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Summary

After decades of incremental change in the automotive industry, we now face an

era of disruption as environmental concerns and social change propel the intro-

duction of electric vehicles and vehicle automation. Besides the clear benefit of

zero-emission transport for society, there is a strong commercial incentive for au-

tomated driving, as it will lead to more efficient and safer mobility. A vast amount

of research and development is therefore dedicated to its realization.

As human drivers are progressively taken out of the loop, intelligent vehicles im-

pose increasing demands on the highly complex control loop, from measurement

and perception to vehicle control. Of particular interest are limit and critical

conditions, as optimal performance in these situations is paramount to maximize

safety. Therefore, accurate real-time knowledge of the wheel forces is essential,

since it represents the tire-road interaction of the individual wheels, determin-

ing vehicle behaviour and its handling limits. However, no commercially feasible

method is available for the measurement of these important vehicle states.

Current vehicle control systems circumvent this measurement issue by focusing on

downstream effects, such as wheel slip and body accelerations. Due to the focus

on secondary effects these systems are overly complex and lead to sub-optimal

performance. For optimal vehicle control of future intelligent vehicles, therefore,

the development of wheel force measurement is considered invaluable. By pro-

viding direct access to the most important control variables for dynamics control,

such measurement allows for less complex control algorithms with improved per-

formance and robustness, and hence will lead to safer mobility.

Although various approaches for the reconstruction of wheel forces have been de-

veloped, no cost effective method is yet available. This can be explained by the fact

that load measurement approaches generally require mechanical load decoupling

to avoid crosstalk, something that is difficult to achieve on a wheel-end suspension

setup that is already complex on itself. In this thesis, a novel method for wheel

force reconstruction is proposed via load measurement at bearing level.
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The concept of bearing load measurement dates back to the early ’70s and has been

investigated by all major bearing manufacturers ever since. This has led to various

measurement approaches based on relative ring displacement and outer-ring de-

formation. Despite all efforts, currently still no accurate nor robust approach for

multi-dimensional load reconstruction is available. The state-of-the-art provides

unsatisfying results due to the complexity of bearing behaviour and the inability

of the currently applied data-driven methods to leverage unique bearing charac-

teristics.

In this thesis a novel approach to bearing load reconstruction is proposed based on

outer-ring deformation measurement and real-time simulation of bearing physics.

The novel approach includes an explicit description of important physical effects

as the rearrangement of rolling elements and the one-dimensional nature of their

load transfer. As such it captures the bearing behaviour and allows to make use

of its unique characteristics. The proposed approach is based on Kalman filter-

ing and includes two independent physical models: a bearing strain model and a

bearing load model.

The bearing strain model defines the outer-ring surface strain variation as a func-

tion of the local rolling element loading and location. The proposed model pro-

vides a simple though effective continuous and parameterized description of this

behaviour. The model is implemented in an Extended Kalman Filter as a means

of signal conditioning to estimate local rolling element forces from the measured

outer-ring strain. By considering the change of strain due to the reallocation of

rolling elements over time, a differential measurement is performed that results in

invariance to thermal effects.

The proposed bearing load model is an extension of traditional rigid bearing

modelling by a semi-analytical description of outer-ring flexibility. The latter

is achieved by static deformation shapes and a Fourier series-based compliance

approximation. The proposed model thereby provides a computationally effective

but highly accurate description of rolling element forces for common bearing de-

signs, in which significant raceway deformation occurs. Included in an Unscented

Kalman Filter, the model provides the relationship between the estimated rolling

element forces and the bearing loading and as such serves as a load reconstruction

method. By explicit description of the individual one-dimensional element forces

the approach considers the internal load decoupling effect and thereby limits cross-

coupling on the estimated loads.

The wheel load reconstruction algorithm has been validated in both laboratory

and field conditions on a production vehicle wheel-end bearing instrumented with
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strain gauges. The study in laboratory conditions was performed on a bearing test

setup at our industrial partner whereas the field validation has been performed

on a dedicated test vehicle prepared as part of this thesis. Besides the proposed

approach, a state-of-the-art algorithm and a variant including the model based

signal conditioning method are evaluated to properly assess the results.

The experimental results show that the proposed approach leads to a consider-

able improvement in accuracy, reproducibility and robustness in comparison to

the state-of-the-art data-driven approach. The proposed strain model-based con-

ditioning approach leads to higher reproducibility and improved accuracy of up

to 5 percent full scale due to its invariance to thermal effects and ability to dis-

criminate in- and outboard rolling element forces. Additionally, the model-based

load reconstruction method further improves accuracy by leveraging the internal

bearing load decoupling behaviour to avoid crosstalk. This results in an improve-

ment of over 5 percent full scale for combined loading conditions. Additionally, the

approach is more robust, as important relationships are captured by modelling.

The latter is well observed for loading conditions outside the calibration domain

as an accuracy improvement of 6.8 to 18.4 percent full scale is achieved for the

various reconstructed loads. The application of modelling furthermore leads to

a significant reduction of parameters subject to calibration and provides physical

meaning to these parameters.

Finally, an application study on anti-lock braking was performed to investigate

both the load reconstruction performance in dynamic loading conditions and the

advantages of load information for vehicle dynamics control. The study shows that

sufficient signal bandwidth is provided and confirms the value of direct wheel force

measurement for anti-lock braking control. In particular, as traditional difficulties

like velocity estimation and slip threshold determination are circumvented whilst

the effects of road friction fluctuations and brake efficiency are minimized.

By providing an accurate, robust and scalable solution for the processing of bear-

ing outer-ring strain to the bearing loading, this thesis sets an important step

towards a commercially viable solution for wheel-end load measurement. In addi-

tion, it is shown how this new information could push the boundaries of vehicle

dynamics control. Next is the development of a suitable hardware setup to ap-

ply these results in a commercial solution, a topic currently pursued by the author.
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Chapter 1

Introduction

Rolling bearings are used in a wide variety of products and machinery for the

rotational motion of shafts. They constrain components to the desired motion

only and reduce friction between the moving parts. The low frictional interface

is achieved by the use of rolling elements constrained between two raceways that

provide limited rolling resistance and minimal sliding. Bearings find vast applica-

tion in many domains, ranging from simple devices to highly complex mechanisms.

As they often perform an essential role, much effort is put in research related to

bearing technology.

In this thesis the topic of bearing load measurement is investigated in the con-

text of vehicle state estimation and dynamics control. Although currently still a

niche topic, bearing load measurement has much potential in the field of condition

monitoring, offers promising possibilities for real-time system analysis and control

and could support automated driving features.
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Chapter 1 Introduction

1.1 Research motivation

Serving as the interface between static and rotating components, bearings are

located at key locations and fulfil an essential role [33] in many systems. Bearing

breakdowns often lead to product or system failure and, therefore, quality and

reliability improvement is of great interest to both bearing manufactures and their

customers. This is reflected by the extensive amount of research and development

on topics such as condition monitoring [17, 24, 52, 90], lubrication, materials and

mechanical design [68, 85].

In this thesis the topic of bearing load measurement is investigated from both a

system and bearing level perspective as a valuable advancement in technology is

foreseen in both areas. First of all, the measurement of bearing loads is valuable

for system analysis and control, as bearings are often located at important system

interfaces, as indicated in Figure 1.1. Additionally, load measurement could be

used for self-diagnosis to complement the field of condition monitoring. As such,

bearing load measurement would provide a valuable asset for future intelligent

vehicles.

Figure 1.1: Bearing load measurement can be applied to determine wheel-end loading and
therefore would form a valuable addition to vehicle dynamics control and safety functions

1.1.1 System analysis and control

Bearings provide the main support for system rotation and movement and as a

result they are often located at the structure’s main load path. Knowledge of

the loads they transfer is therefore a valuable measure for system analysis, state

estimation and/or control. Although a wide range of applications for various sorts

of machinery could be considered, in this thesis special interest is given to load

measurement on wheel-end bearings. This is of particular interest, as various

application studies have shown promising results for wheel-end load estimation in

the field of vehicle dynamics control and active safety systems. The numerous

application examples of load-based dynamics control range from state estimation

2



1.1 Research motivation

[53, 57, 64, 84, 92] and anti-lock braking control [42, 75, 76, 89] to full chassis

control [27, 29, 38, 83].

The usage of wheel loads in dynamic control and safety features is of interest,

since force and moment information is more valuable than the currently available

kinematic measurands. Force measurement provides a direct measure of the con-

trol variables and therefore allows for the design of less complex algorithms with

enhanced performance, whilst robustness to changing conditions is maintained

[42]. Forces can be measured at individual wheels, providing unique and valuable

information on dynamic behaviour and tire slip states, that is of interest for vehicle

safety functions, automated driving and overall redundancy in intelligent vehicles.

The lack of application of force information in automotive systems is related to

the fact that no accurate, robust and cost- effective measurement approach has

yet been developed.

PSfrag replacements

Contact patch

Tire

Rim

Knuckle

Bearing

Suspension

Chassis

Figure 1.2: The various components that have been investigated for the reconstruction
of wheel forces

In both academic research and industry, various approaches have been developed

with the aim of estimating or measuring wheel forces. As indicated by Figure 1.2,

many of the components located between the contact patch and chassis have been

subject to study. This includes approaches based on: tire inner-liner acceleration

[10, 11, 31, 51], tire sidewall deformation [28, 74, 91, 100], wheel rim deformation

[80, 81], knuckle deformation [69], brake torque [1] and suspension deformation

[9]. Additionally, various sensor-less approaches have been proposed [36, 93].

The commercial feasibility of any of these approaches depends on many factors,

for instance the cost of instrumentation, complexity of the method, its robustness,

the actual measured loads and their respective accuracy and precision. Often there

is a trade-off to be made between the various aspects. Rim-based approaches for

instance allow for accurate measurement of all wheel loads, but require an expen-
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Chapter 1 Introduction

sive and complex mechanical structure to achieve this. Tire-based approaches on

the other hand are based on a less expensive instrumentation, but are affected by

factors such as wear and inflation pressure, furthermore they require wireless data

acquisition and provide only limited force information.

A detailed investigation of the various wheel load measurement and estimation

methods is not within the scope of this introduction. It can however be noted

that the numerous developed approaches reflect the research community’ interest

in the field of wheel load reconstruction. The lack of any commercially available

method on the other hand reflects the difficulty of developing an accurate, robust

and cost-effective solution.

As noted, the lack of commercial success of any of the reconstruction approaches

(to this day) is due to a variety of reasons. Several clear advantages of a bearing-

based load measurement can be summarized that support its development:

� Durability - as the wheel-end bearing usually serves the entire vehicle lifetime

� Robustness - as it is invariant to tire and rim changes

� Minimally invasive - as only minor modifications are required

� Location - as measurement takes place at the first non-rotating part, consid-

erably simplifying data acquisition

� Weight - due to the minor weight of the instrumentation

� Degrees of Freedom - as all relevant loads can be estimated (this thesis)

� Quality as high accuracy and bandwidth can be achieved (this thesis)

For these reasons, all major bearing manufactures have worked on the devel-

opment of the bearing upgrade to load-cell [3, 47, 59, 67, 70, 94]. However, the

state-of-the-art still includes numerous complexities that need to be resolved before

commercialization of the concept could take place.

1.1.2 Condition monitoring

As in many facets of mechanical engineering, increasing demands are put on rolling

bearings. This is reflected by numerous developments in areas such as lubrication,

sealing and fatigue life. Considering their essence in machinery, special interest lies

in lifetime prediction and fault detection of bearings in order to avoid unnecessary

maintenance and breakdowns.

A wide variety of damage modes might cause premature bearing failure. Exam-

ples are numerous and include manufacturing errors, excessive or improper loading,

misalignment, overheating, corrosion and lubrication failure [34]. Apart from pre-

mature failure modes, a bearing will eventually fail due to fatigue of the bearing
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1.2 Bearing load measurement

material. It is noted that bearing failure is one of the most common reasons for

machinery breakdowns [99].

Incipient bearing failure is often characterized by a local defect on one of the

bearing components; the detection of such defects is the main focus of condition

monitoring [55]. Various approaches based on vibration [23, 25, 61, 72], acoustic

emission [6, 60], sound pressure, lubrication [102] and thermal analysis [4, 54]

have been developed for the detection and diagnosis of bearing defects [17, 24, 52,

90]. The large variety of methods developed for condition monitoring reflects the

complexity and diversity of failure modes, as well as the interest in the topic.

Vibration or acceleration analysis is the most common approach in both aca-

demic research and industry and is based on various types on analysis in the

vibration spectrum [23, 72]. Advantages of these approaches relate to the basic

sensory equipment needed, their effectiveness and the ability to detect the location

of the defect [25, 61]. Acoustic emission approaches have also been successfully

applied and studies show that they allow for the detection of subsurface cracks

before spalling occurs [6, 60]. The approach itself, however, is considerably more

extensive as sensor location is crucial and signal processing is more complex. In

lubrication analysis on- or off-line debris detection is applied on the bearing lubri-

cant [102]. A major benefit of this approach is the independence of background

noise and machine operating conditions; however, its drawbacks include process-

ing complexity and classification. Thermal analysis-based condition monitoring

approaches [4, 54] provide similar advantages and drawbacks. For improved fault

diagnostics, combinations of different approaches and analysis techniques can be

applied [66, 73].

Excessive loading, bearing misalignment or improper loading are the root cause

for a considerable portion of bearing defect initiation and growth. As load mon-

itoring enables for the detection of these improper conditions, it would allow for

observation of the cause of defect initiation. The latter could result in earlier

detection of bearing defects or allow for avoidance of defect growth by taking ap-

propriate action in time, and is therefore considered a valuable development for

condition monitoring.

1.2 Bearing load measurement

Research on the topic of bearing load measurement started decades ago, as re-

flected by numerous patent applications dating from the end of the 1970s [32, 50,

88]. Since then all major bearing manufacturers have filed a variety of patents on

the matter. However, despite the large number of claims for patents, bearing load

measurement is still a niche topic, if one considers the number of actual developed

applications, which is limited to several custom-built industrial setups [65, 77, 96].

The lack of commercial implementation can be attributed to the lack of a scalable

solution, as data-driven (in-situ calibrated) approaches are the norm due to a va-
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Chapter 1 Introduction

riety of technical challenges. Additionally, market interest is an important factor

for the scope of bearing load measurement. Although it has fluctuated over time,

it is currently steadily increasing, driven by the popularity of data science, the

increasing costs of system downtime and the decrease of component costs.

Load measurement at the bearing level can be classified by the measurand used

for reconstruction, since either the relative inner- to outer ring displacement or the

deformation of the stationary outer-ring can be used for load reconstruction. As

both physical measurements are intrinsically different, they have different proper-

ties with respect to load reconstruction and their applicability.

1.2.1 Displacement-based methods

Displacement-based load measurement is founded on the fact that the rolling el-

ements that separate inner- and outer bearing ring can be considered as spring

elements. By measuring the relative inner- to outer ring displacement and un-

derstanding of the combined rolling element stiffness, the bearing load can be

reconstructed. Considering for instance the one-dimensional case of Figure 1.3,

it is easily understood that with knowledge of the displacement-force relationship

the measurement of δx allows for the estimation of Fx.
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Figure 1.3: By measurement of displacement δx and knowledge of the displacement-force
relationship bearing load Fx can be reconstructed

In order to measure the inner-ring displacement, various methods like hall effect

[70, 101], eddy-current [22] and capacitive [77] sensing can be used. Depending

on the location, orientation and amount of proximity sensing elements, the radial

translation, axial translation and/or inclination of the inner-ring can be measured.

By using a load-displacement relationship or stiffness matrix, either obtained by an

experimental calibration or a simulation study, the respective bearing loads can be

estimated. Figure 1.4 presents three approaches which respectively use hall effect

(a) and eddy current (b) sensors in axial direction and capacitive sensing (c) in

radial direction for the reconstruction of axial loading and moments (a and b) and

radial forces (c).

Due to the early stage of development of the discussed methods, no validation

studies reflecting on the quality of load estimation are available. Nonetheless, it
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1.2 Bearing load measurement

can be noted that none of the proposed setups is capable of reconstructing the

bearing loading for all five1 relevant Degrees of Freedom (DoFs). Although in

theory this could be achieved by placement of sensing elements in both radial and

axial direction, the practical implementation of this is debatable because of the

space required and modifications necessary. Furthermore, the achievable accu-

racy for combined loading is questionable, as axial and radial displacement differ

considerably in magnitude, which negatively affects the accuracy for combined

loading. Based on these limitations, displacement-based methods are considered

less feasible for full wheel-end load reconstruction.

1.2.2 Deformation-based methods

Deformation-based load reconstruction is widely used in applications such as load

cells and is founded on the fact that any structure deforms when loaded. For load

cells the structure is designed in such a way that a predictable or linear relation-

ship between loading and deformation arises, such that an accurate reconstruction

of the loading can be achieved. In deformation-based bearing load reconstruction,

the non-rotating outer-ring strain is measured by the use of either strain gauges

[47, 59, 67], ultrasonic sensors [13] or optical fibers [79, 96]. The non-rotating

outer-ring is used, as this considerably simplifies both instrumentation and signal

processing. Only limited changes to the bearing structure are made, usually only

for instrumentation purposes, and thus any approach relies more heavily on signal

processing. Regardless of the measurement technique applied, any strain measure-

ment notes the superposition of two distinct deformation effects as described in

[67] and depicted in Figure 1.5. According to [67], the two effects consider strain

owing to the external force and strain due to the motion of rolling elements. Al-

though this description is a simplification of the actual behaviour, and therefore

1In bearing load measurement the rotational degree of freedom provided by the bearing is not
considered, in particular as it reflects internal friction and not external loading
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7



Chapter 1 Introduction

is elaborated in this thesis, it serves well to describe the state-of-the-art in this

introduction.
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As both effects are informative for the bearing loading, an important aspect is

the choice which deformation effect to focus on, as well as the method applied

for conditioning. The former is of particular importance, since both deformation

effects have rather distinct properties with respect to load reconstruction due to

their different origin. Considering the state-of-the-art, it is observed that both

effects have been considered by various bearing manufacturers [58, 67, 70, 94]. The

strain due to the external force is for instance obtained by low-pass filtering in [58]

and specific strain gauge design in [67]. The rolling element-related strain variance

is conditioned using a peak-to-peak detection method and power calculation of the

AC component in [58]. The former two methods were tested using the prototypes

in Figure 1.6 (a) and (b) respectively, whereas the latter two are tested on (c).

From these studies several limitations with respect to signal conditioning are

noted. Methods focused on the external force are limited due to influences of

thermal effects [18, 37], whereas the strain variance-based approaches are limited

in bandwidth, precision and applicability for double-row bearings [43].
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Figure 1.6: Bearing prototypes for deformation based load measurement considering
strain gauges (a) [29] and (b) [67] and optical fibers (c) [96]

Besides the complexity in strain conditioning, the load calculation step is chal-
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1.2 Bearing load measurement

lenging because of the non-linear relationship between the conditioned strain and

bearing loading, due to the behaviour of the rolling elements. In order to overcome

this high non-linearity, current approaches aim for partial and/or case-specific solu-

tions [22, 56, 95] or an artificial neural network approach [53]. Although attempts

of piecewise linearization and neural networking may provide acceptable results

in specific cases, as noted before, the scalability of such an approach is limited,

as it inevitably leads to numerous parameters subject to calibration. Considering

the tolerances in manufacturing, this would require extensive calibration of every

load-sensing bearing. Even for small production sizes this would be an expensive

and time-consuming procedure.
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1.3 Aim of this thesis

The main aim of this thesis is to advance deformation-based bearing load recon-

struction to a higher level with respect to load estimation dimensionality, scal-

ability, accuracy and calibration effort. The result should form a basis for the

future development of bearing load measurement and enable the development of

load-based intelligent vehicle features and dynamics control.

In order to achieve this goal, the following research objective is defined:

To develop a generally valid bearing load reconstruction approach for the estima-

tion of all relevant bearing loads while limiting the number of parameters subject

to calibration

General validity refers to load estimation for all realistic loading conditions, with-

out the necessity of external inputs or additional measurements. An important

aspect of this thesis is the aim for invariance to thermal effects. In the meantime,

the number of parameters subject to calibration should be kept at a minimum, in

order to attain an effective calibration procedure for future commercialization.

It can be noted that the research objective aims to tackle the limitations of

current data-driven approaches, since their case dependency, thermal errors and

vast number of calibration coefficients limit their applicability.

1.4 Thesis approach

The initial goal of this thesis was to study the advantages of the application of

bearing load measurement for vehicle dynamics control. For this purpose, a test

vehicle was instrumented and modified and a novel load-based anti-lock braking

algorithm was developed. During this study, presented in Chapter 7, it quickly

became apparent that a significant advance in dynamics control could be achieved.

However, it was also noted that the main challenge lies in the development of

an effective bearing load measurement approach, due to the difficulties discussed

in Section 1.2. It was therefore chosen to focus the thesis on the development

and validation of bearing load measurement itself, as this would provide a more

valuable contribution to research society.

