MEMS IMU consists of two different tri-axial sensors. One sensor is the gyroscope, which
measures the angular velocity. The gyroscope measurement is integrated to find the orien-
tation. When the gyroscope measurement is corrupted by a bias, the error will accumulate,
also known as drift from the true orientation [25]. The other sensor is the accelerometer,
which measures the gravity vector and the linear acceleration, also known as the specific
force. The accelerometer reveals information on the direction of the gravity vector, which
gives information on the roll (around the x-axis) and pitch (around the y-axis) angle. This
information can be used to compensate for the drift around the roll and pitch angle. How-
ever, the accelerometer provides no information on the rotation of the gravity vector, leaving
the yaw (around the z-axis) angle uncompensated for. Frequently, a magnetometer is added

Master of Science Thesis T. |. Edridge



2 Introduction

Figure 1-1: Xsens [1] MTw Awinda wearable MEMS IMU containing a gyroscope and an ac-
celerometer. Arm for scale.

to compensate for the drift around the yaw angle. However, magnetometers are prone to
disturbances in indoor environments due to ferromagnetic materials [39]. This makes the use
of magnetometers unfavourable.

MEMS IMUs! come in different grades?, where the higher-grade IMUs have higher mea-
surement accuracy and provide more stable readings [32]. The drift is generally worse for
lower-grade IMUs as higher-grade IMUs rely on higher angular velocity accuracy and better
bias stability [1]. Bias stability, how much the bias changes over time, is one of the main
sources of error [52] of drift. The higher bias stability results in precise calibration in a fac-
tory being more effective for higher-grade IMUs than lower-grade IMUs [31]. As a result,
calibration for cheaper IMUs is usually left out. However, despite the higher accuracy of
higher-grade MEMS IMUs, their high costs limit their use in many applications.

Over the last years, the prices of IMUs have decreased and the availability has increased
[38]. This has provided a potential solution to improve the orientation estimate of lower-
grade IMUs: combine multiple lower-grade IMUs to increase motion accuracy at low cost.
Combining multiple sensors together, also known as Sensor Fusion, forms a synthetic IMU
which shows high performance to price ratio [8]>. The general idea of a synthetic IMU is
to mimic higher-grade IMU in terms of accuracy, but there is more to be gained than just
fusing multiple sensors [29]. Two important additional benefits of using multiple IMUs are:
direct estimation of the angular acceleration and Fault Detection and Isolation (FDI) based
on component redundancy. FDI based on component redundancy allows for validating IMU
measurements against each other. This gives the overall goal of this thesis:

How can multiple IMUs be used to improve orientation estimation?

Before more detailed research questions can be formulated, we first will look into existing
work on multiple IMUs. The fusion of multiple IMUs is discussed first followed by FDI in
Sections 1-2 and 1-3 respectively.

'Henceforth, the term MEMS shall be dropped. All IMUs referred to in this thesis are MEMS IMUs

2In this thesis the term lower-grade is used for the IMUs on the MIMU4844 array from Inertial Elements
[23] The term higher-grade is used to refer to the MTi 300 from Xsens [1]

3The MIMU4844 array containing 32 IMUs is priced around €500 where the MTi 300 is priced around
€3000

T. |. Edridge Master of Science Thesis



1-2 Existing Work on Fusion of Multiple IMUs 3

1-2 Existing Work on Fusion of Multiple IMUs

The theory of using multiple IMUs is not new. Publications began appearing around the 1960s
and has found renewed interest in the last two decades due to the new MEMS technology (see
[29] for a detailed literature review on IMU arrays). The main focus of using multiple IMUs
for orientation estimation is the increased accuracy and reliability in estimating linear and
rotational motion [29]. As previously mentioned, the gyroscopes measure the angular velocity
and the accelerometers measure the specific force. By averaging out these measurements, more
accurate estimates of the angular velocity and specific force can be attained. While averaging
is computationally efficient, more accurate estimates are attainable [40]. This is because
accelerometers are also affected by rotational motion. Both the angular velocity and the
angular acceleration are measured by the accelerometer. The angular velocity and the angular
acceleration induce a Centrifugal and Euler force respectively. The forces measured by the
accelerometer are shown in Figure 1-2. By recognizing the rotational forces the accelerometers
can provide information on the angular velocity, allowing more accurate angular velocity
estimates. Additionally, the angular acceleration can now be estimated directly as well.
Because the rotational motion is now separated from the accelerometer measurements, a
better estimate on the specific force is attainable, as in previous assumptions, the rotational
motion could be considered a source of error.

