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Zusammenfassung 
 
Die vorliegende Arbeit leistet einen Beitrag zur Fehlertoleranz einer von Robert 
Bosch GmbH entwickelten elektromechanischen Keilbremse. Durch die Fehler-
möglichkeits- und Einfluss-Analyse (FMEA) wurde der AMR-Winkelsensor (AMR: 
anisotropischen magnetischen Widerstand) als eine der kritischsten Komponenten in 
dem Bremsaktuator festgestellt. Der AMR-Winkelsensor liefert den Rotorwinkel ei-
ner Permanentmagnet-Synchronmaschine mit oberflächemontiertem Magnet (SM-
PMSM). Dieser Motor erzeugt die definierte Bewegung des Keils im Bremsaktuator. 
Ohne Fehlertoleranz führt der Fehler des AMR Winkelsensors zum unvoraussehba-
ren Verhalten des Bremsmoments. Die vorliegende Arbeit fokussiert sich auf dieser 
Problematik und strebt einer Softwarelösung der Fehlertoleranz an, um Ausschalten 
des Bremsaktuators beim AMR Winkelsensorausfall zu vermeiden. Softwarelösun-
gen haben den Vorteil, dass sie kaum zusätzliche Produktionskosten verursachen. 
 
Ein Schema der aktiven fehlertoleranten Regelung wird in dieser Arbeit entworfen, 
indem der Positionsregler zwischen den gemessenen und geschätzten Rotorwinkel 
umgeschaltet wird. Das Fehlerverhalten wird untersucht und die entsprechende Feh-
lererkennung wird entworfen. Die Verfahren der Winkelschätzung von SM-PMSM 
werden vergleicht und untersucht. Eine Ad-hoc-Lösung für die Winkelschätzung die-
ser Maschinentyp in dem gesamten Drehzahlbereich einschließlich Stillstand wird 
entwickelt. Ein neuer Positionsregler ohne Kaskadenregelung wird ebenfalls herge-
leitet. Die Parametereinstellung des Positionsreglers ist problemlos möglich aufgrund 
seiner einfachen Struktur. Zur Validierung der Algorithmen wird ein Rapid-Control-
Prototyping Prüfstand aufgebaut. 
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Abstract 
 
This study is part of the development of fault tolerance function for an electro-
mechanical wedge brake actuator at the Robert Bosch GmbH. Through the Fault 
Mode and Effect Analysis (FMEA) on the present brake actuator design, the AMR 
angle sensor (AMR: anisotropic magnetic resistance) is identified as one of the most 
critical components in the brake actuator. This angle sensor is applied to measure the 
rotor angle of a surface-mount permanent magnet synchronous machine (SM-
PMSM), which produces the desired displacement of the wedge in the brake caliper. 
Without fault tolerance measure, the failure of the AMR angle sensor would lead to 
unpredictable brake moment. This study focuses on this problematic and strives for a 
software fault tolerance solution to cope with AMR sensor fault without shutting 
down the actuator. Software solution needs little hardware change and involves 
hardly any production cost increase. 
 
An active fault tolerant control scheme has been proposed in which the position con-
troller is switched online between the measured and the estimated rotor angle. The 
fault behavior of the AMR angle sensor is investigated and a fault detection module 
is designed. The rotor angle estimation of an SM-PMSM in the whole rotor speed 
range is investigated and an ad-hoc solution is proposed for the application in the 
specific brake actuator. A position controller with single closed-loop structure in-
stead of cascaded closed-loop structure has also been designed. The parameter tuning 
of the position control is very simple thanks to the simple structure of the new con-
troller. For the validation of the algorithm with real SM-PMSM hardware, a rapid 
control prototyping test bench is designed and built. 
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Nomenclature 
 
As  The amplification factor of the sine channel of the AMR sensor 
Ac  The amplification factor of the cosine channel of the AMR sensor 

βα ,e   Back-EMF components in the α-β coordinate system. 

H  Magnetic field strength 

sI
v

  Stator current vector 

J  Rotor inertia 
Mel  Torque of one equivalent single-pole-pair motor (the electrical moment) 
Mmech  Motor torque (the mechanical moment) 
Mload  The loading moment on rotor shaft 
N  Number of turns 
R  Phase resistance of the stator 
Ub  The supply voltage of the AMR angle sensor 

U
v

  Voltage vector in the stator-fixed coordinate system. 
Zp  Number of pole pairs. 
 

pmΦ   Permanent magnet flux of one pole pair 

pmΨ   Flux linkage of the permanent magnet flux ( pmN Φ⋅ ) 
*θ   Set value of the electrical angle of the rotor 

θ   Measurement of the mechanical rotor angle. 

dcθ   Angle of the dc-axis in the dc-qc coordinates 

dθ , elθ   Rotation angle of the equivalent single-pole-pair motor (the electrical 

angle) 

mechθ   Rotation angle of motor (the mechanical angle) 

θΔ   ddc θθ −  

1ω   Rotation speed of the dc-qc coordinate system; the estimated rotor speed 

(electrical). 

rω  Rotation speed of the d-q coordinate system, also the electrical rotating 

speed of the rotor 

mechω  The rotor rotation speed 

λ   Stator flux linkage 
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Chapter 1  
 
Introduction 
 
 
 

1.1 Introduction to Brake by Wire 
 
X-by-wire technology was originally developed and used in the aviation industry. 
Airplane engineers found that eliminating bulky mechanical systems and replacing 
them with electronic systems makes airplanes lighter and more compact. The by-wire 
technology also facilitates computer assisted control. Automotive engineers have 
studied this technology and have been developing ways to translate it to passenger 
cars. Typical examples of such attempts are the research on the steer-by-wire and 
brake-by-wire. Such by-wire systems replace the traditional mechanical and hydrau-
lic control of steer or brake systems in automobile with electronic control using elec-
tromechanical actuators and human-machine interfaces such as pedal and steering 
feel emulators. Some X-by-wire technologies have been already installed on com-
mercial vehicles such as throttle-by-wire. Brake-by-wire technology is still under de-
velopment and has not been widely commercialized. This is mainly due to the safety 
critical nature of brake products. An intermediate solution for the brake-by-wire 
technology currently in commercial use is the electro-hydraulic brake (EHB), which 
decouples the brake pedal from the hydraulic brake system. The vacuum booster in 
conventional hydraulic brake is replaced by electric pump. The distribution of the 
brake pressure on four wheels is electronically controlled. Direct hydraulic connec-
tion between brake pedal and the front wheel brakes still exists and is used as backup 
in case of electronic control failure. 
 
In a ‘pure’ brake-by-wire system, the hydraulic system is completely removed. The 
driver’s will on deceleration is interpreted by measuring the brake pedal movement. 
The signal from the pedal sensors would be fed to the electronic control unit (ECU) 
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which decides the braking moment distribution. The brake moment of each wheel is 
produced by an electro-mechanical brake actuator. The braking moment at each 
wheel can thus be controlled independently. 
 

 
 

Figure 1.1: The principle sketch of a wedge brake. 