With the available experimental setup in place and given the discussed lack

of theory on bearing behaviour in load measurement, a research approach was

defined. As previous data-driven studies on the topic had not resulted in an

effective solution, a physics-based methodology was adopted.
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1.5 Contributions of this thesis

1.5 Contributions of this thesis

With the aim of advancing bearing-based load reconstruction, the following con-

tributions to the field are made:

� Physics-based load reconstruction

This thesis proposes a completely novel method of solving the complex topic

of bearing load reconstruction. A physics-based approach is presented by

modelling the (i) bearing load to rolling element loads and (ii) rolling element

loads to outer-ring strain. By explicit inclusion of both physical models, the

non-linear system behaviour is captured effectively.

� Model development for outer-ring local strain

Based on analysis of local deformation effects and with the cascaded physics

perspective in mind, a local strain approximation model is proposed. The

model describes the relationship between the local rolling element loads and

the resulting local strain, and therefore can be used to extract rolling element

loads from a strain gauge instrumented bearing.

� Model development for flexible outer-ring bearing behaviour

The standard Harris bearing model is extended by a semi-analytical descrip-

tion of the outer-ring deformation. By the use of deformation shapes and a

Fourier series compliance approximation, an accurate and computationally

low-cost description of bearing and rolling element loads for flexible outer-

ring structures is achieved.

� Cascaded Kalman filter based load reconstruction

A cascaded Extended and Unscented Kalman filter approach, implementing

respectively the strain and bearing model, is proposed. By a parallel EKF

implementation of the strain model, rolling element loads can be effectively

extracted from an instrumented bearing. The subsequent bearing model

UKF leads to an accurate estimation of the bearing loading.

� Load based anti-lock braking algorithm

An anti-lock braking algorithm is designed, based on bearing load informa-

tion only. The proposed approach shows the potential applicability of wheel

load information for vehicle dynamics control.

� Experimental validation of proposed methods

An experimental study in both laboratory and field conditions is performed

for the validation of the load reconstruction approach. Furthermore, the

anti-lock braking algorithm is experimentally validated in field conditions,

showing the potential of load-based dynamics control.
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1.6 Thesis outline

The model-based algorithm for load reconstruction developed in this thesis con-

siders bearing load and strain behaviour, which relate the bearing loading and

outer-ring strain as indicated by Figure 1.7. In Chapter 2 and 3 both physi-

cal phenomena are studied to support algorithm development. In Chapter 2 the

bearing load model is developed, providing a computationally low-cost but accu-

rate description of bearing load behaviour. Furthermore, this Chapter provides a

simulation-based validation study to assess the accuracy of the proposed method-

ology. In Chapter 3 bearing strain behaviour is studied, showing that bearing

outer-ring strain can be categorized by bulk and local effects. The local effect is

elaborated, and a model considering all important physical aspects is introduced.
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Figure 1.7: The two physical aspects that underlie the model based approach presented
in this thesis

In Chapter 4 three load reconstruction algorithms are proposed, ranging from a

state-of-the-art data-driven method to a full model-based approach using Kalman

Filtering. A variety of algorithms is presented, as this supports an in-depth anal-

ysis of the advantages of the model-based approach. Chapter 5 then introduces

the developed bearing prototypes and the laboratory and field setups that have

been used in this thesis. Chapter 6 presents the experimental validation study of

each of the algorithms. The study includes an extensive discussion to address the

state-of-the-art of bearing load measurement, compared to the novel model-based

approach for signal conditioning and load reconstruction. Following the validation

study, in Chapter 7 an application study to the topic of anti-lock braking is pre-

sented, that shows the added value that bearing load measurement can provide

in practice. Finally, in Chapter 8 a reflection on the work is provided through a

discussion on the main results. Additionally, future work is discussed and final

conclusions are drawn.
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Chapter 2

Novel Bearing Load Model

Given the aim of developing a physics-based approach to bearing load reconstruc-

tion, an accurate and computationally efficient description of bearing loading and

rolling element loading is paramount. Although various bearing modelling ap-

proaches have been introduced in both literature and industry in the past, the

specific requirements for bearing load reconstruction limit the application of cur-

rently available models. In particular, real-time calculation and model accuracy

for the relevant flexible outer-ring structures are essential. To meet these require-

ments, in this Chapter a novel semi-analytical bearing model is introduced. The

proposed bearing model is founded on (computationally efficient) traditional rigid

analytical bearing theory, but additionally introduces raceway flexibility for im-

proved accuracy in common bearing designs with flexible outer-ring structures.

The latter is included by the use of deformation shapes and a Fourier series-based

compliance approximation. As the compliance is case-specific for each bearing

setup, an approach tuning the Fourier coefficients by the use of a Finite Element

study is introduced. The bearing load model is validated by the use of a com-

parison to well-established simulation software, showing good results for all test

cases.

S. Kerst, B. Shyrokau and E. Holweg. “A semi-analytical bearing model considering
outer race flexibility for model based bearing load monitoring”, Mechanical Systems and
Signal Processing 104 (2018): 384-397 . [45]
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Chapter 2 Novel Bearing Load Model

2.1 Introduction

Modelling bearing behaviour for real-time load monitoring is a complex issue as an

accurate description of the rolling element forces is desired whilst computing power

is limited. Additionally, size and weight considerations during system and bearing

development often results in flexible structures that deform considerably even at

standard operational loads. The latter leads to altered load distributions, deflec-

tions, contact stresses and fatigue endurance compared to calculations using rigid

assumptions. Considering the structural bearing deformation is thus of paramount

importance for accurately describing rolling element loads and the bearing loading

for the purpose of bearing load reconstruction.

Well established computational low cost analytical bearing models [20, 33, 39]

are thus inapplicable due to their assumptions of rigidity. The usage of Finite

Element Modelling [5], allowing for an accurate description of the flexibility, on

the other hand is too computationally costly. Model reduction of for instance

contact mechanics [16, 26, 48] or deformation behaviour [97] furthermore does not

provide sufficient computational gain for real-time calculation. Therefore the most

appropriate modelling approach for real-time load estimation is found in-between

the analytical and Finite Element based approaches in the form of a semi-analytical

flexible bearing model [8, 21, 49].

The semi-analytical flexible bearing models are formed by extension of tradi-

tional rigid analytical modelling by a semi-analytical description of the bearing

outer-ring deformation. The in-plane deformation or ovalization of the outer-

raceway is described using a Fourier series representation. The Fourier coefficients

are either analytically derived from Timoshenko’s theory [8, 21, 49] or determined

based on a Finite Element Analysis of the structure [8]. A major limitation of the

current modelling approaches is the assumption of axisymmetric geometries. This

limits the applicability in real-life situations as bearing housings in general do not

comply to this strict geometric limitation.

2.1.1 Coordinate systems

For the development of the bearing model two coordinate systems are used, namely

a Cartesian and cylindrical system. Figure 2.1 shows the groove curvature loci of

inner and outer race and their associated parameters in the Cartesian x, y, z space.

The origin of the Cartesian space is located at the inner ring reference point at its

initial position. The x and y-axis are respectively the vertical and horizontal radial

bearing direction whilst the z-axis is aligned with the bearing axis. All rigid body

displacements and bearing loads are defined in this Cartesian system. A cylindrical

r, ψ, z system is used for description of the raceway approach and calculation of

the rolling element loads. The origin and z-axis align with the Cartesian system

and ψ is the angle between the r-axis and the Cartesian x-axis with [−π ≤ ψ < π].

14



2.2 Bearing model
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Figure 2.1: Loci of raceway groove curvature centres in Cartesian space

2.2 Bearing model

The following important assumptions and simplifications are applied: (i) as low

speeds are considered the effect of centrifugal forces is neglected, (ii) both friction

and cage interaction forces are neglected as they are insignificant compared to the

rolling element normal loads and (iii) only radial deformation of the outer race

is considered as the axial component in general is considerably less excited and

influential. Furthermore some minor assumptions are provided within the work

itself.

2.2.1 Definition of element load and contact angle

The rolling element loads are defined based on the deflection of the rolling elements

by both raceways [33]. The ball-raceway normal load Q as function of deflection

is defined as:

Q = Knδ
2/3
n (2.1)

where Kn is the load-deflection factor and δn the sum of the normal approaches

between rolling element and raceways. The load-deflection factor depends on the

materials and curvatures of the bodies in contact and in this thesis is calculated in

line with [33]. The normal approach δn is defined as the approach of the curvature
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Chapter 2 Novel Bearing Load Model

loci of the raceway grooves according to:

δn = s−A (2.2)

where s is the inner and outer race curvature loci distance and A is the curvature

loci distance at first contact (and zero loading) defined as:

A = ri + ro −D (2.3)

where ri and ro are respectively the inner and outer raceway groove curvature radii

and D is the ball diameter. The inner and outer race curvature centre positions

in the radial (Ri and Ro) and axial (Zi and Zo) direction are presented in Figure

2.2.

The overlap of the inner and outer groove raceway curvature centres is defined

as:

s =
√

(Ri −Ro)2 + (Zi − Zo)2 (2.4)

and the operating contact angle α as:

tan(α) =
Zi − Zo
Ri −Ro

(2.5)

2.2.2 Rigid body displacements of inner-raceway

In line with common literature [33] it is chosen to fix the outer ring in space whilst

the inner ring is allowed for rigid body displacements. All five relevant DoFs are

captured in the displacement vector that is attached to the inner ring at origin O
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2.2 Bearing model

as shown in Figure 2.1. The displacement vector is defined as:

δD =
[
δx δy δz γx γy

]T
(2.6)

where δx, δy, δz are the axial translations, γx and γy are the rotations over the

x and y-axis respectively. With the assumption of small angles the displacement

vector defines the inner raceway groove curvature loci as a function of the bearing

azimuth ψ in radial and axial direction according to:

Ri(ψ) = Ri0 + δx cos(ψ) + δy sin(ψ) (2.7)

Zi(ψ) = Zi0 + δz +Ri0γx sin(ψ) +Ri0γy cos(ψ) (2.8)

where Ri0 is the radius of locus of the inner raceway groove curvature centre and

Zi0 is the initial axial displacement of the groove curvature centre.

2.2.3 Outer raceway modelling

The raceway deformation is accommodated by the use of a semi-analytical approxi-

mation model. The proposed implementation extends the classical static definition

of the outer raceway groove curvature loci in radial direction:

Ro(ψ) = Ro0 + ur(ψ) (2.9)

where Ro0 is the static radius of the curvature loci and ur the deformation of

the raceway. For reasons of clarity the explicit description of the latter will be

discussed in Section 2.3. As no deformation in axial direction is considered, the

axial position of the groove curvature loci Zo is static and equals Zo0.
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2.2.4 Force and moment calculation

The rigid body displacement vector δD and outer race flexibility model define

the rolling element normal load Q and operating contact angle α for all bearing

azimuth angles. The normal loadQ can be resolved in radial and axial components:

Qr = Q cos(α) (2.10)

Qz = Q sin(α) (2.11)

where Qr and Qz are the radial and axial load respectively. Now introducing

the index n for representation of the nth rolling element and its corresponding

ball azimuth position ψn, the bearing forces and moments can be described by

summation over all rolling elements:

Fx =
∑

n=1..Nre

Qr,n cos(ψn)

Fy =
∑

n=1..Nre

Qr,n sin(ψn)

Fz =
∑

n=1..Nre

Qz,n

Mx =
∑

n=1..Nre

Qz,nRm sin(ψn)

Mz =
∑

n=1..Nre

Qz,nRm cos(ψn)

(2.12)

where Nre is the total number of rolling elements and Rm is the bearing pitch

radius which equals (Ri +Ro)/2.

2.3 Raceway deformation model

Flexibility of the outer raceway is implemented by the use of a semi-analytical

approximation of the static elastic radial bearing deformation. The deformation

of any point on the raceway due to a single rolling element load can be deduced

from the static components of the equation of motion:

ur(ψ) = K−1Qr(Ψ) (2.13)

where ur is the race deformation in radial direction at azimuth position ψ, Qr is the

radial component of the applied load at azimuth Ψ and K−1 is the inverse stiffness

or compliance. The latter represents a complex non-linear relationship between

load and deformation and depends on mechanical properties, azimuth position

ψ of interest and the azimuth Ψ of the applied load. Based on the principle
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2.3 Raceway deformation model

of superposition it is proposed to model the compliance by the use of a set of

deformation shapes and related individual compliance approximation functions:

K−1 = φ(ψ)Θ(Ψ) (2.14)

where φ(ψ) is a column vector containing the set of normalized deformation shapes

as function of azimuth position φ and Θ(Ψ) is a row vector containing the compli-

ance approximation as function of azimuth Ψ of the applied load. The former is

dimensionless and the latter is of dimension [m/N ]. In the following two subsec-

tions the static deformation shape vector φ(ψ) and compliance vector Θ(Ψ) will

be defined respectively.

2.3.1 Static deformation shapes

The static deformation shapes define the deformation degrees of freedom of the

bearing outer race. They allow for an effective and accurate representation of the

normalized raceway deformation. A wavelike representation is proposed:

φ(ψ) =
[
sin(ψm)m=1 · · · sin(ψm)m=M

cos(ψm)m=1 · · · cos(ψm)m=M

]
(2.15)

where each column represents a deformation shape as function of bearing azimuth

position ψ. The number of deformation shapes is defined by M and can be set

according to the detail of interest. A choice for (co)sinusoidal description with an

integer wavelength is made as these are orthogonal and continuous (C∞) over the

entire bearing azimuth. The latter is important as the bearing elastic deformation

should result in a continuous surface.

2.3.2 Compliance approximation

The compliance approximation is a vector composed of 2M compliance functions:

Θ(Ψ) =

 θ1(Ψ)
...

θ2M (Ψ)

 (2.16)

where each compliance function θm(Ψ) describes the relationship between load Q

at azimuth Ψ and the excitation of the mth deformation degree of freedom. These

functions depend on the location of the applied load and mechanical properties

of the structure. To limit the function complexity only the load azimuth Ψ is

considered whilst the effect of operating contact angle α is neglected. As the

mechanical behaviour of a bearing can be considered periodic in nature, a Fourier
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Chapter 2 Novel Bearing Load Model

series approximation is proposed to cast the properties of the compliance. The

following description for each compliance function is proposed:

θm(Ψ) =
1

2
am,0 +

∑
k=1..K

am,k cos(kΨ) +
∑

k=1..K

bm,k sin(kΨ) (2.17)

where am and bm are the Fourier coefficients for deformation shape m and K is

the order of the Fourier series. The Fourier coefficients are determined a priori

based on the real deformation behaviour of the outer race structure. For the latter

a Finite Element study on the flexible structure is adopted.

By the use of a Finite Element Analysis the raceway deformation uref (ψ,Q(Ψ))

is determined after applying load Q at azimuth Ψ and nominal contact angle α0.

Now combining equation 2.14 - 2.17 and substitution of ur(φ) by uref (ψ,Q(Ψ))

one obtains:

θm(Ψ) =

∫ π

−π

uref (ψ,Q(Ψ))

φm(ψ)Q(Ψ)
dψ (2.18)

The equation provides the Fourier function values for all 2M compliance functions

for a load at azimuth Ψ. Now by performing a Finite Element study for load Q

at multiple azimuths ranging from [−π < Ψ ≤ π] standard Fourier theory can

be applied to obtain the Fourier coefficients for all 2M compliance approximation

functions.

2.3.3 Raceway deformation

The single load-deformation relationship presented in this Section can be extended

to an arbitrary number of deformation locations Ndef and rolling element loads

Nre for a complete description of the raceway deformation. Equation (2.19) shows

how additional deformation locations (Ndef ) are added by extension of the static

deformation shape vector/matrix with a row for each location of interest. Further-

more the amount of rolling element loads (Nre) can be increased by extending the

compliance vector/matrix with extra columns and the load vector with additional

rows. ur(ψ1)
...

ur(ψNdef )

 =

 φ(ψ1)
...

φ(ψNdef )

 [Θ(Ψ1) · · · Θ(ΨNre)
]  Qr(Ψ1)

...

Qr(ΨNre)

 (2.19)
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2.3 Raceway deformation model

2.3.4 Solution scheme for model solving

Due to the recursive dependency of the rolling element loads and raceway defor-

mation an iterative approach is necessary for calculation of the rolling element and

bearing loads for any displacement vector. Figure 2.3 presents the solution scheme

for the proposed semi-analytical model.

PSfrag replacements Displacement

vector

δD

Calculate rolling

element loads

Calculate

load error

Calculate bearing

loads

Calculate raceway

deformation

Deformation vector ur

Q

ǫ ≤ ǫtrs

first run || ǫ > ǫtrs

Figure 2.3: Solution scheme for the flexible bearing model

The iterative nature rises due to the ‘calculate load error ε’ block that compares

the current and previously calculated rolling element loads in order to determine

convergence of the raceway deformation. The load error ε is the summation of the

absolute rolling element load differences. When this error is smaller or equal to the

tolerance threshold εtrs the model has converged, otherwise a new calculation cycle

is performed. This latter is always done during the first run as the convergence

criterion cannot be checked then. The value εtrs is chosen based on the desired

accuracy. Note that the presented approach can be optimized for stability and

convergence; this however is not focused upon in this research.
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2.4 Simulation based validation

The proposed model is validated by a comparison study with well-established

SKF bearing simulation software [62, 63, 86, 87]. More specifically, the accuracy

of the rolling element load distribution of the semi-analytical model is assessed in

a variety of load cases by comparison to results obtained by the SKF BEAring

Simulation Tool (BEAST). Next to the validation with respect to the BEAST

reference model also the differences with respect to a rigid model are considered

to assess the improvement with respect to traditional modelling. The latter model

is obtained by setting M = 0 which effectively corresponds to the rigid modelling

presented in [33].

The validation study considers a HBU3 bearing unit which is commonly used

as wheel-end bearing in automotive applications. This double row angular contact

ball bearing is designed to be light and compact. It provides its own housing

and both the inner and outer-ring contain a flange for mounting to the wheel and

knuckle respectively. The design considerations result in a relatively thin outer-

ring which deforms considerably even at normal operating conditions. The bearing

is therefore an ideal case study to assess the validity of the proposed model. Table

2.1 and Figure 2.4 provide the relevant parameters of the considered bearing.

2.4.1 Semi-analytical model setup

The semi-analytical model is set-up according to Section 2.2 and 2.3 by the use

of the bearing parameters presented in Table 2.1. The model consists of two

inner and outer raceways with the origin located as indicated in Figure 2.4. The

inner raceways are considered rigid and their groove curvature loci are described

by displacement vector δD. The outer races are considered flexible. The bulk

deformation of both in- and outboard raceways is assumed identical and thus is

Table 2.1: Parameters of the double row ball bearing

Parameter Description Value

Nre Nr. rolling elements 2x15
ri Inner raceway groove curvature 6.59 mm
ro Outer raceway groove curvature 6.73 mm
Ri0 Inner raceway groove radius 33.19 mm
Ro0 Outer raceway groove radius 32.69 mm
Zi0 Axial offset inner raceway 8.44 mm
Zo0 Axial offset outer raceway 8.81 mm
D Rolling element diameter 12.70 mm
α0 Nominal contact angle 36 deg
Rref Reference profile radius Ro + ro

Axial interference 30 µm
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Figure 2.4: Cross-sectional view of the HBU3 bearing considered in this study

captured by a single set of deformation shapes.

The outer-ring geometry is modelled in a 3D CAD package and a Finite Ele-

ment Analysis in COMSOL [14] is performed to determine the Fourier compliance

coefficients. As the knuckle to which the bearing is mounted is relatively flexible,

its influence cannot be neglected. Therefore the knuckle behaviour is studied as

well, and a model reduction technique is applied such to reflect knuckle behaviour

on the interface with the bearing model. The reduced system is used to determine

bearing deformation behaviour in order to limit calculation effort.

The reference deformation profile uref (Ψ) is determined in-between both race-

ways, as shown in Figure 2.4, at a constant interval over the full bearing azimuth

as indicated in Figure 2.5. This latter figure also shows the azimuth interval distri-

bution of the point load cases Q(Ψ). The interval values are provided in Table 2.2.

Note that each load Q(Ψ) is applied individually whilst the FEA results of the 120

deformation points are used according to the procedure presented in Section 2.3

to determine the deformation model. In order to assess the effect of the number of

deformation shapes on the model accuracy several model variants are determined

with different values for M .

Table 2.2: Deformation and load parameters

Parameter Description Value

∆ψ Deformation profile azimuth interval 3 deg
∆Ψ Load azimuth interval 5 deg

23



Chapter 2 Novel Bearing Load Model

PSfrag replacements
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Figure 2.5: Visualisation of deformation uref (Ψ) interval and point load Q(Ψ) interval

Figure 2.6: Mesh of bearing and knuckle in COMSOL that are used to determine the
Fourier coefficients of the compliance function

2.4.2 Reference study setup

As interest lies in the reconstruction of the rolling element load distribution for

the purpose of real-time load monitoring it is chosen to use the BEAST software

tool as reference. The choice for the BEAST software is related to its ability

and efficiency for studying bearing behaviour of running bearings in time domain.

This is a result of the detailed and efficient contact analysis and parallelization

of contact calculations over multiple processors for reduction of calculation times.

Although by default bodies are considered rigid, BEAST allows for flexibility of

all components based on a reduced mode shape representation of the deformation.
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2.4 Simulation based validation

For a detailed description of how this latter is handled in BEAST the reader is

referred to [62]. The BEAST tool has been verified against finite element models

and experiments and gives an exact solution for Hertzian contacts [86, 87].