Euler for\(NZZ)x

(bxp origin of accelerometer

specific\force  § -
2N
s
aa

origin of body

Centrifugal force
w X (w Xp)

Figure 1-2: Rigid body experiencing linear (red) and rotational (blue) motion, resulting in a
specific force s, Centrifugal force w x (w x p) and Euler force w x p. The angular velocity is
denoted by p, angular acceleration is denoted by w and relative position of the accelerometer by

p.

Research on fusing multiple IMUs is mostly limited to an array configuration, an example
of an IMU array can be seen in Figure 1-3. The relative locations of the accelerometers on
the IMU array are small (= 5mm). The advantage of an IMU array is that the IMU array
is practical in use and the locations are fixed with respect to each other. The downside,
however, is that the relative locations of the accelerometers are in fact small. As shown in
[40], the accelerometer provides more information on the angular velocity and the angular
acceleration when the distance between sensors increases. More specifically, the covariance of
the angular velocity and the angular acceleration decreases proportionally with the distance
between accelerometers squared.

Master of Science Thesis T. |. Edridge



4 Introduction

Figure 1-3: MIMU4844 IMU array from Inertial Elements [2] containing 32 accelerometers, 32
gyroscopes and 32 magnetometers. Recreated form [40] Match for scale.

Arrays can be divided into two types: IMU arrays (including gyroscopes and acclerome-
ters) and accelerometer-only arrays. Accelerometer-only arrays are generally used in high
dynamic environments [29], as it can be shown that accelerometers provide high accuracy
at higher dynamics [40], for example in crash tests for vehicles [29]. The downside of using
accelerometer-only arrays is that the angular velocity can be estimated up to a sign ambi-
guity® due to the non-linearities. A lot of different methods have been introduced to resolve
the sign ambiguity, see [7] for an overview. IMU arrays are more suitable for lower dynamic
environments [29] such as human motion capture [25]. This is because the gyroscopes provide
a good estimation on the angular velocity.

A Maximum Likelihood (ML) approach for IMU arrays to estimate the linear and rotational
motion the specific force, angular velocity and angular acceleration of a rigid body was pre-
sented in [40]. As an extension on this work, [51] showed improvements that can be made using
the angular acceleration as a motion model. Resulting in a Maximum A Posteriori (MAP)
estimate of the angular velocity. This resulted in higher accuracy of the angular velocity and
allows for the extension towards accelerometer-only arrays. The theory presented in [40] was
also extended in [39], where the authors used a two-step attitude integration architecture
[39] by [36] which allows for computationally cheaper estimations. An IMU array of 8 IMUs
was compared to a single IMU and the peak estimation error was reduced by a factor of 2.5.
What remains to be investigated is how well multiple lower-grade IMUs compare against a
higher-grade IMUs.

1-3 Existing Work on Fault Detection and Isolation

FDI has been a research topic since the early days of Inertial Navigation [9]. The term Iner-
tial Navigation is estimating the position, velocity and orientation of an object using IMUs.
The focus was on building fail-safe systems, where fail-safe denotes the ability to identify

4The magnitude can be estimated but not the sign.
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1-3 Existing Work on Fault Detection and Isolation 5

and isolate faulty sensors [9]. Recently, with the rise of cheaper MEMS IMUs, interest in
FDI application for IMU has increased. Commonly, the application of FDI is combined with
additional measurements such as GPS. GPS, however, has poor performance in indoor and
urban environments [13], this makes the use of GPS for indoor applications undesirable.

The majority of the research on FDI focuses on the parity space. The parity space is a method
used for FDI based on either analytical or component redundancy. Analytical redundancy
refers to the ability to link past states with current states using a mathematical model. This
type of redundancy is applied when using a single IMU. Component redundancy refers to
having multiple IMUs, where the measurements can be tested against one another to check
for faults. Besides this difference, the method and the application of the parity space method
are the same.

Research has been done on optimal configurations using IMUs, see for example [18, 35, 42,
49, 43, 19, 16]. The results show that two types of configurations are optimal in detecting
faults: the platonic solids and the half cones which are shown in Figure 1-4. The problem with
such configurations, however, is twofold. The first problem is that the costs of such a special
configuration outweigh the costs of adding more sensors [15], which would have the same
results. The second problem is that placing sensors in such a way is usually impractical. For
example, placing sensors on a human body part would not result in the optimal configuration.

Previous work on the parity space using component redundancy, see e.g. [9, 50, 49], assumes
that the accelerometer only measures the specific force. This assumption may hold for low
angular motion and closely placed accelerometers. For conditions where the angular motion is
high and accelerometers are placed further away, this will result in unmodeled errors [3]. The
angular acceleration can be found by taking the angular velocity time derivative, however,
this is considered to be unreliable as this induces large errors on the angular acceleration
estimate. In some accounts these states were added, e.g. [3, 15], however, their works do not
make use of the parity space method.
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Tetrahedron Cube

A ) <
==

Figure 1-4: All 5 platonic solids and a half angle cone.