 
Various concepts of electrical brake actuator have been proposed with the same pur-
pose, i.e. to press the lining to the brake disk or brake drum. Early designs use high 
power electric drives to produce the lining pressure up to several tons with e.g. ball 
screw construction. The large current of the electric drives can damage the conven-
tional 14 V vehicle power net. Wedge brake is an intelligent concept to reduce the 
necessary actuation force and thus the necessary current. Wedge brake utilizes the 
friction between the lining and the brake disc to amplify the lining pressure instead 
of producing the lining pressure solely with the electric drive. Figure 1.1 shows a 
principle sketch of a wedge brake. For simplicity, it is assumed that the application 
force, i.e. the actuation force brought by the electric drive is in the horizontal direc-
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tion. Without derivation, the normal force on the brake disc is described by equation 
1.1, if the brake disc rotates in the direction shown in figure 1.1. 
 

appn FF ⋅
−

=
μαtan

1     (1.1) 

 
From equation 1.1, it is trivial that the amplification of the normal force can be ad-
justed by choosing a proper wedge angle. To utilize the self-strengthening effect for 
both wheel rotating directions, construction with wedges in both directions is a pos-
sible solution. The necessary application force is thus significantly reduced and so is 
the current in the electric drive. Smaller electric drive (<5 kW) is sufficient for 
wedge brakes. This not only avoids damage to the 14 V vehicle power net but also 
reduces the unsprung mass and the volume. 
 
Using electro-mechanical brakes (EMB) has several advantages. The main benefit is 
that the control response of the brake actuator is faster than hydraulic system, result-
ing in shorter stop distance and better performance of vehicle dynamic control. Since 
the hydraulic system is replaced by electronic control and electric actuation, the 
brake is very ‘quiet’. The brake by wire takes up much less space than the hydraulic 
brake which is an important advantage for the automotive manufacturers considering 
how tight engine compartments have become today. Environmental damage of the 
corrosive and toxic brake fluid is avoided. The maintenance effort is also reduced 
due to the automatic diagnosis. New functions for brake are merely an update of the 
software without hardware modification. Brake pedal is no longer necessary which 
results in better passenger safety at collision and flexible interior design. 
 

1.2 The Motivation and Scope of the Study 
 
Safety has always been a concern with any new system; even more so with a safety 
critical item such as brakes. The enormous maintenance effort for airplanes is not af-
fordable for automobile in mass utilization. This results in very high requirement on 
the reliability and availability of EMB. Brake regulations, e.g. ECE Nr.13, has made 
it compulsory for brake systems in automobile to have a dual system. For EMB, this 
means dual pedal sensors, dual control computers (ECU), dual communication chan-
nels and dual power supply. An example of such redundant system architecture is 
shown in figure 1.2. 
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Figure 1.2: an example of the system architecture of EMB 

 
With redundant system architecture, it is a widely accepted approach to shut down 
the brake actuator if a critical fault is detected in that specific brake actuator. Because 
the four brake actuators are considered as redundancy for one another and one can 
brake theoretically with even only one wheel. However, the loss of the brake moment 
on one wheel, especially on a front wheel, causes not only the reduction of the total 
deceleration (up to ca. 30%) but also introduces a yaw moment on the vehicle. 
Though the compensation of the yaw moment is possible with proper coordination of 
steering and braking, the operation can be dangerous for inexperienced drivers if the 
change of vehicle behavior is unexpected. The psychological impact on inexperi-
enced driver of such sudden change can also promote human errors, which worsen 
the driver reaction and increase the probability of accident. Therefore, sudden shut 
down of one or more brake actuators is not a safe option for fault handling. To avoid 
brake actuator shut down as much as possible, fault tolerance of each of the four 
brake actuators is desired despite the redundant system architecture. 
 
The tolerance to the brake moment loss of one or more brake actuators could also be 
provided by an intelligent vehicle dynamic management (VDM), which modifies the 
distribution of the brake moment. However, such advance vehicle dynamic control is 
not considered as part of the ‘basic’ brake system so far. It is very likely that the ba-
sic brake system is later combined with vehicle dynamic control from different 
manufacturer whose functions are not standardized. Therefore, under the current 
product modularization, the safety of the basic brake system should be maximized 
independent from any specific design of the vehicle dynamic control. 
 

PS2 
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This study is part of the development of fault tolerance for an EMB wedge brake ac-
tuator at the Robert Bosch GmbH. Through the Fault Mode and Effect Analysis 
(FMEA) on the present brake actuator design, the AMR angle sensor has been identi-
fied as one of the most critical components in the brake actuator. This angle sensor is 
applied to measure the rotor angle of a surface-mount permanent magnet synchro-
nous machine (SM-PMSM), which produces the desired displacement of the wedge 
in the brake caliper. And this displacement of the wedge results in a defined normal 
force between the brake lining and brake disc and thus a defined brake moment on 
the wheel. Without fault tolerance measure, the malfunction of the AMR angle sen-
sor would lead to the failure of the position control of the SM-PMSM. And this re-
sults in unpredictable brake moment. The brake actuator has to be shut down imme-
diately. This study focuses on this problematic and strives for a fault tolerance solu-
tion to cope with AMR sensor fault without shutting down the actuator. 
 
An intuitive fault tolerant solution for the AMR sensor would be using redundant 
AMR sensors for the fault monitoring and the angle measurement. However, the re-
dundant AMR sensor introduces extra production cost due to the extra electronic 
components and the more complex design of the mechanical housing. For mass pro-
duction in the automotive industry, such cost increase is very unfavorable. The goal 
of the study is therefore to develop a software fault tolerant solution for brake actua-
tor control under AMR sensor malfunction. Software solution has the advantage of 
posing hardly any production cost and is therefore preferred if feasible. The study it-
self can also serve as an example for the development of software fault-tolerant func-
tions for the other components in the brake actuator. 
 
The problematic to be tackled is basically a fault tolerant control problem. Fault tol-
erant control can generally be divided into three steps. 
 

• Fault detection, isolation and identification. 
• Decision making. 
• Controller reconfiguration. 

 
Fault detection can be signal-based or model-based [6]. Signal-based fault detection 
monitors the signal features that indicate the fault status while model-based fault de-
tection uses mathematical model of the system to estimate some measurable quanti-
ties and compare them to the measurement. In this study, both detection approaches 
have been investigated. For signal-based fault detection, the circular locus of the sen-
sor output vector (sine, cosine) is a typical signal feature that can be used to detect 
AMR sensor faults. Fault detection method with this signal feature has become stan-
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dard meanwhile. If the fault effect does not violate the circular locus of the sensor 
output vector, e.g. constant output vector on the standard circle; model-based fault 
detection can check the plausibility of the measured angle. The model-based fault de-
tection compares the estimated rotor angle and the angle measurement from the 
AMR angle sensor. The rotor angle can be estimated with motor current and voltage. 
The estimated rotor angle is also used by the position controller in the case of AMR 
sensor malfunction. Controller reconfiguration is not necessary. 
 
If the signal-based fault detection reports fault event, the fault source can be isolated, 
because the fault detection only bases on the output signals from the AMR sensor. If 
the fault event is only reported by the comparison of the estimated rotor angle and 
the measured angle, i.e. the model-based fault detection; then fault status of the cur-
rent sensors should also be taken into account to determine the fault source1. It 
should be noted that once the current sensors are determined to be faulty, the fault 
detection on the AMR sensor is no longer exhaustive. Because the model-based plau-
sibility check is no longer reliable; and some fault types, e.g. constant sensor output 
vector, can not be detected. It is assumed in this study that the vehicle will be re-
paired as soon as possible after the first fault has been detected; and no more fault 
event occurs before the reparation. Under this assumption, the situation that both the 
current sensors and the AMR sensor are faulty at the same time is not discussed. 
 
For amplitude fault and offset fault of the AMR sensor, fault identification and com-
pensation is theoretically possible with online estimation of the new amplitude and 
offset parameters. This possibility has also been investigated. The estimation with 
least-square method (LS), recursive least square method (RLS) and recursive least 
square with forgetting factor have been studied. However, none of these methods 
provides satisfying solution. Therefore the online compensation of amplitude fault 
and offset fault is not included in the proposed fault tolerant control. Some discus-
sion about this problem is presented in section 4.3. 
 