The model implemented in BEAST consists of inner ring, outer ring, 2x15 rolling

elements and a separate cage for both inboard and outboard raceway. The outer

ring is modelled as a flexible body by a model order reduction of the Finite Element

mesh using a free interface method resulting in a total of 270 mode shapes. All

other components are modelled as rigid. The inner-ring is rotated with constant

speed and is loaded according to the provided input loads. As a rotating bearing

is considered a settling period is taken in account for the system to reach steady

state after which results are captured.
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2.4.3 Single load simulation results

This first set of load cases focuses on pure radial loading. In Figure 2.7 the in-

and outboard rolling element loads and operating contact angles for a 5kN radial

load case are presented for the proposed-, rigid- and reference BEAST model.
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Figure 2.7: In- and outboard rolling element load distribution and corresponding oper-
ating contact angles for the BEAST reference, proposed (M=4) and rigid model for an
applied radial bearing load of 5 kN

Considering the BEAST reference results, an almost symmetrical response with

a peak force of approximately 800N on both in- and outboard raceways can be

observed. As the loading is relatively low the operating angles are close to nominal.

A small difference between in- and outboard contact angles can be noted which

relates to local bending of the outer race. It can be observed that entering (ψ =

−π) and leaving (ψ = π) the loaded zone takes place at different contact angles.

Comparing the proposed M = 4 and rigid model with respect to the reference

model it can be observed that the proposed model more accurately describes the

rolling element loads. The flexible model peak force at zero azimuth is slightly

lower whilst a slight increase of element loading is found at the sides of the bearing

(ψ = −π/2 and ψ = π/2) with respect to the rigid model. The flexible model

behaviour corresponds to the BEAST reference study as it allows for the bearing

structure to deform oval as a response to the applied loading. The asymmetry in

operating contact angles is not represented by the flexible (and rigid) model as the

local effect causing it is not captured by the bulk deformation shapes.

A quantitative insight in the accuracy of the proposed flexible model, including
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the effect of the number of deformation shapes, is provided by Table 2.4. The lat-

ter presents the rolling element load distribution root-mean-square error (RMSE)

values of the rigid and the proposed model (M = [1, 2, 3, 4, 6, 10]) with respect to

the reference model for four different load cases as indicated in Table 2.3.

Table 2.3: Single load cases

Load case Applied load

Fx

1 3.0 kN
2 4.0 kN
3 5.0 kN
4 6.0 kN

Table 2.4: RMSE values of the load distribution for four different single load cases

Load case Model variant

Rigid M = 1 M = 2 M = 3 M = 4 M = 6 M = 10

1 15 N 15 N 7 N 5 N 5 N 5 N 5 N
2 22 N 22 N 9 N 5 N 5 N 5 N 5 N
3 30 N 30 N 10 N 6 N 6 N 6 N 6 N
4 38 N 38 N 13 N 8 N 8 N 7 N 7 N

As observed in the qualitative analysis the table shows that the proposed model

provides a more accurate description of the rolling element loads than the tra-

ditional rigid model. Results indicate that the first deformation shapes corre-

sponding to M = 1 have no effect, however a significant accuracy improvement is

observed with M = 2 and M = 3 as RMS errors decrease by an average of 62%

and 75% respectively. Further increasing the number of static deformation mode

shapes seems not to significantly improve the accuracy any further. A relative

improvement of the RMS error between M = 10 and rigid model of respectively

68%, 77%, 80% and 80% is found for the 3kN, 4kN, 5kN and 6kN load cases.
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2.4.4 Combined loading simulation results

This second set of load cases focuses on combined loading situations. Figure

2.8 presents the rolling element loads and operating contact angles based on the

proposed-, rigid- and reference BEAST model for a 5kN radial, 4kN axial and

1.2kNm moment combined load case.
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Figure 2.8: In- and outboard rolling element load distribution and corresponding oper-
ating angles for the BEAST reference, proposed (M=4) and rigid model for a combined
load case

The applied moment results in opposing azimuth positions for the in- and out-

board peak loads. As the radial force is applied in positive x-direction the out-

board peak load is considerably higher than the inboard peak load. The axial

bearing force furthermore causes the inboard load distribution to be significantly

wider than the outboard counterpart. Considering the operating contact angles

it is observed that the combined load causes significant differences between in-

and outboard raceway. Especially the inboard contact angle deviates considerably

from the nominal angle.

Comparing the proposed and rigid model with respect to the reference model

it can be observed that the proposed model is considerably more accurate. While

the rigid model significantly overestimates the peak loads, these are accurately

described by the proposed model. Next to that also the load distribution at the

sides of the bearing is better represented by the proposed model. In line with the

pure radial loading case the improved accuracy by the proposed model is related

to the oval deformation of the bearing due to the applied load. For the operating

28



2.4 Simulation based validation

Table 2.5: Combined load cases

Load case Applied load

Fx Fz Mx

5 4.9 kN 5.1 kN 1.5 kNm
6 5.0 kN 2.9 kN 0.9 kNm
7 5.0 kN -2.9 kN -0.9 kNm
8 4.9 kN -5.1 kN -1.5 kNm

Table 2.6: RMSE values of the load distribution for combined loading conditions

Load case Model variant

Rigid M = 1 M = 2 M = 3 M = 4 M = 6 M = 10

5 424 N 424 N 139 N 120 N 98 N 92 N 92 N
6 232 N 232 N 110 N 90 N 77 N 74 N 74 N
7 214 N 214 N 89 N 87 N 72 N 66 N 67 N
8 423 N 423 N 136 N 137 N 111 N 100 N 101 N

contact angles we see a slight improvement using the proposed model although

errors up to 1.5deg are observed at the peak loads.

Table 2.6 provides the rolling element load distribution RMSE values for four

different combined load cases as indicated in Table 2.5. As in previous Section the

rigid- and proposed model results are compared to the BEAST reference model.

In line with the results of the single load test cases it can be observed that

increasing the number of deformation shapes improves the accuracy of the rolling

element load distribution. Again it is observed that the deformation shapes related

to M = 1 do not have any effect whilst up to the M = 6 model considerable

improvements are found. The deformation shapes related to M = 2 provide most

significant improvement as RMS errors decrease by an average of 62%. The M=10

case shows a slight decrease in accuracy compared to M=6. Comparing the relative

RMS error between M=6 and rigid model an improvement of respectively 78%,

68%, 69% and 76% is found for the 1.5kNm, 0.9kNm, -0.9kNm and -1.5kNm cases.
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2.4.5 Discussion

The presented load cases show that the proposed model provides a more accurate

rolling element load distribution than the traditional rigid model for the analysed

bearing as an improvement of up to 80% can be achieved depending on the amount

of deformation shapes considered. For both load cases it is found that heavier load

conditions result in more improvement in both absolute as relative sense. This

can be explained as these test cases result in more deformed structures, and thus

considering deformation effects is more advantageous. Furthermore it is noted that

only a limited improvement on the estimated contact angles is achieved. The latter

is related to the consideration of a single deformation shape for both raceways, as

well as due to the assumption of radial deformation only. The noted error on the

contact angle however is limited and therefore acceptable.

Regarding to the effect of the number of deformation shapes it is clearly ob-

served that the deformation shapes corresponding to M = 1 are insignificant and

thus do not reflect any occurring real deformation. The deformation shapes cor-

responding to M = 2 result in most significant improvement of approximately

62% whilst a slight accuracy gain to about 80% is observed until M = 4 for the

single load cases and M = 6 for the combined load cases. Most probably this

pattern is representative for most cases, as in general the first mode shapes take

in account for the bulk of deformation. However this depends on the geometry

and boundary conditions of the structure. The results furthermore show that in

more complex loading combinations it is advantageous to take in account more

deformation shapes. The absolute improvement is case dependent as geometry,

mechanical properties, boundary conditions and loading affect the results.

With respect to the BEAST benchmark simulation it is observed that a highly

accurate representation of the rolling element load distribution is obtained for a

fraction of its computational costs. For the complex combined load cases RMS

Errors are as low as 100 N whilst a peak load of over 6 kN characterizes the load

distribution. No extensive study is performed to assess the computational gain, as

the differences are considerable: where the BEAST simulations generally took up

several hours on multiple computational cores, the proposed algorithm solves in

a fraction of a second. The latter is paramount for the inclusion in the real-time

load reconstruction algorithm presented in Chapter 4.
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2.5 Load distribution behaviour

2.5 Load distribution behaviour

By the use of the validated semi-analytical bearing model the rolling element load

behaviour as a function of bearing loading can be addressed. In particular, it is

interesting to analyse the rolling element loading at various bearing azimuth angles

for different load cases in order to assess the complexity or non-linearity of this

relationship. Although an in-depth analysis of this behaviour is not within the

scope of this thesis a basic analysis for two combined load cases is provided for

discussion.

Table 2.7: Two combined load cases

Load case Applied load

Fx Fy Mx

9 5.0 kN 4.0 kN 1.50 kNm
10 5.0 kN 4.0 kN -0.75 kNm

Figure 2.9 presents the load distributions for the combined load cases 9 and

10, summarized in Table 2.7, for the bearing considered in this Chapter. Both

load cases consider identical radial loads whilst the applied moment over the x-

axis is varied. It is well observed that the load distributions of case 9 and 10

are completely different as a result of the change of the applied moment. Due to

this non-linear behaviour, reconstruction of any of the (radial) loads requires the

consideration of the other loaded degrees of freedom.
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Figure 2.9: Any individual load can be represented by various load distributions depend-
ing on the combined bearing loading
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2.6 Conclusion

For the purpose of model based bearing load reconstruction a computationally

low-cost and accurate description of the relationship between bearing and rolling

element loading is paramount. This Chapter addresses this topic by the intro-

duction of a semi-analytical bearing model that includes flexibility of the bearing

outer-ring structure. By combining static deformation shapes and a Fourier series

based compliance approximation, which is tuned by a Finite Element Study on

the bearing structure, an accurate description of the deformation of the raceway

structure is obtained. A comparison study to a well-established bearing simulation

tool shows that the model provides an accurate description of the rolling element

loading for various load cases. Furthermore, the proposed model outperforms tra-

ditional rigid bearing models in case of a (common) flexible outer-ring structure.

The achieved improvement depends on the number of static deformation shapes

considered. For the case study it is found that the first set of relevant deformation

shapes results in an average decrease of rolling element load distribution RMS

errors of 62%, whilst an improvement of up to 80% can be obtained when a higher

number of shapes is taken in account. In contradiction to other bearing models

considering raceway flexibility the proposed model is of low computational costs

due to its semi-analytical description and provides no limitations on the structure’s

geometry.
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Chapter 3

Novel Bearing Strain Model

The second stage of the proposed physics-based approach considers the relation-

ship between rolling element loading and bearing outer-ring strain. Due to the in-

dustrial secrecy regarding the developments of bearing load measurement and the

application of black box data-driven methods, only limited literature is available on

this topic. In this Chapter, therefore, a quantitative description of bearing outer-

ring strain is presented, based on simulation and experimental studies performed

for this thesis. Additionally, a local strain model is presented that parameterizes

the relationship between local rolling element loading and local outer-ring surface

strain. The latter model forms the basis for the model-based strain conditioning

proposed in Chapter 4.

S. Kerst, B. Shyrokau and E. Holweg. “A model-based approach for the estimation of
bearing forces and moments using outer-ring deformation”, Transactions on Industrial
Electronics (2019): 10.1109/TIE.2019.2897510 . [46]

S. Kerst, B. Shyrokau and E. Holweg. “Wheel force measurement for vehicle dynamics
control using an intelligent bearing”, In Advanced Vehicle Control pages 547-552 (2016).
[44]
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3.1 Introduction

Literature on the topic of bearing load measurement, and in particular on strain

behaviour and conditioning is limited. The work by NTN in [67] provides the best

insight on the state-of-the-art in strain behaviour for bearing load reconstruction.

As discussed in the introduction of this thesis (Figure 1.5) this technical review

considers two important strain components: “a strain component due to the exter-

nal force” and “strain owing to the rolling motion of rolling elements”. Although

from a physics perspective this description is not fully correct, it does reflect the

two important aspects related to bearing outer-ring strain: a contribution that

can be directly related to the bearing loading and an effect due to the changing

rolling element arrangement.

As both strain components defined in [67] are affected by the bearing load,

both effects can be considered for bearing load reconstruction. This is reflected by

research on load estimation by our industrial partner SKF, which has developed

Generation 1 and Generation 2 load sensing, applying both effects as visualized

by Figure 3.1. Results of these developments at SKF have not been published

due to industrial privacy reasons and therefore only limited details like patent

applications [58, 59] and product presentations [85] are available.

PSfrag replacements
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Figure 3.1: SKF generation 1 & 2 load estimation: (a) reflects the contact stresses and
strains by rolling elements whereas (b) presents the global deformation due to loading
(out of scale representation)

Generation 1 (GEN1) load sensing focuses on the varying local contact strain

due to rolling of the rolling elements and is implemented using either a peak-to-

peak detection algorithm or a signal power analysis conditioning approach. It is

the oldest method and it has been applied for testing in industrial machinery with

single row bearings for estimation of 1 and 2 DoFs load cases with success. It

is invariant to thermal effects but due to its basic signal conditioning provides

a limited bandwidth, is prone to measurement noise and cannot be applied for

complex load cases or double row bearings.

The second generation load sensing (GEN2), introduced in 2000, is based on the

outer-raceway global deformation as a direct consequence of the external force.
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It applies low-pass filtering of the strain measurement to determine deformation

mode shapes. It was introduced to cope with double row bearings and provides

an increased bandwidth with respect to the GEN1 approach. However, consid-

erable complexities are noted due to thermal drift and the influence of boundary

conditions.

Although developed for double row bearings, thermal drift and non-linear be-

haviour with respect to bearing loading limits the applicability of the GEN2

method for such setups. As the GEN1 basic signal conditioning approaches at

the same time have shown to be inapplicable, currently no approach is viable for

load reconstruction on widely applied (automotive common) double-row bearings.

Additionally, both methods are affected by rotation of the bearing, and cannot be

applied at standstill.

In order to cope with standstill situations, NTN has developed a specific sensor

design for bearing load reconstruction. As indicated in Figure 3.2 (a) this sensor

consists of two strain gauges separated by a distance of 1/2 ball pitch. This leads

to direct measurement of the external force dependent strain (Figure 3.2) without

the need of additional signal processing. It however does not avoid issues related to

thermal drift. Both SKF and NTN apply a black box data-driven post-processing

for reconstruction of the bearing loading.
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Figure 3.2: NTN sensor arrangement for direct measurement of the bulk deformation [67]

The previously presented strain description and conditioning methods are the only

available descriptions on this topic in literature to this day. As industry is not eager

to share these details, this Chapter provides a qualitative description of two outer-

ring strain effects. Additionally a model is presented for description of bearing

local strain for the application in model based bearing load reconstruction. This

model allows for determination of rolling element loads based on outer-ring strain,

and combined with the model presented in Chapter 2 allows for model based load

reconstruction. The strain description is developed based on experimental and

simulation studies during the research. Explicit validation of this model by the
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use of a simulation study is considered to be outside of the scope of this thesis,

however an implicit validation is provided by the experimental study in Chapter

6.

3.1.1 Coordinate systems

In this chapter two coordinate systems are applied. The first is a cylindrical bear-

ing coordinate system to define strain measurement and rolling element locations.

Figure 3.3 (a) shows this coordinate system, that defines the bearing azimuth angle

ψ with range [−π < ψ ≤ π].

The second coordinate system is a local coordinate system for each defined strain

measurement location. Assuming equal separation between rolling elements, the

system is rotation symmetric and it suffices to only define the location of the

closest rolling element for any strain measurement location as explained in Figure

3.3 (b). The local rolling element phase ϕ is defined in a range of [−π < ϕ ≤ π].
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Figure 3.3: Coordinate systems used in this Chapter

3.2 Outer-ring deformation

The outer-ring deformation considers two distinct strain components. This is a

consequence of the bearing specific behaviour of reallocation of rolling elements

that leads to a continuously changing internal load path. For a running bearing

the deformation therefore varies even if the loading is constant.

The outer-ring strain at any azimuth angle ψ is the superposition of the strain

due to loading of each individual rolling element. The strain contribution of each

element depends on its loading and sensitivity. The rolling element loading acts

as a scalar and its distribution is discussed and modelled in Chapter 2. The

sensitivity is the transfer function of rolling element load to strain and depends

on the rolling element azimuth ψ, strain measurement azimuth ψ and the (case

specific) mechanical characteristics of the bearing. An example of the rolling

element sensitivity for a measurement location on the bearing considered in this

study is provided in Figure 3.4. This Figure is generated by the use of a simulation
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Figure 3.4: The transfer function of rolling element load to outer-ring strain at any
measurement azimuth ψ is a function of the rolling element azimuth ψ

study on the bearing outer-ring by applying rolling element loads at various bearing

azimuth angles and evaluating its effect at the specific measurement location. For

the latter, the Finite Element model of Chapter 2 is used.

If equal element spacing is considered due to usage of a cage, a cyclic behaviour

with a frequency equal to the ball-pass frequency results which can be described

in the local coordinate system of the strain measurement location. For a constant

loading the outer-ring strain variance is a consequence of the change of sensitivity

of each rolling element. Due to the peak sensitivity and gradients near the mea-

surement location, well observed in Figure 3.4, loaded rolling elements in this area

provide the main contribution to the strain variance. The strain variance therefore

provides a measure for the local rolling element loading.

The strain at any measurement azimuth ψ can be split in a constant and varying

component. The constant part is affected by all rolling elements and is defined as

the bulk deformation. The varying part is most predominantly affected by local

rolling element loading and is referred to as local deformation. As indicated in Fig-

ure 3.5 the outer-ring deformation is considered as the sum of bulk and local effects.

The following definitions are considered for bulk and local deformation and strain:

� The bulk effect is the average deformation over a full ball-pass period for any

applied bearing loading. It is a result of all loaded rolling elements and the

constant component of their respective sensitivities.

� The local effect is the variance of deformation as a result of the changing

arrangement of loaded local rolling elements. It is a result of the change of

sensitivities of rolling elements dependent on their location.

As both bulk and local strain are load dependent, either components can be con-

sidered for bearing load reconstruction. However, as both effects have a different

origin their properties with respect to load estimation differ. In the following the

bulk and local deformation effects are described more thoroughly.
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Figure 3.5: The bearing outer-ring deformation is defined by bulk and local effects (out
of scale representation)

3.2.1 Bulk deformation

The bulk deformation is the average strain during a full rolling element passage

for any loading. It considers the sum of all rolling element loads multiplied by

their average sensitivity. As in described in [67], it is considered to be the direct

consequence of the applied bearing loading as it reflects the DC-component or

average of the outer-ring load induced strain.

Most considerable challenge in usage of the bulk deformation for load reconstruc-

tion relates to the measurement of the signal itself. As it considers the DC part

of the strain it is biased by other low-frequency contributions as thermal effects

and boundary conditions. As these disturbances are considerable, they need to be

attributed for accurate measurement of the (load dependent) bulk deformation.

Internal bearing friction and external thermal influences as air flow and brake

application (for wheel-end applications) can lead to considerable variance in bear-

ing temperature and consequent thermal deformation. Experimental studies have

shown that the thermal deformation is in a similar order of magnitude as the bulk

deformation measure. It will thus significantly bias the strain measurement and

a method to correct for this offset is therefore paramount. For this purpose, in

[18] a thermal model and thermal state estimator are developed. Although in con-

trolled conditions reasonable results could be achieved, difficulties in estimating

heat flux and thermal gradients within the bearing make the approach unsuccessful

for correction of the thermal deformation bias in operating conditions.

Next to the thermal bias, the boundary conditions enforced by the support

structure lead to difficulties in usage of the bulk deformation for load reconstruc-

tion. The bulk behaviour is highly case-specific as besides the bearing character-

istics the support structure’s geometry, material properties and conditions due to

mounting have shown to affect its behaviour considerably [37]. As the boundary

conditions differ depending on the setup and its effect is often considerable, bulk

behaviour can vary significantly and is hard to generalize. It is for these reasons
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Figure 3.6: Estimated bulk and local strain while applying a varying moment. The
Figure is created using the proposed algorithms of this thesis and shows that local strain
considers in- and outboard contributions whereas the bulk deformation provides a single
measure

that simulation studies on bulk behaviour show considerable errors with respect to

experimental results and data driven methods using in-situ calibration are applied

in the state-of-the-art.

Additionally, an important limitation of bulk deformation measurement on dou-

ble row bearings is related to lumping of in- and outboard strain. Due to the latter,

any individual bulk strain measurement does not discriminate in- and outboard

loading. The latter can be observed in Figure 3.6, that shows conditioned bulk

and local strain during one of the experiments performed during this thesis. As

the super-positioned bulk effects cannot be split, it adds to the non-linearity of

bulk deformation to bearing loading.

3.2.2 Local deformation

The local deformation considers the strain variance due to rearrangement of rolling

elements and is a result of the azimuth dependent sensitivity and loading of rolling

elements. This periodic signal, the AC-component or variance of the outer-ring

strain, has a fundamental frequency equal to the ball-pass frequency fbp. As it

reflects the AC component of the signal, the local strain is not affected by low

frequency effects as thermal deformation. As the strain variance is caused by the

change of sensitivity over the bearing azimuth, and as the change of sensitivity

is most significant for rolling elements near the measurement location, the local

deformation provides a measure for local rolling element loading.