Master of Science Thesis T. |. Edridge



6 Introduction

1-4 Research Questions

Restating the overall goal of this thesis:
How can multiple IMUs be used to improve orientation estimation?

With the knowledge based on previous work we can now ask more specific questions:

How can the accuracy of multiple lower-grade IMUs compare against a higher-grade
IMU? It was shown in [40] that multiple IMUs can be fused into a single synthetic IMU.
This synthetic IMU has increased accuracy at higher angular velocities. It was also shown
that with more distance between accelerometers, the angular velocity accuracy increases.
Additionally, a direct estimation of the angular acceleration becomes attainable. The angular
acceleration was used in [51] as a motion model so that the accuracy can be even further
increased. The novelty in this thesis is the comparison of not only the array configuration
against a higher-grade IMU, but also comparing a larger configuration, the size of human arm
against a higher-grade IMU.

Can the parity space method be used for larger configurations? Previous accounts on
the parity space method assume that the accelerometer measures the specific force and no
angular motion. This can give good results at low angular motion and short distances be-
tween the accelerometers. However, if the angular velocity gets higher or the distance between
accelerometers increases, the angular motion will create larger differences between the mea-
surements. This may cause the parity space method to wrongfully identify faulty sensors. The
authors of [51] and [40] have shown an estimator such that the angular motion and relative
distances between accelerometers may be taken into account. The extension of this estimator
on the parity space is novel and will be validated using a Monte Carlo simulation.

How can the component redundancy of IMUs be used to reject disturbances? By making
use of multiple IMUs, the amount of information available becomes redundant at every time
step. The IMUs can be compared to each other to determine if IMUs are corrupted by faults. If
a sensor is faulty, it can be isolated until the fault has disappeared. Previous work has focused
on specific configurations, however, other configurations might provide useful information. If
for example, IMUs were scattered along the length of a human arm and a disturbance is
applied that dissipates along the length of this arm, can a scattered configuration reject the
disturbance when an IMU array cannot?

1-5 Contributions of this Thesis

This thesis aims to analyze how multiple IMUs can be used to obtain better estimates of
the orientation. The contribution of this thesis is threefold. Firstly, based on the works in
[40] the covariance analysis is extended towards a real IMU array such that more realistic
covariance estimates are shown. Secondly, by making use of several motion priors, different
multiple lower-grade IMU configurations are compared to each other and a higher-grade IMU.
Thirdly, the parity space method as an extension on the work in [51] and [40].
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1-6 Qutline of this Thesis

In Chapter 2, it is shown how an orientation estimate can be found using a single IMU.
Afterwards, in Chapter 3, it is shown how measurements can be fused into a synthetic IMU.
It becomes apparent how much information can be obtained and how it can be combined
with Chapter 2 to obtain an orientation estimate. Subsequently, in Chapter 4 results are
shown on how much information can be obtained and different setups are compared against
a high-grade IMU. In Chapter 5, it is discussed how component redundancy can be used to
detect and isolate faulty sensors. It is also shown how this can be integrated with the theory
presented in Chapters 2 and 3. It is also shown how FDI can be combined with the orientation
estimate found in 3. The novel parity space method is simulated and validated in Chapter
6. Finally, in Chapter 7, the results are discussed, further recommendations are given and
conclusions are drawn.
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Chapter 2

Single IMU Orientation Estimation

This chapter introduces the fundamental basics for orientation estimation using accelerome-
ters and gyroscopes. In this chapter, a Single IMU is used to find the orientation estimation.
It will be shown later in Chapter 3 how a Synthetic IMU can be fused from Multiple IMUs.
The Synthetic IMU can take the place of the single IMU to find the orientation estimation.
Section 2-1 introduces the coordinate frames necessary to express the orientation. Afterwards,
in Section 2-2, different motion models are introduced. Thereafter, in Section 2-3 filtering is
introduced, where the measurements used to estimate the orientation. In Section 2-4 calibra-
tion is introduced for the gyroscope and accelerometer. Finally, in Section 2-5, the previous
sections are brought together into an orientation estimation scheme.

2-1 Describing Orientation

The orientation and position of a body in a 3-D space can be represented in different ways.
However, in order for these results to have any meaning, coordinate frames can be introduced
to describe the relative change from an initial position. The coordinate frames are shown first
after which the relevant orientation parameterizations are discussed.

2-1-1 Coordinate Frames

The orientation estimates of