The decision making function determines if the measured rotor angle or the esti-
mated rotor angle is fed to the motor position controller. If neither of them is possible, 
the brake actuator still has to be shut down. But this scenario occurs only if the AMR 
sensor and the current sensors are faulty at the same time. To avoid instability of the 
position control loop caused by frequent switching between the measured and esti-
mated rotor angle; the decision making function does not allow such frequent switch-
ing. Once the position controller starts using the estimated rotor angle, switching 

                                                           
1 The motor phase voltages are internal signals of the control algorithm. These signals are therefore al-

ways ‘correct’. 
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back to the measured angle will only take place if the conditions for using measured 
angle have been fulfilled for long enough time. How long this time should be re-
mains a topic for discussion in the future study. And restarting the brake actuator 
from the shut down state is also beyond the consideration of this study, since this 
would involve analysis on the details of too many functions in the EMB system. 
 
The rotor angle estimation with motor current and voltage is of essential importance 
for the fault tolerant control against AMR sensor fault, since otherwise the brake ac-
tuator can only be shut down. In chapter 5, various rotor angle estimation methods 
for SM-PMSM found in the literature are analyzed. The estimation methods can be 
classified as passive methods and active methods. Passive estimation methods do not 
inject any current or voltage test signals while active methods do. 
 
The passive estimation methods exploit the physical effect of either the stator wind-
ing flux-linkage or the back electro-motive force (back-EMF). Estimation using Ex-
tended-Kalman Filter (EKF) is a sophisticated method that does not explicitly esti-
mate the back-EMF. But it is not applicable if the back-EMF vanishes (motor stand-
still). In general, back-EMF based estimation methods have very good performance 
and robustness for estimation at high and medium rotor speed (>100 rpm); but they 
fail if the rotor speed is low since the back-EMF is too weak for a robust estimation. 
The application of flux-linkage based angle estimation is theoretically not restricted 
by the rotor speed. However, the widely known DC-drift problem of the open-loop 
integration fails such methods. Although Hu and Wu [21] proposed an elegant solu-
tion to constrain the DC-drift by using a closed-loop integrator structure with first-
order delay and amplitude limiter; the angle estimation still drifts. 
 
For angle estimation at very low rotor speed and stand still, active estimation method 
is an intensive research field. The active estimation methods inject high frequency 
current or voltage test signals in the motor winding and detect the rotor-position-
dependent inductance anisotropy by analyzing the voltage or current response of the 
test signals. The active methods can be further classified in two groups according to 
the injected test signal [49]. The first group injects strong voltage/current pulse peri-
odically in the stator winding and triggers strong magnetic saturation in the iron, 
which leads to significant inductance anisotropy. But the big amplitude of the current 
pulse introduces strong torque ripples; and this seriously disturbs the position control 
of the motor and shortens the durability of the bearing. Depending on the frequency 
of the test signal, acoustic noise is also a problem. The other group of active estima-
tion methods detects the weak magnetic saturation effect by injecting continuous car-
rier signal. Such methods do not have the problem of torque ripples. However, the 
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inductance anisotropy is too weak in an SM-PMSM for a robust estimation. Further 
more, the estimation will be erroneous under mechanical load. Recently a new type 
of injection signal is introduced in [44]. The injected test signal has a very high fre-
quency of 100-500 kHz2. However, this kind of oscillation signal can not be gener-
ated by conventional power converters that normally work at a frequency of 20 kHz 
or less. Extra hardware is therefore needed for the high frequency test signal genera-
tion which makes this method not practical for commercial use. 
 
So far there is no mature angle estimation method for SM-PMSM which is applicable 
for the whole operation speed range including standstill. For high and medium rotor 
speed, back-EMF based angle estimation with observer is a robust method with small 
computation effort. For very low rotor speed and standstill, the flux-linkage based 
method proposed by Hu and Wu [21] is the only reasonable choice at the moment. 
But as mentioned before, the angle estimated with this method still drifts. An ad-hoc 
solution for this problem is to add a small but fast position variation to the position 
set value periodically if the rotor speed dwells under the speed threshold for long 
enough time. With this position set value manipulation, the rotor speed is forced to 
exceed the threshold after certain time dwelling in the very low speed range. And 
once the rotor speed is higher than the threshold, the closed-loop back-EMF based 
angle estimation will correct the drift and re-initialize the flux-linkage based estima-
tion when the rotor speed falls below the threshold again. The period of this position 
set value manipulation depends on the offset error of the current measurement, which 
influence the drift speed of the angle estimate. The bigger the offset error is, the 
faster the drift will be and hence the shorter period should be chosen. The waveform 
of the additional position set value variation should be able to force the rotor speed to 
exceed the speed threshold; and the amplitude of the additional position variation 
should be as small as possible to minimize the disturbance on the brake moment con-
trol. The period and the waveform of the position set value manipulation had been 
determined empirically during the test bench experiment. 
 

1.3 Dissertation Outline 
 
The organization of the dissertation is as follows: 
 
Chapter 1 makes a brief introduction to the content of the dissertation. 
Chapter 2 introduces the development process of the solution and the experiment en-

vironment for the study. 
                                                           
2 The injection signals of the other methods have typically the frequency in the range of 0.5 kHz-3 kHz. 
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Chapter 3 first introduces the background knowledge of the position control of the 
SM-PMSM in the brake actuator and then presents the fault tolerant control 
scheme. 

Chapter 4 discusses about the fault behavior of the AMR angle sensor. The fault de-
tection and the decision making are presented. The discussion about the pos-
sibility of online compensation for amplitude fault and offset fault of the 
AMR sensor can also be found in this chapter. 

Chapter 5 describes the various rotor angle estimation methods and explains the es-
timation method used in the proposed fault tolerant control. 

Chapter 6 presents the experiment results. 
Chapter 7 makes a summary on the study and outlines possible future research. 
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Chapter 2  
 
The Development Process and 
the Experiment Environment 
 
 
 

2.1 The Development Process of the Fault Tolerant Control 
 
Electronic control systems are intensively utilized in today’s automobile for many 
purposes, e.g. more comfort, more safety, weight reduction. The functions of the 
electronic systems are versatile ranging form power train control, chassis control to 
car entertainment. The information exchange among them creates a highly complex 
network. The complexity of developing safe and reliable automotive electronic sys-
tems increases dramatically. As a safety critical system, the safety and reliability of 
EMB is of utmost importance. Improving product safety and reliability is a challenge 
embedded in the whole product life cycle from the product conception to product 
disposal. The international norm IEC 61508 provides a general guideline for all the 
activities during the life cycle of a safety relevant system such as brake-by-wire 
which utilizes electrical and/or electronic components to realize its safety functions. 
The overall product life cycle is summarized in IEC 61508 as shown in figure 2.1. 
The development of the technical fault tolerant functions can be considered as part of 
the realization steps in the product life cycle (step 9 to 11). 
 
For the development of software in general (not only for automotive electronics), 
several standard processes models have be established in the industry. The Capabil-
ity-Maturity-Model-Integration (CMMI) model defines the requirements on a good 
development process but does not specify how these requirements can be achieved. It 
is actually a modular system to assess and improve the quality of the product devel-
opment process. The Software Process Improvement and Capability Determination 
(SPICE) model is also only an auxiliary process for evaluating the concrete devel-
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opment process. The V-Model is very widely adopted in the automotive industry. It 
was first developed in 1986 by the German Federal Ministry of Defense. The goal is 
to reduce development cost and development risk while being compliant with various 
norms and ensuring a minimal quality of the software. 
 

 
 

Figure 2.1: the product safety lifecycle in IEC 61508. 