An important aspect of local deformation is the spread of the sensitivity or

transfer function peak as it defines the contribution of each of the local elements.

The shape and spread of the sensitivity function depends on bearing and housing

geometry and aspects as material properties, interfaces and mounting methods.

In case of a narrow peak, for instance due to a thin outer-ring structure, the local

strain will be closely related to only the closest rolling element. A wider shape on

the other hand results in influence by multiple local rolling elements. However, if a

fixed load distribution with varying magnitude is assumed, the local deformation
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Chapter 3 Novel Bearing Strain Model

can be regarded as a linear measure of the most local rolling element load.

Strain measurement properties, local geometry and mechanical properties define

the shape of the sensitivity peak of Figure 3.4. It consequently defines the shape

and sensitivity of the cyclic strain due to passing of local loaded rolling elements.

When symmetry is assumed in both geometry and local load distribution, a strain

peak and valley are observed when the local rolling element respectively is in line

(ϕ = 0) and at a midpoint (ϕ = π) as depicted in Figure 3.7.
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Figure 3.7: Local strain resulting due to reallocation of rolling elements

If either the load distribution or local geometry are not symmetric, the cyclic

shape will become skewed with respect to the presented symmetric case. Non-

symmetric local geometries are not considered in this study as it is hard to address

and could be avoided by appropriate placement of measurement points. Non-

symmetric load distributions cannot be avoided but its effect is neglected as it

mainly affects the harmonics of the cyclic strain. It is neglected as it considerably

simplifies the strain description and leads to only a limited decrease in accuracy.

Besides the dependency on local element phase ϕ, the sensitivity of the local

strain to local rolling element load is related to the rolling element contact angle

or load line as well as axial location of the strain measurement location. Its exact

behaviour with respect to these effects has been analysed in simulation, but as it

is heavily affected by geometry no global description of its shape and magnitude

can be defined. Nevertheless, one can assume that the sensitivity with respect

to the contact angle can be described by a polynomial with a shape similar to

Figure 3.8. In the case of a double row bearing with little axial spacing between
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Figure 3.8: Effect of measurement point location and contact angle
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3.2 Outer-ring deformation

both raceways any axially centred measurement location will capture a lumped

measurement of both local in- and outboard strain effects. Assuming linear elastic

mechanical behaviour the superposition principle holds and hence the measured

local strain is the sum of in- and outboard local effects as depicted in Figure 3.9.
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Figure 3.9: Superposition of in- and outboard effects

The axial location of the strain gauge and difference of in- and outboard local

geometry will affect the sensitivity of the measurement location to both in- and

outboard local rolling element loading. The difference of local strain shape that

results due to this allows for discrimination of in- and outboard loading.

3.2.3 Bulk and local deformation in frequency domain

As any strain measurement on the bearing outer-ring surface captures both bulk

and local deformation, pre-conditioning is necessary to extract either bulk (DC

component) or local (AC component) effects. As the bulk deformation can be

considered as a direct effect of the bearing loading, its bandwidth equals the load

bandwidth. The local deformation on the other hand is a harmonic signal itself

and its related frequencies equal the ball pass frequency fbp and its harmonics.

PSfrag replacements

100 101 102 103

fbp

2nd

3rd

Frequency

P
ow

er

4th

Figure 3.10: A FFT of strain gauge data of an experiment performed during this thesis.
The local strain can be clearly identified as several peaks in the frequency domain

Separation of both effects can be achieved by signal conditioning when ball pass

frequency fbp exceeds the bandwidth of the external loading. In that case, low-
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Chapter 3 Novel Bearing Strain Model

pass filtering or multiple notch-filters on ball-pass frequency fbp and its harmonics

can be applied to extract the bulk deformation. The local strain can be obtained

by a band-pass filter over ball pass frequency fbp and its harmonics.

Figure 3.10 shows a FFT of raw strain gauge data of an experiment performed

during this thesis. The frequency domain plot clearly shows the local effect in

the form of peaks at ball pass frequency fbp and its harmonics. The ball pass

frequency during this experiment was approximately 100 Hz.

With respect to the strain gauge design of NTN, it can be understood that

by placement of two strain gauges at a half-ball pitch interval a 180 degree phase

difference at the ball-pass frequency results. Summation of these signals then leads

to attenuation of the peaks at fbp and its n harmonics at 2n. It thus does not

lead to full attenuation of the local effect as it does not consider the 3rd harmonic,

which is well observed in example of NTN in Figure 3.2.

3.3 Local strain model

Based on the phenomena discussed in Section 3.2 the following local strain ap-

proximation model is proposed for any measurement location on the outer-ring of

a single raceway bearing:

εl(ψ) = Q(ψ)G(ϕ)η(α) (3.1)

where εl is the outer-ring local strain variation at azimuth ψ, Q is the rolling

element force at azimuth angle ψ, G is a normalized periodic transfer function

dependent on the local rolling element phase ϕ and η represents the measurement

location sensitivity as function of contact angle α.

The periodic transfer function captures the effect of the changing load paths on the

outer-ring local deformation. Assuming a constant rolling element force during the

ball-passing period, the local strain variation can be fully addressed to the periodic

transfer function. The following representation for the periodic transfer function

is proposed:

G(ϕ) =

Nh∑
n=1

an cos(ϕn+ φn) (3.2)

where an and φn represent the magnitude and relative phase shifts of each of the n

harmonics and Nh defines the number of harmonics considered. The local rolling

element phase ϕ is periodic with −π ≤ ϕ < π and equals 0 when an element is in

line. Function normalization is achieved by setting the first harmonics’ magnitude

a1 to unity and phase φ1 to zero.
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3.4 Conclusion

Due to normalization of the periodic function the element load to strain magnitude

is solely reflected by the measurement location sensitivity. For the sensitivity,

which is a function of contact angle α, the following polynomial description for

the sensitivity function is proposed:

η(α) =

Np∑
n=0

cnα
n (3.3)

where cn are the polynomial coefficients and Np is the order of the polynomial.

In case a double row bearing is considered (3.1) can be extended according to the

superposition principle as linear elastic deformation is considered. The modelling

equations for a double row bearing therefore become:

εl(ψi, ψo) = Qi(ψi)Gi(ϕi)ηi(αi) +Qo(ψo)Go(ϕo)ηo(αo) (3.4)

where the i and o subscripts refer to the inboard and outboard effects and functions

respectively.

3.4 Conclusion

This chapter discusses the separation of bearing outer-ring deformation and strain

in bulk and local effects. The different effects are a consequence of the bearing

specific behaviour of reallocation of rolling elements that leads to a continuously

varying internal load path. The root cause of the different effects is shown to be

related to the phase variant strain-to-load transfer function or sensitivity. Where

the bulk deformation is a consequence of the average sensitivity over rotation the

local deformation is related to the change of sensitivity. As the change of sensitivity

is furthermore most significant close to the measurement location, the local effect

is reflective of the local loading. The bulk effect on the other hand is affected by

all rolling element loads.

For the development of a model based local strain conditioning approach a novel

strain model is presented in this Chapter. This model provides a physical descrip-

tion of bearing outer-ring strain as a function of local rolling element loading. The

model considers the strain amplitude to be directly related to local rolling element

loading and includes all important aspects involving the local strain: (i) it con-

tains a periodic transfer function to model the movement of rolling elements and

(ii) a contact angle dependent function to describe the measurement sensitivity.

A possible extension for double row bearings is provided based on the principle

of superposition. By combining the strain model with the previously introduced

load model, a deterministic relationship between bearing loading and outer-ring

strain can be established.

43



Chapter 3 Novel Bearing Strain Model

No explicit validation of the model is provided as this is considered to be outside

of the scope of this thesis. However, an implicit validation is provided by the

implementation of the model in a Kalman Filter based conditioning approach,

presented in Chapter 4, and experimental validation study in Chapter 6. The

latter additionally shows that the model is applicable for discrimination of in- and

outboard strain effects.
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Chapter 4

Kalman Filter Based Load

Reconstruction Algorithm

Based on the load and strain models presented in previous Chapters, a physics-

based bearing load reconstruction algorithm is developed. As the load and strain

model cannot be assessed individually with the experimental setup, three algo-

rithms with increasing usage of physical modelling are developed for the proper

assessment of their effectiveness and accuracy. The first and rather basic approach

was developed as a proof of concept and considers a data-driven state-of-the-art

method. Subsequently, the second algorithm considers the inclusion of a model-

based conditioning approach by using the strain model introduced in Chapter 3.

Finally, a full model-based approach including the load model from Chapter 2 is

proposed. For the sake of readability of this thesis, this Chapter only presents the

description of the three algorithms, whereas the validation and comparison studies

are provided in Chapter 6.

This Chapter combines results published in:

S. Kerst, B. Shyrokau and E. Holweg. “A model-based approach for the estimation of
bearing forces and moments using outer-ring deformation”, Transactions on Industrial
Electronics (2019): 10.1109/TIE.2019.2897510 . [46]

S. Kerst, B. Shyrokau and E. Holweg. “Reconstruction of wheel forces using an intelligent
bearing”, SAE International Journal of Passenger Cars-Electronic and Electrical Systems
9.2016-01-0092 (2016): 196-203 . [43]
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Chapter 4 Kalman Filter Based Load Reconstruction Algorithm

4.1 Introduction

This Chapter considers the algorithm development for model based bearing load re-

construction. Figure 4.1 provides an overview of the proposed load reconstruction

methodology, which includes an instrumented bearing equipped with Nsg strain

measurements and processing by a load reconstruction algorithm to determine the

bearing load estimate. The reconstruction algorithm consists of two processing

steps of which the first considers the signal conditioning of the raw strain mea-

surements whereas the second comprises the bearing load calculation. As signal

conditioning for the purpose of load reconstruction is discussed in Chapter 3, only

a limited recap of relevant aspects for the considered wheel-end bearing is provided

in this introduction. Additionally the state-of-the-art on load calculation is dis-

cussed, and its considerations for this thesis are provided. Finally the introduction

provides an overview of the developed algorithms and their applicability.{{PSfrag replacements
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Figure 4.1: Basic stages of load reconstruction

4.1.1 Signal conditioning

The first stage of any load reconstruction algorithm concerns the conditioning of

the raw strain measurement. As this measurement consists of two distinct load

indicative strain components, bulk and local strain, considerations on signal con-

ditioning do not only regard the method to apply, but also the signal content to

focus on. The latter is of particular importance as both components’ properties

differ considerably. As this thesis focuses on wheel-end bearings, the limited ax-

ial raceway distance that leads to lumping of strain contributions is taken into

consideration for development of the load reconstruction algorithm.

Figure 4.2 (a) shows a Hub Bearing Unit wheel-end bearing that can be con-

sidered for development of the load reconstruction approach. Additionally, Figure

4.2 (b) shows an example of the in- and outboard strain (ε), indicated by respec-

tively blue and yellow, that would result by loading of the respective raceways at

any particular bearing azimuth angle. Any strain measurement however will only

observe the superposition of both effects as indicated by red due to the limited

axial distance between both raceways. As a consequence of this superposition

or lumping effect, state-of-the-art conditioning methods have limited applicability
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4.1 Introduction

for the considered setup. For any bulk deformation based approach it will lead

to an increased non-linearity with respect to the bearing loading. Application

of peak-to-peak measurement of AC power analysis on the other hand becomes

non-conclusive due to asynchronicity of both raceways which leads to alternating

constructive and destructive interference often referred to as the beating effect.

These various challenges limit state-of-the-art conditioning approaches for the

purpose at hand. This thesis therefore proposes the development of a model based

local strain conditioning methodology. By focussing on local strain, thermal issues

related to the bulk deformation are avoided. Furthermore, the proposed approach

implements continuous tracking of the local strain by the proposed strain model

which results in the decomposition of the in- and outboard strain contributions of

the superpositioned local strain measurement.

PSfrag replacements
(a) (b)

Rolling element phase ψ

S
t
r
a
in
ǫ

Inboard ǫ

Outboard ǫ

Measured ǫ

Figure 4.2: Wheel-end bearing strain superposition due to small axial distance between
in- and outboard raceway

4.1.2 Load calculation

After conditioning of the raw strain, the bearing loading is reconstructed in the

load calculation stage. State-of-the-art load calculation applies data-driven meth-

ods as neural networking or fitting based approaches for reconstruction of the bear-

ing loading. These methods are however limited for commercial application be-

cause of the non-linear relationship between bearing loading and outer-ring strain

as noted in Chapter 2. More specifically, due to the high non-linear bearing be-

haviour any empirical method requires a large number of parameters (subject to

calibration) for decent reconstruction of the bearing loading.

For example, the approach presented in Figure 4.3, presented in [67], considers

a database of different strain-load coefficients to cope with the non-linearity be-

tween different operating regions of the bearing. Although this may lead to decent

estimates of the three force vectors Fx, Fy and Fz, it necessitates the introduction

of a selection procedure as well a large database of strain-load coefficients. The

latter limits its feasibility as it will require extensive calibration for each bearing
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Chapter 4 Kalman Filter Based Load Reconstruction Algorithm

to cope with production tolerances.
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Figure 4.3: Data driven load reconstruction approach presented in [67]

An empirical approach to the load calculation stage thus requires either an

extensive neural network, higher order fitting or piecewise linearization to capture

the non-linear behaviour of the bearing. This consequently leads to a large number

of parameters subject to calibration which on its turn is not feasible for commercial

or industrial application. This thesis therefore focuses on a fundamentally different

model based approach to capture the non-linear behaviour more effectively and

thereby limit calibration effort.

4.1.3 Algorithm development

For the sake of analysis of bearing behaviour and the application of model based

load reconstruction this thesis considers the development of three different load

reconstruction algorithms.

1. The first algorithm is based on the state-of-the-art and therefore implements

a bulk deformation data-driven approach. It serves as the baseline reference

with respect to estimation quality and evaluates the usage of bulk deforma-

tion and coefficient fitting for load estimation.

2. The second algorithm involves a model based approach for conditioning of

the local strain effect. In line with the first algorithm, it applies a data-

driven coefficient based load calculation step and is referred to as the local

strain data-driven approach. It allows for the assessment of the model based

strain conditioning method by comparison to the bulk deformation based

approach.

3. The third algorithm considers a model based approach for both conditioning

of local strain and load calculation. It is the final developed algorithm in
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this thesis and is referred to as the local strain model based approach. Due to

the inclusion of modelling in load reconstruction the chance of over-fitting

is reduced and calibration effort is limited with respect to the data-driven

approaches.

A step-wise approach towards a full model based algorithm is taken within the

algorithm development study. This stepwise approach allows for a more effective

analysis and validation of the model based conditioning and load calculation ap-

proaches. In particular, as it allows for an extensive comparison study. In the

following the description, tuning and calibration methods for each of the three

algorithms is presented. An extensive analysis and experimental validation of the

proposed algorithms is finally performed in Chapter 6.
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4.2 Bulk deformation data-driven approach

The proposed bulk deformation data-driven approach is inspired by the state-of-

the-art and was developed for the proof of concept study on the anti-lock braking

application presented in Chapter 7. Additionally, now it serves as the state-of-

the-art reference and allows for evaluation of the applicability of bulk deformation

and coefficient fitting for load estimation.

The approach is founded on a cascade of basic data processing steps for signal

conditioning to extract the outer-ring bulk deformation. Additionally, it includes a

thermal compensation method to minimize the effect of thermal drift. The bearing

loading is finally calculated by the use of a coefficient matrix. An overview of the

algorithm, which is more thoroughly explained in the following subsections, is

provided in Figure 4.4.
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Figure 4.4: Overview of the bulk deformation data-driven approach

4.2.1 Signal conditioning

The signal conditioning considers independent filtering of each of the Nsg raw

strain measurements to determine the outer-ring bulk deformation at each mea-

surement location. The bulk deformation is determined by the use of multiple

Nnotch notch filters for attenuation of the local strain. Additionally, a low-pass

filter is applied for noise suppression of frequencies outside the band of interest.

Finally, a thermal correction is applied to attenuate the thermal effects on the

bulk deformation measure.

In the first conditioning stage multiple 2nd order IIR notch filters are applied.

The first notch filter frequency, or fundamental frequency, equals the (variant) ball-

pass frequency fbp. The number of necessary or relevant notch filters depends on
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4.2 Bulk deformation data-driven approach

the number of significant harmonics and is case dependent. By appropriate tuning

of the Q-factor, the local strain can be fully attenuated. For proper functioning of

the algorithm, the ball-pass frequency fbp is required as external input.

In addition to the notch filters, a 2nd order Butterworth low-pass filter is applied

to suppress noise above the bandwidth of interest. The filter cut-off frequency

fc of this low-pass filter is case specific, and can be defined by analysis of raw

measurements.

As the obtained bulk deformation is a measure of both load and thermal induced

deformation, a correction is applied for attenuation of the latter:

ε̂b,n = εb,n − ζn (4.1)

where ζ is an estimate of the thermal induced strain, ε̂ is the resultant load depen-

dent bulk deformation and the n subscript refers to the nth measurement within

n = 1..Nsg. The method to determine ζ is discussed in calibration Subsection

4.2.4.

Although measurement of the thermal induced strain is not feasible for real-life

applications, it serves well for research purposes to examine the applicability of

bulk deformation for load reconstruction. Note that, depending on the significance

of heat flux, the compensation will become inaccurate. However, it does provide a

temporary and effective suppression of thermal strain. Additionally, it allows for

observation of the degenerative effect over time of the thermal induced error.

4.2.2 Load calculation

After determining the load dependent bulk deformation for each strain gauge, all

conditioned measurements are combined to deformation vector xr that includes

first and second order terms:

xr =
[
ε̂b,1 . . . ε̂b,Nsg ε̂2b,1 . . . ε̂2b,Nsg

]
(4.2)

Based on the deformation vector, the bearing loading is reconstructed using a

coefficient based approach in line with [67]. The load calculation is described by:

yr = xrβr + vr (4.3)

where yr is the vector of bearing load estimates, xr is the deformation vector, βr
is the coefficient matrix and vr is the noise term.

4.2.3 Tuning

As the algorithm is set-up using basic filtering components, only the filter frequen-

cies and notch Q-factor need to be defined. These values are case dependent, and
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can be best determined using an FFT on raw measurements of the instrumented

bearing.

4.2.4 Calibration

Calibration of coefficient matrix βr is performed by a multivariate linear least

squares regression analysis. This linear approach determines a coefficient matrix

β such that the quadratic errors of noise term vr are minimized for the calibration

data. It can be well understood that for such approach the quality and dimen-

sionality of the calibration data plays an important role in the overall validity of

coefficient matrix β. The calibration dataset used for this approach is identical to

that of all other algorithms and is detailed in Chapter 6.

Next to the coefficient matrix, thermal offset vector ζ for compensation of ther-

mal effects of the bulk deformation is to be calibrated. This is achieved by applying

a reference load for which strain levels are known. In such case, the thermal offset

can be determined. Due to the significant variance of thermal strain, this cali-

bration is performed on a regular basis. For the load estimation quality studies,

the re-calibration is performed during unloaded conditions (test rig, every 5 min)

and lifting of the wheel (test vehicle, every half an hour) to avoid large estimation

errors. During the application study for load based anti-lock braking, the system

is re-calibrated prior to each braking manoeuver.

4.2.5 Running the algorithm

For functioning of the algorithm, the ball-pass frequency fbp must be supplied. In

the current study this external input is obtained from the available wheel-speed

encoders. Due to the nearly fixed relationship between ball-pass frequency fbp and

the bearing rotational frequency this has shown to be effective. In case no speed

encoders are available, a frequency estimation can be applied.
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4.3 Local strain data-driven approach

4.3 Local strain data-driven approach

The second algorithm, the local strain (semi-model) data-driven approach, con-

siders model based conditioning of the local strain. Although this requires a

considerably more complex conditioning procedure it results in a higher output

dimensionality due to separation of in- and outboard effects and to thermal in-

variance because of the focus on local strain.

The conditioning, aimed at extracting the amplitudes of both in- and outboard

local strain, is performed in two steps. In the first stage, the local strain is obtained

by the use of a speed dependent high-pass filter. In the second stage Kalman fil-

tering [41] is applied as an Extended Kalman Filter (EKF) including the proposed

local strain model is used for estimating the in- and outboard strain amplitudes.

Subsequently the bearing loading is calculated by the use of a coefficient mapping.

The latter method is similar to the bulk deformation based approach, and there-

fore both algorithms allow for a comparison between the bulk and local strain

based methodologies. The general scheme of the algorithm is presented in Figure

4.5.
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Figure 4.5: Overview of the semi-model local strain data-driven approach

In the following, the three algorithm phases, of which the first two can be consid-

ered to be the signal conditioning phases, are extended.