 
The V-Model is an abstract, comprehensive project management structure. Its name 
comes from its V-shaped illustration of the project elements in the software devel-
opment, arranged according to their time sequence and the depth of development de-
tail. Different from the classical phase model in project management, the V-model 
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only defines the activities and results of each step but does not specifies the time-
frame of the steps. Iterations are possible between the steps. The activities in a V-
model can also be projected in a waterfall model or a spiral model. The V-model is 
often modified and adapted to different product development projects and is no 
longer restricted to the software product. Figure 2.2 shows an example of the V-
model for software development for automobile electronics. 
 

 
 

Figure 2.2: the V-model for software development for automobile electronics. 

 
The development always starts from defining the requirements for the system to be 
designed and ends up with the system test. The requirements on the system are used 
as criteria for the system test. At the bottom of the V-model is the implementation of 
the software on the computation platform. The intermediate steps are adapted in the 
specific projects. Actually the development process of every subsystem or sub-
function also follows its own V-model. 
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2.2 The Experiment Environment 
 

2.2.1 An Overview of the Experiment Environment 
 
For the development and validation of the fault tolerant control, an experiment envi-
ronment is designed and built. The requirements on the functions of the experiment 
environment are determined by the development. The development of fault tolerant 
control is separated into four steps. After the requirement definition the fault tolerant 
control is first analytically derived; the algorithm is first tested in offline simulation 
with actuator and sensor models. If the simulation is successful, the algorithm will be 
implemented on a motor test bench to exam the performance and robustness of the 
algorithm with real actuator components. 
 
For the offline simulation of the fault tolerant control, the simulation tool Mat-
lab/Simulink® from Mathworks is applied. For the test of the algorithm with real ac-
tuator components, a motor test bench and a real time computation platform are built. 
The implementation of the algorithm with manual coding is very time consuming 
and error-prone. During the development of the algorithm, it is expected that the al-
gorithm will be modified very frequently. Hence the manual implementation is not 
practical. Automation is needed to accelerate the development. Optimal will be a 
simulation environment, in which the offline simulation model can be automatically 
converted into real time application with little modification. RT-Lab is a software 
package from Opal-RT that supports this purpose. The Real-Time Workshop toolbox 
from Mathworks is applied for automatic code generation. 
 
Figure 2.3 shows the overall constellation of the experiment environment. The envi-
ronment consists of the host PC, the target PC and the motor test bench. On the host 
PC, the offline simulation and the automatic code generation is carried out. During 
the test bench experiment, the host PC functions also as the monitoring terminal. The 
host PC runs windows operating system. The designed algorithm runs on the PC tar-
get with QNX operating system. Through analog and digital I/O boards (PCI boards), 
the control algorithm can communicate with the hardware components on the motor 
test bench. Ethernet is used for the communication between the host and the target. 
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Figure 2.3: the constellation of the experiment environment. 

 
The motor test bench consists of two electric drives of the same type, the power elec-
tronics (PCU), the sensors and the power supply. The electric drives are the same as 
those in the brake actuator. One of them is the test object and the other produces 
loading moment that simulates the loading condition in the brake actuator. 
 
Details of the simulation environment will be introduced in the following sections. 
The Simulink offline model is briefly described in section 2.2.2. The motor test 
bench setup will be introduced in section 2.2.3. And the automated implementation 
of the algorithm with RT-Lab will be introduced in section 2.2.4. 
 

2.2.2 The Offline Simulation 
 
The offline simulation is done with Matlab/Simulink to test the analytical design of 
the fault tolerant control algorithm. The offline model simulates the control loop of a 
single brake actuator with the fault tolerant solution. The structure of brake actuator 
control and the offline model is illustrated in figure 2.4. 
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Figure 2.4: the structure of offline model. 

 
The control loop of a brake actuator has a cascade structure. The outer loop controls 
the brake moment and produces an angular position set value for the position control 
loop. The position controller controls the motor to rotate to the desired angle so that 
the wedge is pushed/pulled to the proper position. And by this means, a controlled 
normal force is exerted on the brake disc to generate the required brake moment. The 
rotor position is measured directly by an AMR angle sensor mounted at the end of 
the rotor shaft. In the reality, the brake moment can not be measured directly. Actu-
ally a strain gauge is installed in the caliper to measure the elastic deformation of the 
brake caliper. And the brake moment is estimated from this measurement. But in the 
simulation, this is simplified as if the brake moment is directly measurable. The 
brake caliper model calculates the brake moment and the loading moment on the ro-
tor shaft according to the rotor angle. 
 
The control loop of a brake actuator itself is the inner cascade of the control of the 
whole brake system. And the control of the whole brake system is again the inner 
cascade of the control loop of the overall vehicle dynamics. But in this study, only 
the fault tolerant control of a brake actuator is relevant; and the behavior of the other 
outer control loops is not considered. 
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The brake moment controller is a simple PI-controller. The design of the position 
controller is explained in chapter 3, subsection 3.1.2. The fundamental frequency 
model of an SM-PMSM is used. The model is described mathematically by the volt-
age equation 3.3 and the mechanical equation 3.7 and 3.8. The brake caliper model is 
taken as black box from the project. The AMR sensor model consists of the conver-
sion of the rotor angle in sine and cosine output. And the fault injection module pro-
duces additive errors on the signals from the AMR angle sensor model. Amplitude 
fault, offset fault, constant output and random fault (zero mean, gauss distributed) 
can be injected. Discussion on the relevant faults is made in chapter 4. And the de-
sign of the fault tolerant solution is explained in detail in chapters 3, 4 and 5. 
 
The brake moment controller is not directly influenced by the AMR sensor meas-
urement as shown in figure 2.4. If the fault effect of the AMR sensor could be han-
dled within the position control loop, the brake moment control will not be disturbed. 
The study is therefore focused on the position control loop. 
 

2.2.3 The Motor Test Bench and Its Control 
 
The test bench experiment aims to validate the performance of the fault tolerant con-
trol with real actuator hardware. The online simulation setup is shown in the diagram 
in figure 2.5 schematically. 
 
The SM-PMSM model and the AMR angle sensor model in the offline simulation are 
replaced by the real AMR angle sensor, the SM-PMSM motors, the power electron-
ics (PCU) and the power supply modules. But the brake caliper model remains for 
the calculation of the loading moment on the rotor shaft. And the loading moment is 
produced by another SM-PMSM (loading machine), which is coupled with the SM-
PMSM under test (test machine) mechanically. The experiment with a real brake cal-
iper will require a rotating brake disc to simulate the self-strengthening effect. And to 
rotate the brake disc realistically as in a vehicle, a high power electric drive system is 
necessary. But the effort and cost to construct a hardware simulation system in such 
scale is not justified for the purpose of this study. 
 
The fault tolerant control design is implemented on a QNX PC target. QNX is a com-
mercial-off-the-shelf real time operating system. The control software communicates 
online with the actuator hardware through digital or analog I/O boards with PCI in-
terface. The implementation detail can be found in section 2.2.4. The brake moment 
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control in the offline simulation is not implemented online, because the study is fo-
cused on the position control loop. Pre-determined rotor position set values are used 
for the online experiment. 
 
The fault injection module produces additive error on the measurement signals from 
the AMR angle sensor. Amplitude fault, offset fault, constant signal and a random 
fault (zero mean, gauss distributed) can be injected. The fault type and fault parame-
ters can be adjusted online from the host PC. The shut down of the motor is realized 
by setting the output of the position controller to zeros. The PWM generation func-
tion calculates the PWM patterns for the switching of the transistor elements in the 
DC/AC converter on the PCU.  
 
For the control of the loading machine, a motor moment controller had been de-
signed. It is a field-oriented closed-loop current controller. The design detail of the 
controller is not cited here. The phase currents are measured by LEM converters, 
which are also part of the PCU. 
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Figure 2.5: the motor test bench and its control with the QNX Target PC. 

 
The power supply module consists of two individual voltage sources, the battery and 
the DC/DC converters. The voltage sources supply a constant voltage of 14 V, simu-
lating the voltage of the 14 V vehicle power net. The DC/DC converters stabilize the 
14 V voltage supply for the DC/AC converter circuit on the PCU (DC-link voltage of 
the bridge circuit) and also generate the stable 5 V supply for the other electronic ele-
ments on the PCU. The AMR sensors are also supplied by this power source. The 
battery is used as energy buffer. It also protects the voltage sources from overcharg-
ing during the generator operation of the motors. 
 
Figure 2.6 shows the actual view of the motor test bench and the QNX PC target. 
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Figure 2.6: photos of the motor test bench and the QNX PC target. 
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2.2.4 The Automated Algorithm Implementation for Test Bench 
Experiment 

 
The development of the control algorithm in general is a process with many iteration 
of modification. The implementation of the algorithm by manual coding is very time 
consuming. Structural change of the algorithm often leads to complete re-
programming. Manual coding is also susceptible to human error. Detail knowledge 
of the real time computation platform is necessary. Automating the control imple-
mentation can greatly accelerate the development process, reduce the effort on time 
consuming coding and minimize the error caused by human programmer. For this 
purpose, an automated implementation system with the software tool RT-Lab from 
Opal-RT has been constructed. 
 
RT-Lab is a software package for rapid prototyping of complex control systems and 
Hardware-in-the-Loop simulations. It supports a seamless process of automated algo-
rithm implementation from Simulink model, the deployment of the algorithm on PC-
cluster-based computation platforms and online monitoring as well as data logging. 
The Simulink model is used as front-end user interface for the online control. The 
work flow of the automated implementation with RT-Lab is shown in figure 2.7. 
 
The starting point of the implementation is a Simulink model in which the algorithm 
is offline tested. For the automated implementation and deployment, some modifica-
tion of the Simulink model is necessary. The model must be grouped into subsystems 
corresponding to the later distribution on the different computation platforms (host 
and targets). In our case, there are only two PCs, i.e. the Windows host and the QNX 
target. Therefore, the Simulink model is grouped into two subsystems as shown by 
the screenshot in figure 2.9. The SC_Host system remains on the host PC. And for 
the SM_QNX subsystem, C code will be generated and transferred to the QNX PC 
target. For communication between the host and the target, special communication 
block should be included in the model. The interfaces to the drivers of the I/O boards 
are integrated in the Simulink model in the form of C S-functions. An example is 
shown in figure 2.10. The C code of these interfaces will be automatically handled 
during the code generation with Real-Time Workshop. 
 
RT-Lab automatically recognizes the Simulink subsystem for the target and applies 
the toolbox Real-Time Workshop from Mathworks to generate C code for the QNX 
target. Real-Time Workshop is an extension of capabilities of Simulink and Matlab 
that automatically generates, packages, and compiles source code from Simulink 
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models to create real-time software applications. The automatically generated C code 
is processor independent. The C code of the algorithm is transferred via Ethernet 
from the host to the QNX PC target. 
 

 
 

Figure 2.7: the work flow of the automated control implementation with RT-Lab and 
Real-Time Workshop. 

 
The QNX PC target has a 3 GHz Intel processor. PC had been chosen as the real-
time computation platform due to its enormous computation capacity and the flexible 
communication interface. The design of the fault tolerant control is not restricted by 
the computation power. Various types of commercial-off-the-shelf analog/digital I/O 
boards with PCI interface can be mounted in the PC target for the communication be-
tween the control algorithm and the hardware components of the motor test bench. 
 
QNX is a real-time operating system for ‘hard’ real-time applications, i.e. application 
with very short sample time or high requirement on synchronization. It has a UNIX 
similar structure and is POSIX compatible. The QNX operation system allows a 
shortest interrupt processing time of 0.55 μs with a Pentium III processor. Compared 
to that, Windows NT 4.0 and other time-sharing operating system need at least 10ms 
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to react to events. With its fault tolerant design, pre-emptive multitasking and the 
runtime memory protection, QNX provides a very stable foundation for the imple-
mentation of hard real-time applications. The C code of the algorithm is compiled on 
the QNX PC target into an executable with GNU compiler collection (gcc). 
 
The executable, i.e. the control algorithm and the other control functions for the mo-
tor test bench, can be started and killed as a user process of QNX from the host PC 
via the Ethernet. The smallest sampling time of the designed control algorithm is 100 
μs. The synchronization of all the I/O boards at this sampling rate is realized with a 
timer, which triggers a square wave signal with a period of 100 μs. The interesting 
signals for online monitoring and data logging will be sent from the target to the host 
also through Ethernet. Online parameter modification via Ethernet is also possible. 
The subsystem in the Simulink model for host PC is used as the front-end user inter-
face for online monitoring and parameter tuning from the host PC. Figure2.8 shows 
an example of this subsystem in the experiment. 
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Figure 2.8: an example of the subsystem in the Simulink model for online monitoring 
and parameter tuning from host. 
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Figure 2.9: an example of the grouping of the Simulink model on the top level for the 

automated control implementation. The SC_Host subsystem remains on 
the host PC. And C code will be generated for the SM_QNX subsystem 
and transferred to the QNX PC target.  

 

 
Figure 2.10: an example of the interfaces to the drivers of the I/O boards that are in-

tegrated in the Simulink model as C S-functions. 
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Chapter 3  
 
The Fault Tolerant Control Scheme 
 
 
 
In this chapter, the fault tolerant control design of the brake actuator against AMR 
angle sensor fault is presented. The brake actuator control consists of two cascaded 
control loops as illustrated in figure 2.4; i.e. the outer loop of brake moment control 
and the inner loop of motor position control. The fault effect of AMR angle sensor 
has direct impact on the position control loop. If the position control fails, the brake 
moment control is not possible. Therefore, the problem is actually the fault tolerant 
position control of the SM-PMSM. The section 3.1 introduces the knowledge of sur-
face-mount permanent magnet synchronous machine (SM-PMSM), its position con-
trol and the work principle of the AMR angle sensor. In section 3.2, an overview of 
the fault tolerance techniques and fault tolerant control is provided first. And then the 
proposed fault tolerant position control scheme of the SM-PMSM will be presented. 
 

3.1 The Position Control Loop of the SM-PMSM in the 
Brake Actuator 

 
This section aims to explain the motor position control loop in the brake actuator. For 
a better understanding of the position control, the fundamental-frequency machine 
model of SM-PMSM is first explained. The new position control design is then pre-
sented in sub-section 3.1.2. At the end the AMR angle sensor is introduced as back-
ground knowledge for the later analysis on the fault behavior of such sensor. 
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3.1.1 SM-PMSM and the Machine Model 
 

3.1.1.1 Surface-mount Permanent Magnet Synchronous Machine (SM-PMSM) 
 
Permanent magnet synchronous machines (PMSM) are 3-phase synchronous ma-
chine in which the excitation field is produced by permanent magnet. Although such 
machines are generally more expensive than asynchronous induction machines, this 
machine type is widely used in automotive systems due to its high power density. 
The cross-sections of several typical constructions of PMSM are shown in figure 3.1 
schematically. 
 