4.3.1 Adaptive filters

In this first stage of the algorithm all Nsg strain measurements are high-pass

filtered to extract the local strain component from the raw measurements. Effective

separation of the local effects from the bulk deformation is only possible when

the ball-pass frequency fbp exceeds the bandwidth of the external load and bulk
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deformation. It is assumed that the latter is either static and known, or dynamic

and related to the rotational frequency of the bearing. For high-pass filtering a 2nd

order Butterworth filter is proposed, with a static or dynamic cut-off frequency fc
of:

fc = cbwf̄bw if f̄bw = const.

fc = cbpfbp if f̄bw 6= const.
(4.4)

where f̄bw is the upper frequency of the static bearing load bandwidth, fbp is the

ball-pass frequency estimate and cbw (> 1) and cbp (< 1) are tuning constants

providing separation between bulk deformation and ball-pass frequencies. The

case specific tuning constants should be chosen such that in operating conditions

the high-pass filter provides respectively maximal and minimal attenuation of low

and high frequency content such to maximize signal to noise ratio of the local

strain. The ball-pass frequency for adapting the filter frequency is obtained from

the state vector of the subsequent algorithm stage.

4.3.2 EKF bearing strain model

In the second conditioning stage of this algorithm the aim is to estimate the

in- and outboard strain amplitudes from the local strain measurement. As the

contact angle is not available in this approach, the strain gauge sensitivity cannot

be determined. Therefore the strain model of Chapter 3 is simplified by setting

both sensitivity ηi and ηo of (3.1) to one and substitution of rolling element load

Q by strain amplitude A:

εl(ψ) = Ai(ψ)Gi(ϕi) +Ao(ψ)Go(ϕo) (4.5)

where Ai and Ao are the in- and outboard local strain amplitudes respectively.

This simplified model is implemented in an EKF approach to estimate in- and

outboard local strain amplitudes, phases and frequencies from the Nsg local strain

measurements. In order to do so, for each local strain measurement a separate

EKF is set up according to the description as follows.

The EKF system equations are defined as:

xn,k = Fxn,k−1 +wn (4.6)

yn,k = f(xn,k) + vn (4.7)

where xn and yn are respectively the state and measurement vector of the nth

filter, F is the linear process model, f is the non-linear measurement model and

wn and vn are the nth filter process and measurement noise matrixes respectively,

which are assumed as zero-mean Gaussian white noise with covariance Qn and
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4.3 Local strain data-driven approach

Rn. The state, measurement and external input vector are defined as:

xn,k =
[
ωn,i,k ϕn,i,k An,i,k ωn,o,k ϕn,o,k An,o,k

]T
(4.8)

yn,k =
[
εn,l,k ω̄i,k ω̄o,k

]T
(4.9)

where ωn is the ball-pass frequency, εn,l is the local strain determined by the

adaptive filtering phase and ω̄i and ω̄o are pseudo measurements of the ball-pass

frequency.

The ball-pass frequency pseudo measurements are added to avoid observability

issues during low excitation of the respective raceways and equal the current most

trusted ball-pass frequency estimate. The linear process model F is defined as

the identity matrix with two off-diagonal terms on (2, 1) and (5, 4) equalling 1/ts,

where ts is the sampling period, to increment in- and outboard phases with the

current respective rotational frequency estimates.
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Extended Kalman Filter equations

initialization

x̂n,0 = E[xn] (4.10)

Pn,0 = E[(xn − x̂n,0)(xn − x̂n,0)] (4.11)

1. Time update

x̂−n,k = F x̂n,k−1 (4.12)

P−n,k = FPn,k−1F
T +Qn,k (4.13)

2. Measurement update

Kn,k = P−n,kH
T
n,k(Hn,kP

−
n,kH

T
n,k +Rn,k)−1 (4.14)

x̂n,k = x̂−n,k +Kn,k(yn,k − f(x̂−n,k,un,k)) (4.15)

Pn,k = P−n,k −Kn,kHn,kP
−
n,k (4.16)

where Hn,k = ∂f(x̂−n,k)/∂x̂−n,k, which is the linearization of the output equation

at the current state estimate.

4.3.3 Load calculation

In line with the bulk deformation based approach, a coefficient based load recon-

struction phase is applied. First all in- and outboard strain amplitudes determined

by the Nsg parallel EKF filters are combined in one local strain amplitude vector

xa that considers both first and second order terms:

xa =
[
A1,i . . . ANsg,i A1,o . . . ANsg,o

A2
1,i . . . A2

Nsg,i
A2

1,o . . . A2
Nsg,o

]
(4.17)
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4.3 Local strain data-driven approach

Using the strain amplitude vector, the bearing loads are calculated by multiplica-

tion with coefficient matrix βa:

ya = xaβa + va (4.18)

where ya is the vector of bearing load estimates, xa is the local strain amplitude

vector, βa is the coefficient matrix and va is the noise term.

4.3.4 Tuning

As common in the application of Kalman filtering, the process and measurement

noise covariance Q and R matrixes are tuned for improved convergence and ro-

bustness of the nonlinear filters. More specifically, a rule based tuning is applied

for changing these matrixes when either a positive or negative tilting moment is

applied to the bearing. This is particularly effective as both situations consider

significant differences in raceway loading and therefore excitation of the strain

measurement locations.

4.3.5 Calibration

Calibration of coefficient matrix βa is performed by a multivariate linear least

squares regression analysis identical to the approach for the bulk deformation data-

driven approach. Additionally, the same calibration data, detailed in Chapter 6,

is used for calibration. In case of any Nh harmonics considered in the periodic

transfer function, these need to be included in the calibration procedure as well.

4.3.6 Running the algorithm

For robust initialization of the algorithm, the initial rotational frequency is re-

quired. In the experimental setup, this is acquired using the wheel speed encoders.

In contradiction to algorithm 1, while running, no external input of the ball-pass

frequency fbp is required as it is estimated within the EKF. The latter thus also

functions as frequency estimator for the adaptive filters.
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Chapter 4 Kalman Filter Based Load Reconstruction Algorithm

4.4 Local strain model based approach

This third algorithm, the local strain model based approach, extends the second

algorithm by implementation of a model based load calculation stage. Due to this

model based approach, principal relationships are defined by physical modelling

and therefore the chance of over-fitting and the amount of parameters subject to

calibration are decreased. Additionally, physical meaning is added to the calibra-

tion parameters.

The algorithm, shown in overview in Figure 4.6, is characterized by two subse-

quent non-linear Kalman filters. The first filter, an EKF, implements the strain

model for translation of local strains to rolling element loads. The second filter,

an Unscented Kalman Filter [40, 98] (UKF) includes the bearing load model for

translation of these element loads to the bearing state. The bearing state is then

used for calculation of the bearing loading and to update the raceway deformation

that is included in the bearing load model.
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Figure 4.6: Overview of the local strain model based load reconstruction algorithm

For computational efficiency the first filter is of the EKF type, whereas an UKF

is applied in the second stage due to the high non-linearity of the model. Besides

for simplified tuning furthermore a cascaded approach is chosen as two independent

physical phenomena without cross-covariance are described.

In the following the four algorithm phases are extended. The first two phases

consider conditioning of the local strain in a slightly extended manner as algorithm

two as contact angles are now available due to implementation of the bearing
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4.4 Local strain model based approach

load model. The latter two phases apply this load model in a model based load

reconstruction approach.

4.4.1 Adaptive filtering

The adaptive filtering phase of this algorithm is identical to the method applied

in the local strain data-driven approach. For its description the reader is referred

to Subsection 4.3.1.

4.4.2 EKF strain model

In line with the semi-model based approach, an EKF is used for the local strain

analysis. In contradiction to the second algorithm, the original description of

Chapter 3 can be implemented as contact angles are available from the subsequent

load calculation stage. By the use of the strain model local in- and outboard rolling

element forces, phases and frequencies from the Nsg conditioned strain measure-

ments can be estimated. For each conditioned strain measurement a separate filter

is set up according to the description as follows.

The EKF system equations are defined as:

xn,k = Fxn,k−1 +wn (4.19)

yn,k = f(xn,k,un,k) + vn (4.20)

where xn and yn are respectively the state and measurement vector of the nth

filter, F is the linear process model, f is the non-linear measurement model, un is

the external input vector andwn and vn are the nth filter process and measurement

noise matrixes respectively, which are assumed as zero-mean Gaussian white noise

with covariance Qn and Rn. The state, measurement and external input vector

are defined as:

xn,k =
[
ωn,i,k ϕn,i,k Qn,i,k ωn,o,k ϕn,o,k Qn,o,k

]T
(4.21)

yn,k =
[
εn,l,k ω̄i,k ω̄o,k

]T
(4.22)

un,k =
[
αn,i,k αn,o,k

]T
(4.23)

where ωn is the ball-pass frequency, εn,l is the local strain determined by the

adaptive filtering phase, αib,k and αob,k are the rolling element contact angles

obtained from the bearing load calculation stage for the nth filter and ω̄i and ω̄o
are pseudo measurements of the ball-pass frequency. The i and o subscripts refer
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Chapter 4 Kalman Filter Based Load Reconstruction Algorithm

to in- and outboard effects respectively.

In line with algorithm 2, the ball-pass frequency pseudo measurements are added

to avoid observability issues during low excitation of the respective raceways and

equal the current most trusted estimated ball-pass frequency. The linear process

model and the applied Extended Kalman Filtering equations are identical to the

description in section 4.3.2.

4.4.3 UKF bearing model

The bearing model is implemented in an Unscented Kalman Filter (UKF) to es-

timate the bearing state based on the estimated rolling element forces. The UKF

system equations are defined as follows:

xb,k = xb,k−1 +wb (4.24)

yb,k = g(xb,k,ub,k) + vb (4.25)

where xb is the state vector, yb is the measurement vector, g is the non-linear

measurement model, ub is the external input vector and wb and vb are the process

and measurement noise which are assumed to be zero-mean Gaussian white noise

with covariance of respectivelyQb andRb. Note that no process model is described

as it equals the identity matrix. The state, measurement and external input vector

are defined as:

xb =
[
δx δy δz γx γy

]T
(4.26)

yb =
[
δi,1 δo,1 . . . δi,Nsg δo,Nsg

]T
(4.27)

ub =
[
ur(ψ1) . . . ur(ψNsg )

]T
(4.28)

where the measurement vector consists of the normal approaches calculated using

the previously estimated rolling element forces using (2.1). This transformation

is applied as this leads to a better convergence of the bearing model due to the

nature of (2.1) that results in a discontinuity in the calculated element force.

The raceway deformation is regarded as external input and is obtained from the

subsequent bearing model calculation phase. The applied UKF equations are

described below.
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4.4 Local strain model based approach

Unscented Kalman Filter equations

initialization

x̂b,0 = E[xb] (4.29)

Pb,0 = E[(xb − x̂b,0)(xb − x̂b,0)] (4.30)

W c
0 = λ/(L+ λ) + (1− α2 + β) (4.31)

W c
i = 1/(2(L+ λ)) i = 1, ..., 2L (4.32)

1. Time update

x̂−b,k = x̂b,k−1 (4.33)

P−b,k = Pb,k−1 +Qb,k (4.34)

X−b,k =
[
x̂−b,k x̂−b,k + γ

√
P−b,k x̂−b,k − γ

√
P−b,k

]
(4.35)

Y −b,k = g(X−b,k,ub,k) (4.36)

ŷ−b,k = g(x̂−b,k,ub,k) (4.37)

2. Measurement update

Pŷb,kŷb,k =

2L∑
i=0

W c
i (Y −b,k − ŷ−b,k)(Y −b,k − ŷ−b,k)T +Rb,k (4.38)

Px̂b,kŷb,k =

2L∑
i=0

W c
i (X−b,k − x̂−b,k)(Y −b,k − ŷ−b,k)T (4.39)

Kb,k = Px̂b,kŷb,kP
−1
ŷb,kŷb,k

(4.40)

x̂b,k = x̂−b,k +Kb,k(yb,k − ŷb,k) (4.41)
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Chapter 4 Kalman Filter Based Load Reconstruction Algorithm

Pb,k = P−b,k −Kb,kPŷb,kŷb,kK
T
b,k (4.42)

where α and β control the sigma point spread, L is the length of the state vector

and λ is defined as λ = α2L− L.

4.4.4 Calculation of load and deformation

By the use of UKF state vector and (2.1 - 2.12) all rolling element loads, contact

angles and subsequent bearing loads can be calculated based on the current race-

way deformation estimate. The calculated rolling element loads are then used for

updating the raceway deformation estimate by the use of (2.19).

4.4.5 Tuning

In line with the local strain data-driven approach, a rule based tuning of covariance

matrixes Q and R of the EKF filter is proposed. Additionally, the measurement

covariance matrix of the UKF is adjusted to omit unloaded raceways in the calcu-

lation of the bearing state. The latter is applied as unloaded conditions provide

no information to the UKF. The tuning of the EKF is applied based on internal

filter states, the UKF is tuned based on the EKF state vector.

4.4.6 Calibration

A considerable advantage of a model based approach with respect to data-driven

methods is that parameters have physical meaning and therefore can be bounded

or defined a priori such to minimize calibration effort. The choice for the latter or

a calibration procedure depends on parameter sensitivity and accuracy at which

the parameter can be determined on beforehand.

As the bearing model is a validated modelling part it is defined a priori. By the

use of technical drawings the geometrical parameters are defined whilst the bearing

compliance is determined by a Finite Element study as explained in Chapter 2.

Quantification of the introduced strain model parameters is achieved by the use

of a calibration routine. The periodic transfer function and sensitivity polynomial

orders are set to Nh = 2 and Np = 3 respectively. As the bearing is plane

symmetric, the front and rear strain model parameters are considered to be equal,

resulting in a total of 18 parameters for calibration. The calibration is performed

by a non-linear calibration routine with the aim of minimizing the quadratic error

of noise term vb.
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4.4.7 Running the algorithm

In line with algorithm 2, the initial rotational frequency is required as prior knowl-

edge for robust convergence after initialization of the algorithm. This information

is obtained from the available wheel-speed encoders. As the algorithm does not

require any external inputs, no additional information is required while running

the algorithm.

4.5 Conclusion

In this Chapter a physics based load reconstruction algorithm is developed based

on the previously introduced bearing load and strain model. This novel algo-

rithm, coined as the local strain model based approach, applies the bearing strain

model for conditioning of the local strain and implements the bearing load model

for reconstruction of the bearing loading. Additionally a local strain data-driven

approach and bulk deformation data-driven approach are introduced. The latter

represents the state-of-the-art, whereas the former is partially model driven as it

employs a physics based conditioning approach.

The three algorithms represent the chronological development and milestones

of the bearing load reconstruction approaches developed during this thesis. All

are incorporated in this final work as the comparison of the algorithm results

allows for addressing the advantages of physics based modelling in the field of load

reconstruction. The latter is presented in the following of this thesis.
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Chapter 5

Prototypes and Testing Facilities

The three proposed load reconstruction algorithms are compared and validated by

an experimental study in both laboratory and field conditions. For this purpose, an

off-the-shelf wheel-end bearing is instrumented with strain gauges and extensively

tested on both a dedicated test-rig as well as on a test vehicle. In this Chapter

the bearing instrumentation as well as the test facilities are introduced.

This Chapter presents an extended description of the experimental setup and facilities
developed and used for all publications related to this thesis.
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5.1 Instrumented bearing prototype

For experimental testing and validation of the developed load reconstruction al-

gorithms a Hub Bearing Unit 3 (HBU3) type wheel-end bearing is chosen. This

bearing type is commonly used in automotive wheel-end applications. It is a dou-

ble row angular contact ball bearing that is designed to be light and compact.

It provides its own housing and both the inner and outer-ring contain a flange

for mounting by bolts to the wheel and steering knuckle respectively. The rel-

atively thin outer-ring structure deforms considerably, even at normal operating

conditions, and therefore serves well for deformation based load reconstruction.

As a BMW 5-series test vehicle is considered, the wheel-end bearings of this

particular vehicle type, shown in Figure 5.1, are instrumented for testing. During

the course of this thesis, two different sets of prototypes have been developed which

differ with respect to the amount and placement of strain gauges.

The first set of prototypes, instrumented with six strain gauges equally spaced

around the bearing circumference, is used for proof of concept studies and the Anti-

lock application study as presented in Chapter 7. The second set of prototypes,

instrumented with four strain gauges at a 90 degree interval placed in line with

the principal axis of the bearing, are used for the experimental study presented in

this Chapter.

Both sets of instrumented bearings are equipped with general-purpose strain

gauges aligned such that the bearing circumferential strain is measured. The

strain gauges, specified in Table 5.1, are applied in a Wheatstone bridge setup and

are protected from the harsh wheel-end environment by a silicone coating. As the

signals coming from the bearing are low-voltage a well shielded wire is used to

avoid electrical interference and thereby minimize noise levels. In both test setups

the low-voltage signals are amplified by the use of a Peekel 9236 type amplifier.
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Figure 5.1: Top view of the instrumented bearing
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5.1 Instrumented bearing prototype

Table 5.1: Strain gauge specifications

Parameter Value

Type CEA-06-062UR-350
Strain range ±3%
Resistance 350 Ohms
Gauge factor 2.150 ± 0.5%
Pattern Type Rectangular Rosette
Active length 1.57 mm
Active width 1.57 mm
Operating temperature -75 to 175 ºC

Initially the bearings are mounted in the bearing test rig for calibration and

testing in line with Section 5.2. Afterwards they are fitted to the test vehicle as

discussed in Section 5.3.
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Chapter 5 Prototypes and Testing Facilities

5.2 Bearing test system

For testing and validation of the bearing load measurement approach in laboratory

conditions a dedicated bearing test rig is available at our industrial partner SKF.

This test rig allows for extensive and repetitive bearing testing under various

loading conditions while driven by an electric motor.
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Figure 5.2: The bearing test system (BETSY) located at industrial partner SKF

The test system, shown in Figure 5.2, uses 5 hydraulic force controlled actuators

to apply the bearing load on the setup. The wheel-end side of the bearing is

connected to an electric motor via a shaft to drive the bearing. The knuckle is

mounted to an aluminium plate via an adapter. Different adapters are available to

connect various bearings/knuckles. The bandwidth of up to 10 Hz in combination

with the large operating range and custom load profiles allows for road realistic

loading of the instrumented bearings. The load range and rotational speeds that

can be achieved by the test setup are indicated in Table 5.2.

Besides the ability to test for repeatability, a particular advantage with respect

to real road testing, in which loads usually are coupled, is the possibility to pro-

vide custom loading patterns. The latter allows for testing for the response on

excitation of individual loads as well as alternative load cases that are not nec-

essarily road realistic. The latter helps to understand the general validity of the

load reconstruction approaches.

The setup used for the experimental study consists of both the HBU3 bearing as

well as the original BMW steering knuckle. The inner-ring flange of the bearing is

connected to a driveshaft to the electric motor. The knuckle on the other hand is

fixed to the mounting plate by the use of a custom made adaptor. In Figure 5.2 the

setup is shown marking all discussed components. The steering knuckle is included
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5.2 Bearing test system

in the setup as it affects the deformation behaviour of the bearing considerably.

Thereby boundary conditions of the test vehicle are mimicked such that differences

between the laboratory and field setup are minimized. As noted by the results in

Chapter 6, this leads to a good match between laboratory and field conditions.

A notable consequence of the addition however resides in the increased flexibility

of the setup that leads to minor deflections and rotations during heavily loaded

conditions. The latter negatively affects the experimental results as any rotation

results in misalignment of the applied loading and bearing coordinate system. As

emphasis lies on assessment by comparison of the algorithms, and not specifically

on performance, it is chosen not to compensate for this rotational effect.

Data acquisition is performed by the use of a Yokogawa DL750P mixed sig-

nal oscilloscope at a sampling rate of 2 kHz. The proposed load reconstruction

algorithm is applied using Matlab on a regular PC.

Table 5.2: Excitation range of the bearing test system

Parameter Value

Tilting moment Mx +/- 5kNm
Self-aligning moment Mz +/- 5kNm
Longitudinal force Fx +/- 15kN
Lateral force Fy +/- 15kN
Vertical force Fz +/- 15kN
Rotational speed ω 0-3000 rpm
Load bandwidth up to 10Hz

69



Chapter 5 Prototypes and Testing Facilities

5.3 Test vehicle

To test and validate the load measurement approach and perform application

studies on load based dynamics control a 2009 BMW 5-series production vehicle

was modified and instrumented. As detailed in Figure 5.3 several modifications

are made to the test vehicle, which are categorized by (1) Miscellaneous, (2) Load

estimation and (3) Dynamics control modifications.
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Figure 5.3: Modifications made to the test vehicle for this thesis

5.3.1 Miscellaneous

First of all, for the purpose of data acquisition, processing and real-time control

determination a dSPACE Autobox platform (ds1005) is fitted in the trunk of the

vehicle. The system is equipped with an AD/DA conversion board (DS2003),

PWM / IO board (DS4002) and CAN communications board (DS4302).

Wheel speed signals are tapped directly from the original ABS sensors to obtain

the raw data and minimal latency on the wheel speed readout. As the wheel-speed

signals originally are current based, conditioning electronics are implemented to

obtain a voltage based block signal that is then acquired by the dSPACE Autobox

DS4002 PWM/IO board.
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5.3 Test vehicle

Both the powertrain (PT) and chassis (F) CAN busses are tapped to capture

important vehicle information. The signals are tapped near the steering wheel and

data acquisition is performed using the dSPACE Autobox DS4302 board.

A dual antenna GPS system on the roof of the vehicle is fitted for accurate

measurement of the vehicle speed, direction and its location. Although the dual

GPS antenna was added for other studies performed on the test vehicle, it was

found very useful for the tracking of vehicle manoeuvers in the vast amount of

data collected of the current study.