The stator of a synchronous machine consists of a stack of laminated ferromagnetic 
core with internal slots, a set of three-phase distributed stator windings placed in the 
slots, and the housing and bearing for the rotor shaft. The cross-section of the rotor 
can be salient or cylindrical. Salient here means the protruding poles (figure 3.1 a). 
The permanent magnet can be surface mounted or buried in the rotor. The type of 
construction in the current brake actuator design is the cylindrical rotor with surface-
mount permanent magnet, which is shown in figure 3.1c). This type of machine 
shows the least saliency because ideally the magnetic resistance is the same in any 
radial direction. 
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Figure 3.1: different constructions of permanent magnet synchronous machine 

 
Normally there are more than one pole pairs in a SM-PMSM so that the realization of 
larger motor moment with smaller current is possible. Figure 3.2 compares the ideal 
layouts of SM-PMSM with one pole pair and two pole pairs. Machines with Zp pole 
pairs can ideally be considered as ‘pressing’ Zp single-pole-pair machines spatially 
together into one machine while keeping the magnet flux of each permanent magnet 
pole pair unchanged. Therefore the total motor moment of this machine can be calcu-
lated by: 
 

elpmech MZM ⋅=      (3.1) 

 
where Mmech is the total motor moment and Mel is the moment produced by one 
equivalent single-pole-pair machine. The motor in use has two pole pairs, i.e. four 
poles. In the later discussion, the analysis on this machine is carried out with one of 
its equivalent single-pole-pair machines. And all the quantities of this single-pole-
pair machine are annotated with the subscription el, i.e. electrical; and the quantities 
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of the machine in use are specified by the subscription mech, i.e. mechanical. Since 
the equivalent single-pole-pair machines are spatially ‘pressed together’, the follow-
ing relation between the rotation angles is valid: 
 

mechpel Z θθ ⋅=      (3.2) 
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Figure 3.2: comparison of SM-PMSM with one pole pair and two pole pairs. 

 
In figure 3.2, the 3-phase U-V-W coordinate system and the rotor synchronous d-q 
coordinate system are also drawn. The definition of these coordinate systems is in-
troduced in appendix A. The angular ‘compression’ of the coordinates in the machine 
with two pole pairs can be seen in the figure. 

 

3.1.1.2 The Fundamental Frequency Machine Model of SM-PMSM 
 
The derivation of the fundamental frequency machine model is not cited here. The 
model is called fundamental frequency model because the distribution of the rotor 
magnet flux is assumed to be sinusoidal. The voltage equation of an SM-PMSM in 
the d-q coordinate system is: 
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For SM-PMSM the inductance in d- and q-direction are very similar if magnetic 
saturation is ignored. This means: 
 

qd LLL ==     (3.4) 

 
With this assumption, the voltage equation can be expressed in α-β coordinate sys-
tem as: 
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The general equation to calculate the motor moment is: 
 

spmpelpmech IZMZM
vv

×Ψ⋅=⋅=
2
3    (3.6) 

 

where sI
v

 is the stator current vector. In the case of SM-PMSM the equation can be 

simplified as: 
 

qpmpmech IZM ⋅Ψ⋅⋅=
2
3     (3.7) 

 

where qI  is the projection of the stator current vector sI
v

 on the q-axis. The mechani-

cal motion of the rotor is described by the following equation: 
 

loadmechmech MMJ −=⋅ω&    (3.8) 

 
where loadM  is the loading moment on the rotor shaft and J is the inertia of the rotor. 

 

3.1.2 The Position Controller Design 
 
Two quantities determine the mechanical motion: the motor moment mechM  and the 

loading moment loadM . Since the loading moment is often unknown, the control of 
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the motion of a SM-PMSM is based on the control of the motor moment. And ac-
cording to equation 3.7, the motor moment is linearly proportional to the amplitude 
of the q-component (Iq) of the stator current vector. The d-component (Id) of the sta-
tor current vector produces no torque but a magnetic field overlapped on the perma-
nent magnet field. If field weakening operation is not considered, the effective way 
to generate motor moment while minimizing energy consumption and current is to 
force Id to zero and control Iq to follow the set value, which is proportional to the de-
sired motor moment. This is the basic idea of field oriented control. 
 
The field oriented control enables the separation of the SM-PMSM motion control 
into an inner cascade of current (moment) control and outer cascades of rotor motion 
control (speed or position) as shown in figure 3.3 a). And the control delay time con-
stant of the inner cascade should be much smaller than the outer cascade. There are 
many different approaches for field-oriented current control, a good overview is pro-
vided in [2]. Among these approaches, the multi-variable state-space controller pro-
vides the best performance regarding the current response dynamics and the transient 
oscillation [2]. But for applications with lower requirement on the dynamics of the 
current response, open-loop current control with decoupling network is simpler and 
does not need current measurement. The structure of these control methods are 
shown in figure 3.3 b) c). The decoupling network is basically a transformation of 
equation 3.3 by ignoring the derivative of the current: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ψ

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

pmrq

d

dr

qr

q

d

i
i

RL
LR

U
U

ωω
ω 0

*

*

*

*

    (3.9) 

 
The superscript ‘*’ in equation 3.9 indicates the control set values. The multi-
variable state-space current control will not be discussed here. More details of it can 
be found in [2]. 
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a) The cascaded structure of the control of SM-PMSM. 
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b) The multi-variable state-space current control loop. 
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c) The open-loop current control with decoupling network. 
 

Figure 3.3: the control structure of SM-PMSM. 

 
The cascade structure of the position control shown in figure 3.3 a) with closed-loop 
speed control and closed-loop current control has some drawbacks. Due to the re-
striction that the outer loop should have much slower control response than the inner 
loop for stability reason, the response promptness of the position control is limited. 
The controller parameter tuning for three control loops is very time consuming. 
Therefore, a new position controller design is proposed. The speed control loop is 
removed and open-loop current control is applied. The structure of the new position 
control is depicted in figure 3.4. The sampling time of the control loop is 2.5ms. The 
position controller is first designed with continuous system equations and then ap-
proximated with the Euler method in the discrete system. 
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Figure 3.4: the structure of the new position control loop. The sampling time is 2.5ms. 

 
The position controller should eliminate the position deviation θΔ  by generating a 
proper set value of motor moment. The design of the position controller is based on 
the mechanical model (equation 3.8) of the motor: 
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    (3.10) 

 
In which *M  is the set value of motor moment and ML is the unknown loading mo-
ment. *ω  is the set value of the rotor speed that is calculated from the rotor angle set 
value. An intermediate control variable is constructed as follow: 
 

θθ &Δ⋅+Δ⋅= 10 aav     (3.11) 

 
where 01 ≠a . The goal is to make 0=v  with proper control, then the following 

equation holds 
 

θθ Δ⋅−=Δ
1

0

a
a&      (3.12) 

 
And as long as 010 >aa , θΔ  will converge to zero. And the bigger 10 aa  is, the 

faster θΔ  vanishes. By differentiating both sides of equation 3.11, we obtain: 
 



Chapter 3                                                               The Fault Tolerant Control Scheme 

 33

)11*()*( *
1010 Lr M

J
M

J
aaaav ⋅+⋅−+−=Δ⋅+Δ⋅= ωωωθθ &&&&&  (3.13) 

 
To force v to converge to zero, the same approach is applied again. Let: 
 

vkv ⋅−=&      (3.14) 
 
By assigning a large positive value to the parameter k, v will converge to zero 
quickly. Comparing the right hand side of equation 3.13 and 3.14 we obtain the fol-
lowing expression for the set value of motor moment: 
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a
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MJM ωωθω −++Δ⋅⋅⋅++= &  (3.15) 

 
Assuming 0* ≈− rωω  in average; the set value of motor moment can be calculated 

by: 
 

θωθω Δ++=Δ⋅⋅⋅++= KMJJk
a
a

MJM LL **
1

0* &&   (3.16) 

 
This controller design is inspired by the idea of the sliding-mode control. Equation 
3.12 describes the dynamic behavior of the control deviation on the sliding manifold, 
on which the control deviation will automatically converge to zero. This sliding 

manifold is defined by 0=v . The control variable *M  forces the system to stay on 
the sliding manifold. Equation 3.16 has a very clear physical meaning. If 0=Δθ , the 
motor moment should overcome the loading moment LM  and accelerate the rotor at 

the set value of acceleration *ω&  which is calculated from the rotor position set value 
*θ . If 0≠Δθ , i.e. there is a position control deviation, an extra motor moment 

should be added to compensate this. And the factor 10 aJkaK ⋅⋅=  determines how 

fast the deviation is eliminated. This factor is chosen during the parameter tuning. 
The unknown loading moment is considered as disturbance and will be overcome by 
large control gain K. 
 
The open loop current controller calculates the corresponding voltage set value 

( )** , qd UU  with equation 3.9. Note that the numerical value of the inductance of our 

motor is very small ( 610−  H) and 0* ≡dI ; hence the calculation of the voltage set 

value can be further simplified as: 
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where N is another gain factor to be tuned. With large control gain K the loading 
moment can be compensated; but this also leads to strong current peak if the position 
control deviation θΔ  is big. Fast rotor acceleration can also results in such current 
peak. Therefore, a low pass filter is added to smoothen the variation of the position 
control set value (figure 3.4). 
 
There are only two parameters to be tuned during the implementation, namely K and 
N. From equation 3.14, it is trivial that the intermediate variable v will converge to 
v=0 as long as K is positive. And if v=0, the position deviation θΔ  is also stable 
at 0=Δθ . The response promptness of the position control is actually determined by 
the low pass filter. This further simplifies the parameter tuning. The tuning of the pa-
rameter N and K is a compromise between fast elimination of the angle deviation and 
acceptable overshoot. The both parameters are first tuned with the offline model and 
then implemented on the test bench with further fine tuning. Some experiment results 
on the position control performance can be found in chapter 6. The simulation results 
are presented in figure 3.5 a) and b).  
 

 
a) 
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b) 

Figure 3.5: the simulation results of the position controller. The loading moment is 
constantly 0.15 Nm. Figure a) is the comparison of the electrical position 
set values and the electrical rotor position. Figure b) is the simulated phase 
current. 

 
In figure 3.5, it can be seen that the control dynamic is actually determined by the 
low-pass filter. The green curve in figure 3.5 a) shows the ‘smoothened’ angle set 
value. The low-pass filter is a first-order delay element. Its time constant is deter-
mined so that the smoothened curve reaches 95% of the original set value at 100ms 
delay. Fast angle error elimination with large gain factor K will also strengthen the 
overshoot and hence result in big current peak. The overshoot can be reduced by 
choosing smaller controller parameters N and K. Figure 3.5 b) shows the phase cur-
rents. The current peak is reduced to smaller than 60 A per phase. 
 

3.1.3 The AMR Angle Sensor 
 
The Anisotropic Magneto-Resistive (AMR) angle sensor is commonly used today 
due to its advantage of contact-free measurement. The Anisotropic-Magneto-
Resistive effect is the property of a current carrying magnetic material to change its 
resistance according to the orientation of an external magnetic field. Figure 3.6 
shows a strip of such ferromagnetic material, e.g. perm-alloy. 
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Figure 3.6: the magneto-resistive effect [19]. 

 
The resistance of the material depends on the angle between the internal magnetiza-
tion direction and the direction of current. If an external magnetic field H is applied 
parallel to the plane, the internal magnetization direction of the material will be in-
fluenced. And if the external field is strong enough to saturate the material, it can be 
assumed that the internal magnetization direction is almost aligned with the external 
field. As a result, the resistance R of the material will change as a function of the ro-
tation angle α of the external field (figure 3.6), as given by:  
 

α2
00 cosRRR Δ+=     (3.18) 

 
where R0 and ΔR0 are material constant.. By measuring the change of the resistance, 
the angle of the external field can be determined. The setup of an AMR angle sensor 
is schematically shown in figure 3.7. A small piece of permanent magnet is mounted 
at the end of the rotor shaft. The sensor element is axially aligned to the magnet and 
fixed by plastic housing. In this setup, the orientation of the external field corre-
sponds to the rotor angle. 
 

AMR angle sensor
Permanent magnet

sensor housing

AMR angle sensor
Permanent magnet

sensor housing

 
Figure 3.7: basic arrangement of sensor and magnet for contact-less angle measure-

ment 
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The change of the resistance is measured with a Wheatstone bridge shown in figure 
3.8. From equation 3.18, it is clear that with the measurement of one resistance the 
angle can only be unambiguously determined in a π/2-wide range. But if two Wheat-
stone bridges of the same type are used and placed with a 45 degree offset (figure 
3.8); the outputs of the two Wheatstone bridges are proportional to sin2α and the 
cos2α respectively. And hence α can be determined in a π-wide range. 
 

 
 

Figure 3.8: layout of an integrated AMR sensor and the Wheatstone-Bridge [19]. 

 
The outputs from the two Wheatstone bridges are amplified and offset by a signal 
conditioning circuit (figure 3.9). The signal conditioning circuit is integrated with the 
bridge circuits in one chip. Therefore, the outputs of the sensor are: 

 
• 2/2sin bs UA +α ; 

• 2/2cos bc UA +α ; 

 
where As and Ac are the amplification factors of the sine and cosine channels; Ub is 
the supply voltage of the sensor. In fault-free operation, As and Ac should be equal 
and Ub should be 5V. 
 
To calculate the angle from the output signals, the following equation is applied: 
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The offset is compensated by measuring the supply voltage Ub. The arctan operation 
can only provide a unique solution within an interval with the width π, e.g. (-π/2, 
π/2); if the angle runs over the boundary, a ‘jump’ will appear in the calculated angle. 
But since the maximal angular velocity of the motor is limited, such ‘jumps’ in the 
calculated angle can be detected and corrected. 
 

Bridge Circuits

Amplification
+

Offset
)2sin(0 α⋅A

)2cos(0 α⋅A

ϕ
Rotor Angle

Signal Conditioning

Amplification
+

Offset

Ub GND

2/)2sin( bs UA +⋅ α

2/)2cos( bc UA +⋅ α

 
 

Figure 3.9: the block diagram of the AMR sensor. 

 

3.2 The Proposed Fault-Tolerant Control Scheme against 
AMR Sensor Fault 

 
In this section, the proposed position fault-tolerant control scheme for the SM-
PMSM against AMR sensor fault is introduced. The first subsection introduces the 
concept of redundancy and provides arguments for the choice of analytical redun-
dancy (software solution) for the fault tolerance. The second subsection provides an 
overview of the fault-tolerant control techniques. The proposed fault-tolerant scheme 
will be explained in the last subsection 3.2.3. 
 

3.2.1 The Concept and Choice of Redundancy 
 
The common measure to realize fault tolerance is redundancy. Redundancy is the ex-
istence of more than one means for performing a required function in an item [7]. 
Redundancy can be created by simply duplicating the hardware (physical redun-
dancy) or be realized by software solution (analytical redundancy). From the operat-
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ing point of view, redundancies can be categorized into active, warm and standby re-
dundancy [7]: 

 
1. Active Redundancy (parallel, hot): redundant elements are subjected from the 

beginning to the same load as operating elements, load sharing is possible. 
2. Warm Redundancy (lightly loaded): redundant elements are subjected to a 

lower load until one of the operating element fails, load sharing is also possi-
ble. 

3. Standby Redundancy (cold, non-loaded): redundant elements are subjected to 
no load until one of the operating element fails, no load sharing is possible. 