Lastly, safety control in the form of a safety button is added in the middle

console of the dashboard. Pressing the safety button will turn of all actuation

electronics (DSC control) in case of an emergency. The system is designed such

that all sensors and data acquisition remains active when the safety button is

pressed.
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Figure 5.4: The trunk of the Delft University of Technology BMW test vehicle

5.3.2 Load estimation

Each wheel-end bearing is replaced by an instrumented bearing as detailed in

Section 5.1. Well shielded wires connect these four instrumented bearings to the

two (Peekel 9236 type) strain gauge amplifier boxes (1 for both front and 1 for

both rear bearings). Data acquisition is performed by the DS2003 AD board of

the dSPACE Autobox.

A VEhicle LOad Sensor (VELOS) measurement rim [82] is used as reference

measurement of the tire forces and moments. The measurement rim has a me-

chanical decoupling between the various loading directions allowing for an accurate
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measurement of each load by the use of strain gauges on its flexible members. A

conditioning box in the rear of the vehicle serves as power supply and data con-

version. Logging is performed using the dSPACE Autobox DS2003 AD board.

An important aspect for the experimental study is the alignment of the reference

load measurement and bearing load estimate. As the measurement wheels coordi-

nate system does not coincide with the bearing axis, a translation to the VELOS

measurement output is applied. Furthermore, based on the steering wheel angle

information obtained from the F-CAN, a correction is applied for rotation of both

the measurement wheel and bearing based to ensure the axis system as presented

in Section 6.1.

5.3.3 Dynamics control

The original Bosch Dynamic Stability Control (DSC) 8 unit is modified for active

dynamics control. By dismantling the original DSC unit and installation of a

custom coil pack and power electronics control of all hydraulic actuators (valves

and pump) is obtained.

The power electronics are implemented to amplify the signals coming from the

dSPACE AutoBox towards the hydraulic unit stage of the DSC unit. The control

signals to the power electronics are generated by the DS4002 board installed in

the dSPACE Autobox.

The modification on the DSC unit leaves the DSC ECU disconnected. As this

leads to issues on the original vehicle software, a dummy DSC unit is installed in

the vehicle. The original DSC cable is connected to this dummy unit and thereby
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Figure 5.5: Modifications under the hood of the vehicle
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software errors are avoided. As the dummy DSC is not connected to brake system

hydraulics, its control actions are unanswered.

Brake pressure sensors are installed near each brake calliper to allow for closed

loop brake pressure control. The brake pressure sensors are read out by the DS2003

AD board on the dSPACE Autobox.

5.4 Test track

Experimental testing with the test vehicle was performed on an old military air-

port. On this facility two different areas were available for testing: the runway was

used for straight line braking and slaloming, whereas a the large airport apron was

used for various manoeuvres as slaloming, constant cornering and step steering.

Figure 5.6 and 5.6 show respectively the Valkenburg airstrip and apron.

Figure 5.6: Test vehicle at the Valkenburg airstrip

Figure 5.7: Part of the Valkenburg apron
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Chapter 6

Laboratory and Field Validation

This Chapter considers the experimental validation of the algorithms developed

in Chapter 4 in both laboratory and field conditions. By analysis and comparison

of the estimation results of each algorithm, the proposed strain conditioning and

load calculations stages are assessed. The validation study shows that the proposed

local strain conditioning approach leads to more accurate results than the state-

of-the-art bulk deformation-based approach, due to invariance to thermal effects

and the increased output dimensionality. The study furthermore shows that the

proposed load calculation method outperforms the data-driven reference approach,

because combined and alternative load cases are captured more accurately. The

latter is a result of the knowledge introduced by modelling, which reduces the

chances of overfitting and extends the functional domain beyond the calibrated

region.

S. Kerst, B. Shyrokau and E. Holweg. “A model-based approach for the estimation of
bearing forces and moments using outer-ring deformation”, Transactions on Industrial
Electronics (2019): 10.1109/TIE.2019.2897510 .
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Chapter 6 Laboratory and Field Validation

6.1 Introduction

In this Chapter the three algorithms developed in Chapter 4 are experimentally

validated by assessment of their functioning and estimation accuracy. As noted in

Chapter 5, the validation study considers a vehicle wheel-end bearing. Although

bearing load measurement would be of interest in various applications, this au-

tomotive application is of particular interest as various studies have emphasized

the improvement in dynamics and safety systems that could be achieved based

on wheel load information. Additionally, wheel-end bearings consider extensive

variation in loading conditions and rotational speed, and therefore serve as an

interesting case study.

As explained in Chapter 5, the bearing considered is a BMW 5-series wheel-

end bearing. Validation is performed in both laboratory and field conditions with

a dedicated test-rig and test vehicle respectively. By the use of load-cells (test

rig) and a VELOS measurement rim (test vehicle) a reference bearing load mea-

surement is available on each setup. Based on this reference measurement, each

algorithm is assessed on its load estimation accuracy in both quantitative and

qualitative terms.

As no experimental measures are available to analyse inner-behaviour of the

bearing, algorithm validation is based on load estimation quality only. This com-

plicates assessment of the signal conditioning and load calculation stages inde-

pendently, as results might be unambiguous. However, due to the design of the

three algorithms, a comparison study can be applied for proper assessment of both

stages. As the bulk- and local strain data-driven approaches share a similar load

reconstruction phase comparison of algorithm results allows for addressing the

bulk and local strain conditioning methods. The local strain data-driven and local

strain model based approach furthermore apply similar conditioning methods, and

therefore allow for assessment of the data-driven and model based load reconstruc-

tion phases. Assessment based on only addressing the load estimation quality thus

suffices to draw conclusions on both conditioning and load calculation stages due

to the design of the three proposed algorithms.

In the following of this Chapter first algorithm calibration is discussed. This

is followed by the experimental results including a brief analysis for each test.

Afterwards a discussion is presented that reflects on the results. Finally conclusions

are drawn.
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6.2 Calibration

6.2 Calibration

The estimation quality of each of the bearing load reconstruction approaches, as for

any measurement approach, depends on the quality of calibration. For the current

study, the latter is strongly related to the applied load cases during calibration,

and more specifically, to the load magnitudes and orthogonality. The coefficient

based load calculation stage in particular is highly dependent on calibration for

proper functioning due to its data-driven nature.

In order to achieve good load estimation results for wheel-end conditions, a

calibration set considering a variation of realistic wheel-end loading conditions

is applied. Based on load measurements obtained during various test drives an

extensive set of loading conditions is developed. The set includes step-steer, cor-

nering, braking in the turn and slalom manoeuvers according to ISO standards.

The load cases are combined and supplemented with noise and uncorrelated bi-

ases on individual channels to increase dimensionality and richness of the dataset.

The calibration load pattern, which spans a total of 161 seconds, is applied to the

instrumented bearing on the bearing test-rig. The results of this experiment are

used according to the specific calibration procedures described in Chapter 4 to

calibrate each algorithm.

It was chosen to perform calibration in laboratory conditions only as the test rig

allows for more varied and orthogonal load cases than the test vehicle. Further-

more, a calibration in laboratory conditions is of interest from an industrialization

point of view.

It must be noted that during braking the instrumented bearing and measurement

rim loading differ due to their different location. As a consequence of their position,

the brake tangential force is not noted by the VELOS measurement rim, whilst the

instrumented bearing does observe this tangential force. In order to avoid issues

related to this matter, no straight braking is considered for the field experiments.

For the laboratory experiments braking is mimicked by supplementing the load

case by a pure longitudinal braking force whilst omitting the brake tangential

force. Although the latter is not reflective for braking in field conditions, it suffices

for assessment of load reconstruction capabilities of the measurement approach.
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6.3 Experimental results

The experimental validation considers a study on both the test rig and test ve-

hicle. For the test rig two wheel-end realistic and one alternative load case are

presented. The field experiment considers a cornering manoeuvre. For each load

case a qualitative and quantitative analysis based on time domain results and

root-mean-square (RMS) error are performed. The RMS error results are pro-

vided in both absolute and relative terms, where the latter is related to the Full

Scale (FS) experimental excitation range. The FS excitation range for this study

is indicated in Table 6.1. For each load case a brief discussion of important ob-

servations is provided. Afterwards the discussion section focuses on an in depth

analysis and comparison of the different algorithm results to address the proposed

signal conditioning and load calculation methods.

The load cases are evaluated on the estimation accuracy of longitudinal force

Fx, vertical force Fz, tilting moment Mx and self-aligning moment Mz according

to the sign convention as indicated in Figure 6.1. Lateral force Fy is omitted as the

achieved accuracy by the use of only four strain gauges was too low. Additionally,

the lateral force can be well estimated by the use of tilting moment Mx as they

are physically linked. It is therefore considered more effective to estimate lateral

force Fy by the use of tilting moment Mx.

Table 6.1: Full scale (FS) excitation range

Load Min Max
Longitudinal force Fx -5.5 kN 0.5 kN
Vertical force Fz 1.5 kN 10.0 kN
Tilting moment Mx -0.7 kNm 2.1 kNm
Self-aligning moment Mz -0.4 kNm 0.2 kNm

z

x
y

Figure 6.1: Coordinate system considered for the experimental study
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6.3 Experimental results

The experimental study focuses on load estimation in low-frequency and close

to steady-state conditions to address the conditioning and load reconstruction

approaches of all algorithms. A study to estimation bandwidth is omitted, as

this is considered out of scope of this thesis. Nonetheless, the application study

of Chapter 7 does confirm sufficient bandwidth for active dynamics control in

automotive applications of the bulk deformation based approach. Considering

the focus on low-frequency content of this Chapter, the laboratory and field data

results are filtered using a 2nd order Butterworth low pass filter with a cutoff

frequency of 1 Hz.
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6.3.1 Test rig: Cornering and braking combined loading

This first load case considers the bearing loading while cornering and braking to

analyse the estimation results for combined loading. The experiment is performed

on the bearing test rig at a constant rotational speed of 1000 rpm, resembling a

driving speed of approximately 120 km/h. The time domain results are presented

in Figure 6.2. The quantitative evaluation in both absolute as relative sense are

presented in Table 6.2 and 6.3 respectively.

Regarding the bulk deformation data-driven approach one can observe a consid-

erably biased but decent dynamic tracking of vertical force Fz and tilting moment

Mx. Self-aligning moment Mz is well estimated whereas longitudinal force Fx is

both offsetted and badly tracking the applied loading. The latter is best observed

in the longitudinal force step at t = 6s. The noted biases are attributed to ther-

mal drift of the bulk deformation measure, whereas the difficulty in tracking of

longitudinal force Fx relates to inaccuracy of the coefficient based load calculation

phase.

The local strain data-driven approach time domain results show notably good

tracking of all loads except longitudinal force Fx. The latter is confirmed by the

low RMS errors (all below 3.9% FS) for vertical force Fz, tilting moment Mx and

self-aligning moment Mz whilst longitudinal force Fx is as high as 9.5 % FS. No

thermal bias is noted on any of the load estimates. The low accuracy of longitudinal

force Fx is attributed to limitations of the coefficient based load calculation phase.

The time domain results of the local strain model based approach shows good

tracking of both forces and tilting moment Mx whilst the self-aligning moment Mz

is estimated inaccurately. The latter is also noted in the high relative RMS error

of 10.5 % FS, which is partially due to the limited FS domain for self-aligning

moment Mz. The relatively larger error on Mz is related to the model based load

Table 6.2: Absolute RMS errors of load case 1

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 506 N 568 N 285 N
Vertical force Fz 714 N 260 N 387 N
Tilting moment Mx 288 Nm 47 Nm 56 Nm
Self-aligning moment Mz 27 Nm 24 Nm 63 Nm

Table 6.3: Relative RMS errors of load case 1

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 8.5 % 9.5 % 4.7 %
Vertical force Fz 8.4 % 3.1 % 4.6 %
Tilting moment Mx 10.3 % 1.7 % 2.0 %
Self-aligning moment Mz 4.4 % 3.9 % 10.5 %
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calculation stage and flexibility or rotation of the test setup. The latter is detailed

in the discussion section.
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Figure 6.2: Time domain results of load case 1 performed on the bearing test rig
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6.3.2 Test rig: Slalom manoeuver

This second load case regards the loading during a slalom manoeuvre to analyse

the estimation quality for large internal bearing load variations. For this purpose

a slalom manoeuver is particularly suitable, as it leads to an alternating loading on

in- and outboard raceways. The test is performed at a constant rotational speed

of 1000 rpm. Figure 6.3 shows the experimental results over time for all considered

loads as well as the indication of the time domain used for the quantitative results

presented in Table 6.4 and 6.5.

The bulk deformation data-driven approach for this load case leads to decent

results for both force estimates, whereas notable errors on both moment estimates

are observed. Tilting moment Mx is clearly underestimated in cornering conditions

whilst self-aligning moment Mz is erroneous during cornering in one particular

direction. In contradiction to load case 1, no bias related to thermal drift is

observed. The estimation errors on both moment estimates are attributed to the

incorrect mapping by the coefficient based load calculation phase.

The local strain data-driven approach shows a good tracking of all considered

loads, which is reflected by the RMS errors that are all below 5 % FS. Although

differences are small it is noted that longitudinal force Fx, albeit being unloaded, is

again estimated with least accuracy. Although applying a similar load calculation

phase as the bulk deformation based approach, it is noted that during cornering

the tilting moment Mx is estimated more accurately. This difference is addressed

in the discussion section.

For the local strain model based approach different regions in estimation quality

can be observed; during the application of tilting moment Mx a good tracking is

observed whilst large errors are encountered in the switching periods in-between.

These errors are related to a complex interaction between both model based phases,

Table 6.4: Absolute RMS errors of load case 2

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 174 N 283 N 480 N
Vertical force Fz 270 N 276 N 459 N
Tilting moment Mx 157 Nm 46 Nm 57 Nm
Self-aligning moment Mz 41 Nm 27 Nm 23 Nm

Table 6.5: Relative RMS errors of load case 2

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 2.9 % 4.7 % 8.0 %
Vertical force Fz 3.2 % 3.2 % 5.4 %
Tilting moment Mx 5.6 % 1.7 % 2.0 %
Self-aligning moment Mz 6.9 % 4.5 % 3.8 %
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and is discussed in the discussion section. For this experiment, the full model based

approach results in the lowest accuracy when comparing to the other two methods.
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Figure 6.3: Time domain results of load case 2 performed on the bearing test rig including
the domain indication for the quantitative results
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6.3.3 Test rig: Alternative loading

This third load case regards an alternative loading which is not representative

of any realistic wheel-end load as the lateral force normally accompanying tilting

moment Mx is kept at 0 N . This load case shows less similarity to the calibration

set and therefore allows for analysis of the predictive qualities of each reconstruc-

tion approach. The test is performed at a constant rotational speed of 1000 rpm.

Figure 6.4 shows the time domain results and Tables 6.6 and 6.7 show the absolute

and relative quantitative results of each approach.

The bulk deformation data-driven approach shows significant offsets and dy-

namic errors for all considered loads. Especially the moment estimates show little

similarity to the applied loading showing RMS errors are as high as 21.6 and 29.5

% FS for tilting moment Mx and self-aligning moment Mz respectively. The con-

siderable crosstalk observed in all estimates is a result of inaccuracy of the load

reconstruction phase.

The results from the local strain data-driven approach are, in line with the bulk

method, considerably erroneous. Crosstalk is observed in each estimate leading to

bad tracking of the applied loads. The high RMS errors reflect this observation.

The load calculation phase is of debit of these errors, as its predictive qualities are

very limited.

The local strain model based approach, in contradiction to the other methods,

shows good estimation results for all loads although an bias in vertical load Fz is

noted. Omitting the bias, it is observed that the dynamic tracking of each load is

good. Both moments are estimated particularly accurate, which is reflected by the

low RMS errors of only 0.8 and 2.0 % FS for tilting moment Mx and self-aligning

moment Mz respectively. Another interesting observation is made in vertical force

estimate Fz, that shows some instability when tilting moment Mz becomes smaller.

Table 6.6: Absolute RMS errors of load case 3

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 417 N 826 N 235 N
Vertical force Fz 818 N 2234 N 703 N
Tilting moment Mx 604 Nm 212 Nm 23 Nm
Self-aligning moment Mz 177 Nm 122 Nm 12 Nm

Table 6.7: Relative RMS errors of load case 3

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 6.9 % 13.8 % 3.9 %
Vertical force Fz 9.6 % 26.2 % 8.3 %
Tilting moment Mx 21.6 % 7.6 % 0.8 %
Self-aligning moment Mz 29.5 % 20.4 % 2.0 %
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This bearing model UKF related issue is extended in the discussion section.
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Figure 6.4: Time domain results of alternative load case 3
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6.3.4 Test vehicle: Cornering

This fourth and last load case considers a cornering manoeuvre on the test vehicle.

The test is performed at a slowly increasing driving speed from 35 km/h to 60 km/h

whilst a constant cornering radius of approximately 50 m is maintained. Time and

quantitative results of this 100 second long experiment are presented in Figure 6.5

and Tables 6.8 and 6.9 respectively.

In line with load case 1, the bulk deformation data-driven approach shows a con-

siderable thermal related bias but decent dynamic tracking of both tilting moment

Mx and vertical force Fz. Furthermore, the longitudinal force Fx again shows a

varying error that is attributed to crosstalk in the load reconstruction phase. All

estimation errors are significant, which is well observed from the RMS error results.

The local strain data-driven approach results show that both moments are esti-

mated well, with a small error on tilting moment Mx in heavily loaded conditions

and a minor offset on self-aligning moment Mz. Furthermore it is observed that

longitudinal force Fx and vertical force Fz become inaccurate in heavily loaded

conditions. Considering a test rig calibration only and field conditions, the results

are considered quite well as the RMS errors are all below 7 % FS.

The results of the local strain model based approach are slightly better with

respect to the local strain data-driven approach. For over-turning moment Mx

good results are achieved, whereas self-aligning moment Mz is slightly off in heavily

cornering conditions. Longitudinal force Fx furthermore tracks the reference well,

although its precision is low, especially in heavy cornering conditions. For the

vertical force Fz a slight underestimation is noted.

Table 6.8: Absolute RMS errors of load case 4

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 697 N 366 N 366 N
Vertical force Fz 887 N 581 N 541 N
Tilting moment Mx 355 Nm 103 Nm 49 Nm
Self-aligning moment Mz 40 Nm 40 Nm 32 Nm

Table 6.9: Relative RMS errors of load case 4

Bulk Local Local
Load data-driven data-driven model-driven

Longitudinal force Fx 11.6 % 6.1 % 6.1 %
Vertical force Fz 10.4 % 6.8 % 6.4 %
Tilting moment Mx 12.7 % 3.7 % 1.7 %
Self-aligning moment Mz 6.7 % 6.7 % 5.3 %
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Applied load Bulk based Semi-model Model basedLegend
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Figure 6.5: Time domain results of load case 4 performed on the test vehicle
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6.4 Discussion

Before the in-depth discussion of each of the load reconstruction algorithms, first

several general aspects that affect any deformation based load estimation algorithm

must be noted.

Although only a limited amount of load cases are presented in the previous, the

results are reflective for the vast amount of experiments performed during this

thesis. All load cases have been tested multiple times to assess repeatability and

it was found that results are consistent over various tests. The results therefore

provide a good representation of the general performance of each approach.

Due to the small axial distance between bearing raceways the arm-length for

generating moment loading by the bearing is limited. Any applied moment on

the bearing therefore leads to relatively large internal rolling element loads and

consequent bulk and local deformation. The higher sensitivity of the outer-ring

deformation for moments than forces leads to a more accurate estimation of mo-

ments, which is well observed when comparing their absolute RMS errors. As the

FS excitation ranges vary considerably between each considered load, relative re-

sults show slightly different results. Self-aligning moment Mz in particular shows

large relative RMS errors due to its very limited FS range.

The main challenge in the load calculation phase is related to representing the

non-linear behaviour of the internal rolling element load distribution. As extended

in Chapter 2 this load distribution is dependent on the combined bearing load-

ing and heavily affected by outer-ring flexibility. Due to its dependency on the

combination of all 5 bearing loads any individual bearing load can be reflected by

different rolling element load distributions. As the strain measurement locations

furthermore are fixed, each of these locations has a varying sensitivity to any indi-

vidual loading depending on the combined bearing load. This non-linear effect is

the root cause for the observed errors on longitudinal force Fx for the coefficient

based load estimation. Next to that it leads to the varying and bearing load de-

pendent precision that is best observed for the longitudinal force estimate Fx of

the full-model based approach.

An important factor affecting the estimation results is the rotation of the bearing

in the laboratory setup due to flexibility arising from the inclusion of the steering

knuckle as discussed in the experimental setup Section 5.2. Although the effect is

limited, it does lead to crosstalk for both force and moment estimates due to mis-

alignment of the bearing and reference coordinate systems. Due to different depen-

dency on calibration, the data-driven and model based load calculation stage react

differently to this issue. As the calibration of the data-driven calculation phase

can implicitly account for the rotational effect in coefficient matrix β, it is hardly

noticed in the laboratory experiments of both data-driven approaches. However,

when switching to field conditions, this implicit compensation may lead to erro-

neous estimates as observed for longitudinal force estimate Fx of both approaches.
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Due to the limited dependency on calibration of the model based approach, it in

contradiction does not compensate for this misalignment. In laboratory conditions

this is well observed in load case 1 for the self-aligning moment estimate Mz.

6.4.1 Bulk deformation data-driven approach

The results of the bulk deformation data-driven approach show decent dynamic

tracking of all estimates for the road realistic load cases although considerable

biases due to thermal drift are noted. The decent tracking of dynamic behaviour

shows that indeed the bulk deformation is informative for reconstruction of the

bearing loading. However, even with regular recalibration of thermal coefficient

vector ζ (every 5 minutes for test rig experiments) the thermal influence on the

bulk deformation measure in most experiments is significant, which reflects the

relatively large magnitude and short time-constant of the thermal effect on the

bulk deformation.

From the observed biases it is noted that especially vertical force Fz and tilting

moment Mx are prone to thermal drift, whilst longitudinal force Fx and self-

aligning moment Mz are apparently less affected. As Fz and Mx share correlation

to the top and bottom strain gauges, whereas Fx and Mz are most strongly cor-

related to the front and rear strain measurement, this difference can be explained

by the uneven thermal bulk deformation of the bearing outer-ring. Regardless

of the exact cause, thermal effects lead to an unacceptable low reproducibility of

absolute load estimates when the bulk deformation is considered. It can be noted

however, that dynamic tracking remains good even when significant thermal bias

is present.

When omitting the thermal induced errors and focusing on the coefficient based

load calculation phase, one can observe that decent load estimates are achieved

as long as the estimation region is close to the calibration domain. The erroneous

longitudinal force estimate Fx during load case 1 is attributed to the previously

discussed non-linear rolling element behaviour that is not accurately captured

by the coefficient based load calculation phase. The underestimation of tilting

moment Mx in load case 2 is attributed to an additional non-linearity as a result

of the lumping of in- and outboard deformation. The alternative load case 3 shows

that estimation outside the calibration bounds leads to large estimation errors. It

shows the limited description and lack of predictive qualities that the coefficient

based calculation phase provides.

The field experiment results show similar thermal biases as the laboratory tests,

as well as the decent dynamic tracking of vertical force Fz and tilting moment Mx.

Longitudinal force estimate Fx on the other hand behaves different and highly

erroneous. The latter is explained by the previously discussed test-rig rotation

and calibration. Furthermore, bearing rotation due to suspension travel as well as

differences in boundary conditions of the laboratory and field setup might affect
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the estimation quality. The significance of each contribution however cannot be

addressed based on the current study.

6.4.2 Local strain data-driven approach

The local strain data-driven approach shows no notable estimation biases and at

the same time decent tracking of load dynamics throughout all road realistic load

cases. This confirms the invariance of the local strain to thermal effects and

shows the effective extraction of the local strain amplitude by the model based

conditioning approach.

As the model based conditioning approach estimates both in- and outboard

strain contributions from the lumped measurement, more information is extracted

from the instrumented bearing than by conditioning of the lumped bulk deforma-

tion. The input dimensionality to the coefficient based load calculation therefore

increases, allowing for a more accurate reconstruction of the bearing loading. The

latter is noted by the improved tilting moment estimate Mx in the slalom load

case. However, in line with the bulk deformation based approach, notable errors

are observed for longitudinal force estimate Fx during load case 1. The latter is

a result of the previously discussed non-linear bearing behaviour, that in particu-

lar is noted for combined loading situations. From the alternative load case it is

furthermore observed that, although the input dimensionality has increased, the

coefficient based load calculation phase is unable to provide decent load estimates

outside the calibration domain. It is apparent that, even with a considerably in-

creased dimensionality of the input, the load calculation method lacks predictive

qualities for the non-linear strain-to-load relationship.

The field test results by the semi-model based approach are decent as the tilting

moment Mx is well estimated whilst the self-aligning moment is only slightly un-

derestimated. Longitudinal force Fx and vertical force Fz are initially estimated

well but become erroneous when overall bearing loading increases. The latter is

most probably related to the test-rig calibration that includes flexibility and ro-

tation which is not noted during field testing. As discussed, especially in heavily

loaded conditions a misalignment of the bearing and test-rig was observed which

is implicitly accounted for in coefficient matrix β. It is inevitable that this then

affects estimation in different (non-affected) conditions. Furthermore, differences

in both test setups and suspension related bearing rotation will negatively affect

results.

6.4.3 Local strain model based approach

The local strain model based approach leads to unbiased estimates with good dy-

namic tracking during all road realistic load cases, although considerable errors are

noted during the switching of moment direction in load case 2. Furthermore, in
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contradiction to previous approaches, longitudinal force estimate Fx in load case 1

is well estimated and estimation results for the alternative load case are relatively

good.

The errors noted during switching of moment direction originate from the con-

ditioning phase of the algorithm. Due to the relatively low loading and conse-

quent bearing deformation in these switching conditions, limited information is

obtained from the strain measurement whilst at the same time states are chang-

ing quickly. The strain model EKF therefore has difficulties in discriminating the

super-positioned in/outboard rolling element loads that transfer rapidly. The er-

roneous rolling element load estimates Qi and Qo result in an incorrect estimation

of the bearing state and bearing loading. After moment switching, when bearing

loading increases again, the EKF filter recovers due to increasing signal strength.

Subsequently the bearing state and load estimates recover, showing the overall

robustness of the approach.

Besides the moment switching error, the observed instability on tilting moment

estimate Mx during the alternative load case also originates from observability

issues of the local strain EKF during a relatively low deformation state of the

bearing. As the EKF covariance matrixes are tuned for the relatively higher load-

ing conditions, the filter is too aggressive during lower deformation states which

leads to the observed oscillatory behaviour. Adapting the covariance matrixes of

the EKF filter during low bearing excitation would help to mitigate both switching

and stability issues.

Note that, although using a similar EKF signal conditioning, the local strain

data-driven approach is not notably affected by both issues. This is a result of

the calibration procedure of coefficient matrix β, that minimizes the significance

of the affected EKF outputs during minimization of the quadratic errors.

Omitting the difficulties in low-excitation states due to signal conditioning, it is

noted that the model based load reconstruction phase leads to better results than

the coefficient based methodology. Due to the model based description of the non-

linear bearing behaviour, longitudinal force Fx during load case 1 is estimated

accurately. The model based approach furthermore leads to a good description of

the alternative load case which is reflected by the good tracking performance and

minor bias on vertical force Fz. The good reflection of the strain-to-load relation-

ship, even outside of the calibration domain, is a result of the applied modelling

that is used to define principal relationships. Calibration in this approach only

serves to define the strain gauge sensitivity, and therefore has a limited effect on

the overall load calculation. Although this is advantageous when the model and

test setup align well, it is less flexible in correcting minor errors like the noted test

rig flexibility and rotation. This latter is well reflected by the noted crosstalk in

self-aligning moment Mz in load case 1 that, in contradiction to both coefficient

based approaches, is not implicitly corrected for by calibration.

The full-model based approach performs good in field conditions. Tilting mo-
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ment Mx is estimated accurately, whilst self-aligning moment Mz is over-estimated

in heavily loaded conditions. Vertical force Fz is slightly underestimated and both

forces are considerably less precise than during laboratory experiments. The minor

errors observed are not related to any specific cause as different aspects like the

rotational errors, differences between both test setups and increased noise levels

on the field setup probably all have limited contributions.

6.5 Conclusion

This Chapter presents an experimental validadation in both laboratory and field

conditions for the developed load reconstruction algorithms. Due to the stage-wise

differences between the algorithms the experimental study allows for an extensive

analysis of the proposed conditioning and load reconstruction methodologies.

With respect to signal conditioning, a bulk deformation and local strain model

based approach are evaluated. The results show that the local strain model based

approach performs better, in particular due to its invariance to thermal effects.

Although the observed gain is strongly case specific often improvements of over

5 percentage points of FS can be noted. Furthermore by the use of this method

more information is extracted from the instrumented bearing as in- and outboard

contributions are separated. The output dimensionality therefore increases which

is advantageous for the subsequent load calculation phase.

Both a data-driven and model based load reconstruction phase are applied and

compared. In combination with conditioning of local strain, the coefficient based

approach leads to decent load estimates when loading is within the calibration

domain. Difficulties arise when combined loading is considered, as the coefficient

based approach cannot capture the complex non-linear strain-to-load relationship.

Furthermore, large errors result when the applied loading exceed the calibration

domain as the coefficient based approach has limited predictive qualities.

By capturing the bearing non-linear behaviour by modelling, the model based

load reconstruction approach leads to better results than the coefficient based ap-

proach. In the combined loading test case an improvement of over 5 percentage

points is observed for the radial longitudinal force Fx. However, other load es-

timates for load cases within the calibration domain show variable results as the

model based approach is more heavily affected by inaccuracy in conditioning and

test-rig alignment due to the limited correction capabilities of calibration. For load

cases outside of the calibration domain however, the model based approach pro-

vides a clear improvement with an accuracy increase ranging from 6.8 percentage

points for tilting moment Mx to 18.4 percentage points for self-aligning moment

Mz. The latter is a significant improvement with respect to a fitting based ap-

proach, and shows that the approach is much better capable of handling unknown

situations.

The improved results observed for load conditions outside of the calibration do-
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main can be attributed to the information and relationships that are contained

within the physical model. As important behaviour is defined by modelling the

chances of overfitting are reduced and the algorithm’s functional domain is ex-

tended. The model knowledge that is introduced helps to improve the calibration

routine as less data is required whilst a larger domain can be mapped accurately.

The latter is a valuable improvement, in particular when considering commercial-

ization of the approach.

The performance in field conditions is decent for both of the methods applied.

For the cornering test case the data-driven and model-driven load calculation

approaches provide similar performance. The main difficulties that are observed

are attributed to bearing rotation resulting in crosstalk between load estimates.

As the latter is related to the experimental setup, the transfer from laboratory

to field experiments shows no difficulties for the proposed load reconstruction

methodologies and their calibration. It is promising to observe that the test rig

calibration performs well during field experiments, as this is logically an important

aspect for future commercialization of the approach.
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Chapter 7

Anti-Lock Braking

Application Study

To study the advantages of bearing load reconstruction for automotive applica-

tions, in this Chapter a load-based anti-lock braking algorithm is developed and

tested. A novel method of wheel slip control based on load information is pre-

sented, and subsequently this approach is implemented in a load-based anti-lock

braking control algorithm. Due to the usage of wheel load information, traditional

kinematic-based difficulties such as velocity estimation and slip threshold deter-

mination are circumvented. Additionally, the effects of road friction fluctuations

and brake efficiency are minimized. The approach is experimentally validated on

the test vehicle, presenting both the load estimation accuracy and bandwidth of

the bulk deformation-based load reconstruction approach, as well as the potential

of wheel load information for vehicle dynamic control purposes.

S. Kerst, B. Shyrokau and E. Holweg. “Anti-lock braking control based on bearing load
sensing”, Proc. of EuroBrake 2015, Dresden, Germany (2015): 4-6 . [42]
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7.1 Introduction

Nowadays the anti-lock braking system is a mandatory active safety system in

road vehicles. Its primary function is to prevent wheel lock during heavy braking

to guarantee brake performance while simultaneously maintaining vehicle steer-

ability and stability. Although research activities in ABS have been started many

years ago, new approaches are continuously being developed and discussed in the

automotive research society.

The diversity of the applied control methods in ABS design ranges from bang-

bang control up to modern control techniques like model predictive control, itera-

tive learning and others [2, 35]. It should be noted that in literature the investiga-

tion of novel ABS control algorithms is often limited by idealistic conditions such

as a quarter-car model, homogeneous road friction, simplification of brake system

dynamics and other significant assumptions. In industrial realizations, ABS con-

trollers are typically based on a complex set of heuristic rules based on both wheel

slip and deceleration. Although this approach dominates in industry, its appli-

cation requires extra effort to solve well known problems that arise in wheel slip

control based on a standard set of vehicle sensors. This includes reference velocity

estimation, slip threshold determination and adaptation and functionality at low

vehicle speeds.

From a control perspective a force based approach has more potential com-

pared to a kinematic approach. Usage of tire forces allows for the design of less

complex algorithms whilst robustness to changing conditions is maintained and

performance can be enhanced [15, 76]. Estimation techniques or direct/indirect

measurement approaches can be used to obtain the control variables. The first

approach can be based on a standard set of vehicle sensors; however, it requires a

precise system model in real-time causing high computational costs [78]. Methods

for direct / indirect wheel force estimation include: tire sidewall or suspension

bushing deformation [89], wheel rim strain measurements [30], tire inner liner ac-

celerometer based measurements [12] and a bearing deformation based approach

[59]. However, most of these approaches will not offer sufficient bandwidth on the

force estimation at the highly nonlinear operation region of ABS.

In this Chapter a novel wheel load based ABS algorithm is presented and tested.

The ABS algorithm uses only wheel loads as control variables, in contrast to

[7, 15, 19], such to avoid the usage of extra sensors and estimators. Furthermore,

whilst other literature uses more idealistic laboratory conditions as a tire test

rig [7, 19] or a HIL test bench without rotating parts [7], in this study on-road

experiments are carried out. The functionality of the algorithm as well as the

quality of wheel load estimation using a bearing bulk deformation based approach

is investigated and discussed.
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7.2 Wheel corner dynamics

For the development of wheel load based slip derivative control first the quarter

car dynamics need to be described. As depicted in Figure 7.1, wheel dynamics can

be described by:

Jω̇ = rwFx − Tb (7.1)

where ω̇ is the angular acceleration of the wheel, Fx is the longitudinal tire force,

Tb is the brake torque, J is the moment of inertia of the wheel and rw is dynamic

tire radius. The brake torque is generated through the tangential force at the

effective radius of the brake as follows:

Tb = rbFTD (7.2)

where FTD is the tangential force and rb is the effective friction radius. The

tangential force itself is generated by the application of brake pressure to the

calliper, this relation is described by:

FTD = 2µbPbA (7.3)

where Pb is the brake pressure at the brake calliper, A is the brake cylinder area

and µb is the friction coefficient between brake pad and disc. During the braking

process the friction coefficient may change due to changes in contact pressure,

temperature and velocity.

The longitudinal tire force Fx in (7.1) depends on numerous factors including

wheel slip, road surface conditions, tire pressure, wheel loading and tire wear. For

straight driving this longitudinal force can be approximated as:

Fx = Fzµ(λ, ϑ) (7.4)

PSfrag replacements

ω

Fz
Fx

FTDrw

rb

Figure 7.1: Wheel corner model
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where Fz is the normal load on the tire and µ is the road-tire friction coefficient.

This latter is a non-linear function of wheel slip λ and road surface parameters ϑ.

The non-linear friction coefficient is of significant interest in literature and can be

described in various ways as for instance piecewise, trigonometric or exponential

polynomials [71]. The road surface parameters ϑ characterize the shape of the

static tire-road friction curve, whilst the wheel slip determines the actual position

on the curve.

During braking, wheel slip λ is defined as:

λ =
v − rwω

v
, λ ∈ [0, 1] (7.5)

where v represents the vehicle speed and ω is the rotational speed of the wheel.

The longitudinal vehicle dynamics, after neglecting aerodynamic drag, rolling

resistance and forces due to road gradients, can be described by:

v̇ = − 1

m

4∑
i=1

Fx,i (7.6)

where m is the vehicle total mass and the sub-indexes i of the longitudinal force

indicate the four individual wheels.

7.3 Load based wheel slip derivative control

The algorithm proposed in this Chapter is based on control of the wheel slip

derivative using wheel load measurements Fx and Tb. The following will present

the main theory on which the algorithm relies. As focus lies on pure load based

wheel slip control, wheel and vehicle speeds and accelerations are assumed to be

unknown.

First consider the wheel slip derivative, which is obtained by time derivation of

(7.5):

λ̇ =
rwω

v2
v̇ − rw

v
ω̇ (7.7)

Note that wheel slip control is represented by control of the left hand side (LHS)

of this equation. The right hand side (RHS) of the equation contains unknown

vehicle and wheel speeds and accelerations. Now by substituting ω̇ using (7.1), v̇

using (7.6) and multiplying both left and right hand side by v, one obtains:

vλ̇ = −rwω
v

1

m

4∑
i=1

Fx,i −
rw
J

(rwFx − Tb) (7.8)

During the situation currently under consideration v is always positive definite,
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Overview of intended algorithm behaviour in the slip-friction plane

and thus the RHS is indicative for the sign of λ̇. The RHS can be closely ap-

proximated using wheel load measurements Fx and Tb, as will be shown in the

following.

The first term in the RHS of (7.8), which is the influence of vehicle deceleration

on the wheel slip derivative, consists of a vehicle deceleration part, −1/m
∑4
i=1 Fx,i

, and a vehicle to wheel speed relational term, (rwω)/v. The former term can be

closely approximated by the use of the longitudinal force measurements on all

wheels and an on-line estimation of the vehicle mass. The wheel speed relational

term on the other hand is unknown. However, its bounds can be easily found to

be ∈ [0, 1] as the minimum wheel speed is zero, whilst the maximum while braking

is limited by the vehicle speed.

The second RHS term in (7.8) is governed by the measured loads, wheel inertia

J and the dynamic tire radius rw. In this work, wheel inertia and dynamic tire

radius are assumed to be constant and known.

Note that the complete RHS of (7.8) can thus be on-line approximated by load

measurements, known boundary values and assumed known parameters. It is

therefore possible to define conditions that guarantee a decreasing or increasing

wheel slip as follows:

IF Tb − rwFx < 0 ⇒ λ̇ < 0 (7.9)

IF Tb − rwFx >
J

rw

1

m

4∑
i=1

Fx,i ⇒ λ̇ > 0 (7.10)

As the wheel-vehicle speed relation is unknown, a small region remains in which

the slip derivative cannot be determined. This is visualized in Figure 7.2 (a),

where the boundary conditions of (7.9) and (7.10) are presented by a dotted and

solid line respectively. The λ̇ region of uncertainty, which can be avoided by a
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proper control action, is described by:

0 ≥ Tb − rwFx ≤
J

rw

1

m

4∑
i=1

Fx,i ⇒ λ̇ unknown (7.11)

Note that as road surface conditions, tire conditions and vertical loading are not

within the formulations the methodology is invariant to their states.

7.4 Proposed anti-lock braking algorithm

The proposed algorithm is a two-phase hybrid controller which ensures a wheel slip

limit cycle near the peak of the friction curve. The cyclic behaviour is obtained by

the use of two opposing phases: phase 1 ensures a decreasing wheel slip value and

phase 2 guarantees an increasing wheel slip. A longitudinal force based mechanism

is employed to trigger phase switching. This all results in the cyclic behaviour as

depicted in Figure 7.2 (b).

Phase 2 and the triggering mechanism both make use of the maximum longitu-

dinal force encountered within each phase, which is defined as:

F̂max(t) = max
ts≤τ≤t

(Fx(τ)) (7.12)

where F̂max is the maximum in-phase longitudinal force, t is the current time and

ts is the phase start time. As can be deduced from its definition, the maximum

in-phase longitudinal force is reset upon entering a new phase.

7.4.1 Phase 1 – decreasing wheel slip

This phase is initialized when the wheel slip is at the unstable right side of the

friction peak, and its goal is to return the wheel slip to the stable left side of the

friction peak. By doing so, it will increase the road-tire friction. In the proposed

algorithm, this is accomplished by ensuring a continuous decrease of wheel slip by

setting a brake torque Tb based on the state space boundary condition presented

in (7.9).

As a specific control action is required, it is chosen to offset the boundary condi-

tion by an offset parameter. This offset parameter additionally provides robustness

to measurement uncertainties and noise. The following brake torque control law

is proposed:

Tb(t) = rwFx(t)−∆T−b (7.13)

where ∆T−b ∈ 〈0,∞], is the offset parameter. The proposed control law will

guarantee a decreasing wheel slip for all road-tire friction conditions.
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7.4.2 Phase 2 – increasing wheel slip

After the return to the stable left side of the friction peak in phase 1, this phase

aims to increase road-tire friction by increasing wheel slip using the state space

boundary conditions for brake torque Tb proposed in (7.10).

In line with phase 1, an offset parameter is introduced to generate a specific brake

torque control action. Besides providing robustness to measurement uncertainties

and noise this offset also allows the algorithm to cope with upward changes of the

friction peak. Furthermore, in order to optimize the initial brake torque setting,

the maximum longitudinal force encountered in the previous phase is used as

reference in the initial setting of brake torque. This results in the following control

law:

Tb(t) =
J

rw

1

m

4∑
i=1

Fx,i + rw max(F̂sp, F̂max(t)) + ∆T+
b (7.14)

where ∆T+
b , ∈ 〈0,∞] is the offset parameter and F̂sp is the longitudinal force

set point value. On phase entering the longitudinal force set point value is set

such that it contains a scaled value of previous phase’s encountered maximum

longitudinal force:

F̂sp = αF F̂max(t) (7.15)

where αF is the longitudinal force scaling parameter which is applied to improve

algorithm cycling. The control law is able to cope with changes in friction curve

characteristics of both increasing as decreasing friction peak. The decreasing peak

is handled as the F̂max setting is reset every phase. The usage of the combination

of F̂max and ∆T+
b allows for handling of an increasing friction peak, as the brake

torque setting is set higher than the estimate of the maximum longitudinal force.

7.4.3 Phase triggering mechanism

When slip boundary conditions of either phase 1 or 2 are satisfied the longitudinal

force can be used to determine whether the system is evolving towards or from the

friction peak. An increasing longitudinal force represents a movement towards the

friction peak while on the other hand a decreasing longitudinal force represents an

evolution from the friction peak. The latter should cause a trigger to a subsequent

phase.

In order to determine phase triggering, the maximum in-phase longitudinal force

defined in (7.12) is used. Whenever the current measured longitudinal force has

decreased more than a set amount from the maximum in-phase longitudinal force,
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the next phase is triggered. This statement can be condensed to the following rule:

Fx(t) < F̂max(t)−∆Ftr (7.16)

where ∆Ftr is an a priori determined force offset. This offset is set such that it

both minimizes false triggering due to vertical force variations and measurement

inaccuracy as well as friction curve overshoot. The longitudinal force is only

indicative of the evaluation of slip with respect to the friction peak when the

boundary conditions of (7.9) and (7.10) are satisfied. The mechanism is therefore

only allowed to trigger phases when the system states satisfy these equations. It

must furthermore be noted that this triggering mechanism only works on road

surfaces with sufficient friction decrease at the unstable side of the friction peak.

7.4.4 Activation logic

Activation of the algorithm will take place when similar conditions occur as when

the algorithm switches from phase 2 to phase 1. Brake torque should be such that

a wheel slip is increasing, while a decrease of longitudinal wheel force is detected.

The proposed control logic is summarized in Figure 7.3.

1 2

DECREASE

WHEEL SLIP

INCREASE

WHEEL SLIP
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Figure 7.3: Overview of algorithm logic
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7.5 Experimental setup

For experimental validation of the proposed algorithm the BMW 5-series test

vehicle with instrumented bearings as introduced in Chapter 5 is used. As the

experimental testing was performed during an early stage of this thesis the first

prototype version of the instrumented bearings, with six strain gauges, are used.

In addition to Chapter 5 this section details some relevant details regarding the

experimental setup of the application study.

7.5.1 Bearing load measurement

In this experimental application study, the bulk deformation data-driven algorithm

is applied for load reconstruction. An in-situ vehicle calibration is applied using

the method described in Chapter 4 for reconstruction of longitudinal force Fx
and brake torque Tb. Although brake torque Tb acts on the rotational degree of

freedom of the bearing and thus cannot be measured directly, it is estimated using

the brake tangential force FTD which is linearly related. The thermal offset vector

ζ, applied for correcting thermal drift, is recalibrated just prior to each braking

manoeuvre.

7.5.2 Brake torque control

Vehicle braking is controlled through control of the original Bosch DSC 8 hydraulic

unit, by dismantling the original DSC unit and installation of a custom coil pack

and power electronics. Pressure sensors are installed in the brake lines close to

each brake calliper. A feedforward controller, based on a static mapping of the

brake system dynamics, allows for brake pressure control at each individual wheel

using the described modifications. As the relation between brake pressure and

brake torque can be measured using the installed bearings, brake torque can be

controlled directly via brake pressure control.

7.5.3 Test procedure

All test were performed on a single day during clear weather at the military air

strip as introduced in Chapter 5. The airstrip asphalt is a high friction surface

resulting in a tire-road friction coefficient with an estimated peak friction at a

relatively low level of slip (approximately λ = 0.06) and a moderate drop-off at

the unstable side of the peak. Figure 7.4 shows the curve fitted Burckhardt friction

model based on measured data during the field test.

The test procedure consisted of accelerating the vehicle to the speed of 100

km/h and then applying heavy braking, such to cause ABS activation. Braking

was only performed on the front wheels, in order to guarantee lateral stability.

Over the course of different tests algorithm parameters ∆T−b ,∆T−b , ∆Ftr and αFx
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Figure 7.4: Friction curve estimate of the test track by fitting a Burckhardt model on
experimental data obtained during ABS testing

were tuned in order to improve algorithm performance.

7.5.4 Algorithm modifications

As the modified DSC unit only allows for stepwise brake pressure modulation, the

continuous control is translated towards discrete pressure steps. At the initiation

of each phase the continuous control is sampled at 30ms, such that stepwise brake

torque evaluation will result.
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7.6 Experimental results

7.6.1 Reconstruction of wheel loading

In this application study, the estimation accuracy and bandwidth is important

for proper functioning of the algorithm. A brief representative capture of both

longitudinal force and brake torque in the time domain is shown in Figure 7.5.

Phase 2 of the algorithm is triggered at t ≈ 2.33 s, which can be clearly seen from

the brake torque increase and subsequent increase of longitudinal force. It can

be noted that both longitudinal force Fx and brake torque estimate Tb are close

to the VELOS benchmark measurements with minimal to no delay, which reflects

the estimation accuracy and bandwidth of the approach.
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Figure 7.5: Longitudinal force and brake torque over time

The performance of the applied measurement technique is summarized in Table

7.1. It is based on 9 experiments which have an average length of 5 seconds each.

Three of these experiments were used for calibration, whilst the six others are for

validation. It can be seen that mean errors are minimal, whilst standard deviations

are significant.

Figure 7.6 shows the power spectral density for estimation of longitudinal force

Fx and brake torque Tb using the VELOS measurement rim and load-sensing

bearing based on the same set of experiments as used in Table 7.1. It can be

Table 7.1: Mean error and standard deviation results

Load Average load Mean error Std deviation

Long. force Fx 3948.9 N 10.5 N 0.27 % 278.4 N 7.05 %
Brake torque Tb 1147.9 Nm 3.3 Nm 0.29 % 60.7 Nm 5.29 %
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observed that estimation of both longitudinal force and brake torque using the

load-sensing bearings is performed precisely for frequencies up to about 10 Hz.

For higher frequencies noise in both estimated parameters is increased.
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Figure 7.6: FFT of reference (VELOS) and Intrumented bearing measurements

7.6.2 Anti-lock braking algorithm

Figure 7.7 shows the wheel speed, vehicle speed and brake pressure during acti-

vation of the proposed algorithm. Five cycles of the algorithm can be observed,

which avoids wheel lock from occurring.
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Figure 7.7: Wheel speed, vehicle speed and brake pressure over time during a load based
ABS braking manoeuver
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Cycling of the algorithm is slightly slower as intended as the brake pressure con-

troller has difficulties performing small pressure increases, which are usually re-

quested in the later stages of phase 2. This problem can be fixed by the improve-

ment of the current approach of brake pressure control.

In Figure 7.8 the wheel slip and load-based wheel slip derivative control data of a

single cycle of the proposed ABS algorithm are presented. The difference in brake

torque and torque due to the longitudinal force (Tb−rwFx) is plotted in blue. The

boundary conditions of (7.9) and (7.10) are represented by respectively the black

dotted and black solid line. It is clearly visible that wheel slip increases when the

torque difference complies to (7.10) and slip decreases when (7.9) is fulfilled.

Note that measurement errors and noise affect the torque difference (Tb−rwFx)

estimate. Therefore the sign of the slip derivative might be incorrectly estimated,

in particular near zero. This can be avoided by proper control settings, i.e. signif-

icantly low or high brake torque values.
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Figure 7.8: Load based wheel slip derivative control: when the torque difference is above
the solid line (7.10) or below the dotted line (7.9) the wheel slip respectively increases or
decreases

Figure 7.9 shows the triggering mechanism at work in phase 2 and phase 1 re-

spectively, firing at t ≈ 6.32 s and t ≈ 6.45 s. The mechanism triggers a subsequent

phase in line with 7.16.

The figure also shows that occasionally, as for instance during 6.35 < t < 6.45 s,

the longitudinal force is significantly influenced by other factors than changes in

wheel slip and the subsequent changes of friction. The force variance is contributed

to changes in vertical loading due to load transfer, road irregularities or tire un-

roundness. The force triggering offset ∆Ftr is tuned as discussed in Subsection
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7.4.3 such that false triggering due to these disturbances is minimal.
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Figure 7.9: Longitudinal force based triggering mechanism over time

Future work will focus on eliminating the normal load dependency of the trig-

gering mechanism by normalization using vertical load Fz. This latter is not im-

plemented yet as the current load-sensing methodology does not provide sufficient

accuracy and bandwidth in the normal load estimation.

A quantitative analysis of the algorithm performance remains a matter of further

investigation as improvements to the brake pressure controller are required for

optimal performance.
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7.7 Conclusion

This Chapter presents a method to control the wheel slip derivative based on

wheel load information. Based on this slip control methodology a novel two phase

ABS algorithm with a force based phase switching mechanism is developed. Due

to the usage of wheel loads, available by this thesis’ developed bearing load re-

construction methodology, traditional ABS difficulties like velocity estimation and

slip threshold determination and adaptation are circumvented and effects of road

friction fluctuations and brake efficiency are minimized. The performance of the

load measurement methodology and the proposed ABS algorithm is investigated

using the instrumented test vehicle in real road conditions. Although the variation

of vertical load is still an open issue for the proposed triggering mechanism and

performance is still sub-optimal, the results of the presented experimental investi-

gations demonstrate the feasibility and advantages of wheel load information for

vehicle dynamics control.
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Chapter 8

Discussion and Conclusion

Bearing load measurement can serve as a valuable addition to the fields of condition

monitoring and system analysis and control. Although it would be advantageous

for a variety of applications, in this thesis the automotive wheel-end bearing is of

specific interest; in particular since it would provide a new source of information

that enables improved performance, higher robustness and less complex algorithms

for dynamics control, active safety and automated driving features. The latter is

reflected in several academic studies and is confirmed by the application study

in this thesis. However, an accurate, robust and cost-effective approach for the

measurement of bearing loading is not available up to this date. This may be

caused by several technical challenges in signal conditioning, load calculation and

calibration effort of the (data-driven) state-of-the-art. In order to address these

issues, the following research objective is defined for this thesis:

To develop a generally valid bearing load reconstruction approach for the estima-

tion of all relevant bearing loads while limiting the number of parameters subject

to calibration

To meet this objective, a simulation and experiment-based study is performed.

First, the state-of-the-art is reproduced in order to assess its limitations and anal-

yse bearing behaviour in detail. Based on these findings, a novel physics-based

approach is proposed and developed. This includes the development of a novel

bearing strain and bearing load model, as well as their implementation in a cas-

caded Kalman filter based load estimation approach. The reconstruction algorithm

is validated in both laboratory and field conditions. Finally, an application study

shows the potential benefits of bearing load measurement for vehicle dynamics

control.
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8.1 Reflection on the state-of-the-art

The state-of-the-art in deformation-based load reconstruction shows that two dif-

ferent deformation effects, bulk and local deformation, are considered for bearing

load measurement. Bulk deformation is defined as the average strain during ro-

tation and is dependent on the bulk stiffness of the bearing and its supporting

structure. Local deformation on the other hand is the strain variance during bear-

ing rotation and is found to be dependent on local geometry, material and the

local rolling element loading, location and contact angle. As the physical origin of

both effects differs, they require different conditioning methods, lead to different

results and consequently are used in different applications.

8.1.1 On conditioning

The state-of-the-art on local strain conditioning applies peak-to-peak detection or

signal power analysis to detect local bearing loading. Due to the application of

basic conditioning methods, only simple load cases and single-row bearings can be

considered, while at the same time signal bandwidth and accuracy are sub-optimal.

Since the local strain originates from the reallocation of rolling elements, bearing

rotation is a prerequisite. The experimental study shows that the local strain is

invariant to thermal effects and therefore is suitable for absolute measurements.

Conditioning of the bulk deformation is achieved by low-pass filtering or specific

strain gauge design to measure modal deformation. It can be applied to more com-

plex loading conditions and is applicable to both single- and double-row bearings.

The experimental study shows that thermal effects considerably bias the bulk de-

formation measure. As thermal correction methods have been unsuccessful in the

past, the bulk deformation is deemed inapplicable for absolute load measurement.

8.1.2 On load reconstruction

Data-driven methods using regression coefficients and neural networks form the

state-of-the-art in bearing load reconstruction. In this thesis, load behaviour is

studied in simulation and a state-of-the-art coefficient driven approach is exper-

imentally evaluated. It is noted that bearing load behaviour is affected by the

external loading, and in particular by its dimensionality. As a consequence of this

non-linearity, the coefficient-based approach results in considerable errors during

combined loading conditions, whilst single DoF load cases are reconstructed ac-

curately. Although the application of higher-order fitting or a neural network

could address this non-linearity, this would inevitably lead to a large number of

coefficients subject to calibration. Hence, a model-based approach for load recon-

struction is presented.
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8.2 Concluding discussion

8.2.1 On bearing model development

Given the aim of model-based load reconstruction, a bearing model is required that

provides an accurate yet computationally low-cost relationship between bearing-

and rolling element loading. As significant raceway deformation was observed

during operating conditions of the considered bearing, a phenomenon that heavily

affecting the element load distribution, inclusion of outer-ring flexibility is consid-

ered paramount. Due to various limitations of currently available bearing models,

a novel model is developed for this specific purpose.

The proposed model is founded on traditional rigid bearing modelling theory

with the addition of outer-raceway flexibility by the use of deformation shapes and

a Fourier series-based compliance approximation. Additionally, a Finite Element

study to determine the Fourier coefficients is presented, in order to tune the case-

specific bearing outer-ring deformation behaviour.

The model is validated by a comparison study to SKF’s BEAST bearing simula-

tion software, showing that the proposed model provides accurate rolling element

load estimates and contact angles for the considered bearing under various real-

istic operating conditions for a fraction of the computational costs. Compared to

rigid bearing modelling an accuracy improvement of 60% to 80% is obtained for

the various tested load cases.

8.2.2 On strain model development

For the purpose of model-based local strain conditioning, a continuous description

of the local strain is necessary. Therefore, a strain model is proposed that de-

fines the outer-ring local strain as a function of the local rolling element loading,

its location and its contact angle. Although this provides a considerably simpli-

fied description of the physical behaviour, the proposed model suits the proposed

approach well, since it provides a continuous description of the local strain as a

function of rolling element loading, is of low computational cost and allows for

modelling errors to be attenuated by calibration. Explicit model validation by

simulation is not considered within the scope of this thesis, as the experimental

results provide an implicit validation of the proposed model.

8.2.3 On model-based strain conditioning

The strain model is included in an Extended Kalman Filtering approach to ex-

tract local rolling element loads from local strain measurements. By including

plant knowledge and continuous conditioning, the bandwidth and accuracy are

improved with respect to state-of-the-art local strain conditioning approaches. Ad-

ditionally, in- and outboard local strain effects are estimated independently, such
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that the output dimensionality increases and traditional limitations on double row

bearings are alleviated. The results furthermore show good reproducibility and

invariance to thermal effects, reflecting the applicability for absolute load recon-

struction. With respect to state-of-the-art bulk deformation-based conditioning, a

clear improvement is achieved due to (i) invariance to thermal effects and (ii) an in-

creased output dimensionality. The latter is reflected by an accuracy improvement

of up to 5 percentage points FS for various load estimates.

8.2.4 On model-based load reconstruction

The bearing model is included in an Unscented Kalman Filter to determine the

bearing loading based on the estimated rolling element loads, obtained from the

novel conditioning method. Experiments show that usage of a model-based ap-

proach for load reconstruction provides numerous advantages compared to the

data-driven approaches applied in the state-of-the-art. First of all, as the non-

linear bearing behaviour is explicitly captured by the bearing model, more accurate

results are obtained, in particular for combined loading conditions, for which an

improvement of over 5 percentage points FS is observed. Additionally, due to the

definition of principal relationships by modelling, considerably better results are

achieved outside of the calibration domain, as chances of overfitting are reduced.

The latter is reflected by an accuracy improvement of 6.8 to 18.4 percentage points

FS for the various different loads. The modelling relations furthermore lead to a

decrease in the number of parameters subject to calibration with respect to the

data-driven state-of-the-art. At the same time, these parameters obtain physical

meaning, which could allow for more effective calibration routines.

8.2.5 On load-based anti-lock braking

To study the applicability of wheel-end load measurement, a novel approach to

anti-lock braking was investigated. Based on a theoretical derivation, it is shown

that by usage of wheel loads only, the wheel slip derivative can be controlled.

Combined with a force-based switching mechanism, a two-phase ABS algorithm is

proposed. The algorithm is tested in field conditions, showing that it acts in line

with expectations and is successful in avoiding wheel lock-up.

Although performance could be enhanced by improved tuning and more sophis-

ticated control, the successful tests show that by using wheel load information,

traditional ABS difficulties like velocity estimation and slip threshold determina-

tion and adaptation can be circumvented and the effects of road friction fluctua-

tions and brake efficiency can be minimized. Additionally, the experimental study

shows that bearing load measurement can provide the signal accuracy and band-

width required for active vehicle dynamics control. This is a promising result, as

other automated vehicle and safety functions often have less strict requirements.
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8.3 Recommendations

By pursuing a physics-based approach for bearing load estimation, important is-

sues such as the limited estimation domain, errors due to thermal effects and heavy

dependency on calibration that defined the research question are challenged. Thus,

the feasibility of bearing load estimation for commercial purposes has increased

significantly, which is reflected by the development in the wake of this thesis.

However, it is clear to the author that the current solution is just one of many

possibilities and contains numerous limitations. With additional research, there-

fore, numerous improvements could be made. The following list provides the main

recommendations for further research by the author:

� Improvement of the local strain model: although the developed model allows

for an effective estimation of rolling element forces based on local strain, the

model could be significantly improved if varying rolling element forces over

the bearing azimuth would be captured. In order to develop such model, a

simulation-based study could be considered in order to independently inves-

tigate the effects of geometry, boundary conditions, strain gauge placement

and rolling element location with respect to local strain.

� Improvement on the bearing load model: the bearing model provides a com-

putationally cost-effective, robust and accurate physical description of the

element forces and bearing loading. Although it runs in real-time on stan-

dard test equipment, its computational complexity could be further opti-

mized, because the physical behaviour could be simplified. Non-linearities

like the Herzian contacts could for instance be linearized, possibly without

significantly affecting the model output.

� Improvement of the calibration routine: the validation study shows that

with an identical calibration set, the model-based approach results in a more

accurate description than the data-driven reference method. This is a con-

sequence of the physical model, that defines several important relationships

within the data, resulting in an extended estimation domain and fewer pa-

rameters subject to calibration. It would be interesting to study how the

calibration routine could be optimized considering this model knowledge, in

particular as the routine could possibly be shortened without loss of accu-

racy.

� Improvements on algorithm implementation: the current study considers

a full model-based approach in a Kalman filtering implementation. For

improved convergence and robustness, different filtering techniques or con-

straints could be applied. In particular, the practical implementation of

adaptive rule-based constraints on the state variables could be beneficial.

115



Chapter 8 Discussion and Conclusion

� Bearing design for load reconstruction: apart from studies on the improve-

ment of modelling and implementation, a considerable gain is to be expected

if bearing and housing geometry would be tailored for load estimation. In

particular, one could investigate a geometry to improve robustness and pre-

cision over the entire functional domain.

� Further development of anti-lock braking application: from an application

perspective, numerous improvements are possible, as the study mainly proves

the viability of bearing load estimation for anti-lock braking. As load infor-

mation is more informative than current measurands, the author believes

that more pro-active approaches could be developed, limiting the need for

cycling between the stable and unstable domain.

8.4 Conclusion

By the use of a novel model-based load reconstruction algorithm, all considered

bearing loads can be accurately determined for various laboratory and field ex-

periments. Due to the usage of physical modelling, the number of parameters

subject to calibration is kept at a minimum. The research objective is thereby

accomplished, and the following conclusions can be drawn:

� The outer-ring local deformation is more suitable for bearing load recon-

struction than the outer-ring bulk deformation.

� Model-based conditioning of local strain allows for discrimination of in- and

outboard strain components and provides an improved bandwidth with re-

spect to state-of-the-art conditioning approaches.

� A model-based approach to bearing load reconstruction leads to a more

general and more robust solution, whilst requiring fewer coefficients subject

to calibration.

� Bearing load measurement leads to better vehicle dynamics control, since

direct access to the most important control variables allows for improved

performance and robustness whilst complexity can be decreased.
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Propositions

1. Load measurement allows for improved performance and safety margins for

intelligent vehicles (this thesis)

2. A physical model based approach provides a more robust and accurate solu-

tion for bearing load measurement than a data driven approach (this thesis)

3. It is the change of states that must be understood and processed for accurate

bearing load measurement (this thesis)

4. Measurement is the quantization of a physical effect, and as such it has

considerable implications to our interpretation of the actual effect

5. Thermal gradients negatively affect bearing load reconstruction, likewise

they negatively affect the productivity of people at work

6. As our work evolves and increases in effectivity, so should the spending of

our time

7. The growing institutionalization of our University challenges the core aca-

demic values of independence and responsibility

8. The ease in which context is overlooked in modern society is problematic is

many ways, but in particular as it is often context that provides meaning

and value to events

9. Globalization serves the few while tricking the many

10. In pursuit of happiness, one should focus on personal development over suc-

cess

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig

goedgekeurd door de promotor dr. Ir. R. Happee en copromotor dr. B. Shyrokau.
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