 
To avoid common mode failures, redundant elements should be realized independ-
ently from each other. This independency could range from the function design, the 
location to the manufacturing of the elements. 
 
In the case of the AMR angle sensor in a brake actuator, the most intuitive possibility 
of redundancy would be using duplicated AMR angle sensors to measure the rotor 
angle, i.e. a physical redundancy. To avoid common mode failure, the redundant 
AMR sensors should not be placed together. Due to the special spatial configuration 
of AMR angle sensor shown in figure 3.7, it is then only possible to put the AMR 
sensors at both ends of the rotor shaft. This makes it very difficult to integrate the 
AMR elements on the same PCB as the signal processing unit. The increase of pro-
duction cost would be significant due to the extra electrical connections. Also restric-
tions will be posed on the mechanical construction of the brake actuator to provide a 
stable fixation and housing of the extra AMR elements and their electrical connec-
tions. This could lead to a higher production cost of the mechanical parts. And for 
mass production in the automobile industry, such cost raise can sum up to a huge 
amount. 
 
Through sophisticated software functions, analytical redundancy extracts or esti-
mates the missing information from information provided by other hardware compo-
nents in the system or internal values of the control system. For AMR angle sensor, 
this means the estimation of the rotor angle with motor current and voltage. The es-
timated rotor angle can be used for fault detection or fault tolerant control. Analytical 
redundancy is basically a software solution. It will not increase production cost and 
poses little restriction on the system design. Therefore, analytical redundancy is the 
preferred solution. 
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3.2.2 Fault Tolerant Control Techniques 
 
Fault tolerant control is a control system that can accommodate system component 
faults and is able to maintain stability and acceptable degree of performance not only 
when the system is fault-free but also when there are component malfunctions [4]. 
Fault tolerant control can be classified into two categories: passive fault tolerant con-
trol and active fault tolerant control [5]. Figure 3.10 illustrates the classification of 
fault tolerant control system. 
 

Fault Tolerant Control

Passive Fault 
Tolerant Control

Active Fault 
Tolerant Control

Online Controller 
Selection

Online Controller 
Redesign

 
 

Figure 3.10: classification of fault tolerant control. The diagram is taken from [4] 

 
The passive fault tolerant control is an approach to design the control according to 
anticipated fault events. These faults are simply tolerated by a robust controller de-
sign. Passive fault tolerant control treats the faults as if they were sources of model-
ing uncertainty. However, the main drawback of a passive fault tolerant control is 
that as the number of potential failures and the degree of system redundancy in-
crease, controller design could become very complex. And a single fixed controller 
that needs to deal with different situations associated with all possible failure condi-
tions can hardly be optimal for operation in any of the scenarios. Further more, the 
stability and performance of the controller is unpredictable if unanticipated failure 
occurs. Such drawback for passive fault tolerant control is the main motivation for 
developing active fault tolerant control. 
 
The active fault tolerant control relies on the fault detection and identification (FDI) 
process to monitor the fault events and determines what change should be made to 
the controller. The active fault tolerant control process can be separated into two 
steps: the FDI; and the controller reconfiguration. The process is depicted schemati-
cally in figure 3.11. 
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Figure 3.11: the process of active fault tolerant control. 

 
The fault detection and identification can be signal-based or model-based [6]. The 
general schemes of signal-based and model-based fault detection and identification 
techniques are illustrated and compared in figure 3.12. 
 

 
 

a) Signal-based FDI scheme. 
 

 
 

b) Model-based FDI scheme. 
 

Figure 3.12: signal-based and model-based fault detection and identification (FDI) 
schemes. 

 
Model-based approaches utilize the models of the system or process and the avail-
able measurements or internal values of the control algorithm to estimate some char-
acteristic quantities of the system, e.g. system state, system outputs, parameters etc. 
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By comparing the estimated values to the measurements or predefined value range, 
residual can be generated and used to detect and identify faults. Typical model-based 
FDI approaches are observer-based approach, parity relation approach and parameter 
estimation approach [6]. The performance of model-based FDI approaches depends 
strongly on the quality of the model involved. 
 
The signal-based FDI does not use models. The system behavior is expressed by the 
signal characteristics. Signal features that contain the information of fault status are 
first extracted from the measured signals by some signal processing techniques. Re-
siduals are generated by comparing the feature values to their nominal values. Typi-
cal symptoms are the magnitudes of the time functions of the measured signals, their 
mean values, limit values, statistical moments, frequency spectrum, correlation coef-
ficients, covariance etc [10]. The signal-based FDI approaches are in general more 
robust than the model-based FDI since they don’t depend on any model and are 
hence immune to model error. But on the other hand, because signal-based FDI de-
pends only on the directly measured signals, system states and immeasurable charac-
teristic parameters are unknown. 
 
To evaluate the performance of an FDI process, several performance indices have 
been defined [4], such as correct fault detection, false alarm rate, missed fault detec-
tion, incorrect fault detection and detection delay.  
 
The reconfiguration mechanisms can be classified as online controller selection and 
online controller redesign/calculation [4], as shown in figure 3.10. In the first class of 
methods, different controllers associated with the predefined fault scenarios are de-
signed a priori. And according to the decision made by the FDI algorithm, the proper 
controller is chosen online. Online controller selection is sometimes also known as 
projection-based methods. In the second class of methods, controllers are synthesized 
online after the occurrence of faults. 
 
The online controller selection methods are highly dependent on prompt and correct 
operation of the FDI algorithm. Any false, missed, or error in fault detection may 
lead to degraded performance or even the loss of stability of a closed-loop system. In 
[11], attempt had been made to deal with the robustness problem of FDI and to de-
sign stability guaranteed active fault tolerant control. Some examples for online con-
troller redesign are the pseudo-inverse method, Eigen-Structure assignment based al-
gorithm, model-following approach and feedback linearization for non-linear sys-
tems [4]. 
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3.2.3 The Proposed Fault Tolerant Control Scheme 
 
The purpose of the fault tolerant control is to detect the fault of the AMR angle sen-
sor and try to avoid brake actuator shut down. Since the rotor angle information is 
crucial for the position control, not shutting down the brake actuator implies that the 
position control will rely on the estimated rotor angle if AMR angle sensor is faulty. 
Actuator shut down can not be avoided if rotor angle estimation also fails. For this 
fault tolerance problem, it is not necessary to reconfigure the position controller. It is 
actually a problem to estimate the rotor angle online and to make decision if the an-
gle measurement or the angle estimate should be fed to the position controller or nei-
ther of them (actuator shut down). The proposed scheme of the fault tolerant position 
control of the SM-PMSM is shown in figure 3.13. It is assumed that the status of the 
current sensors is known. 
 
The decision making module determines which rotor angle (measured/estimated) 
should be used by the position controller or the actuator should be shut down. The 
decision is based on the fault status of current sensors and the fault status of the 
AMR sensor delivered by the fault detection module. To avoid stability problem 
caused by frequent switching between the two rotor angle information sources, the 
decision making module does not allow frequent switching. Once the position con-
troller starts using the estimated rotor angle, switching back to the measured angle 
will only take place if the conditions for using measured angle have been fulfilled for 
long enough time. And restarting the brake actuator from the shut down state is be-
yond the consideration of this study, since this would involve analysis on the details 
of too many functions in the EMB system. 
 
The fault detection module applies both model-based and signal-based fault detection 
and delivers the fault status of the AMR sensor. This module will be explained in 
chapter 4 in detail. 
 
The angle estimation module estimates the rotor angle with the motor voltage and 
current. The estimation is only reliable if the current sensors are fault-free. The angle 
estimation is initialized during the pre-life check of the system and runs in parallel to 
the angle measurement in the whole actuator operation. Chapter 5 provides the detail 
of the rotor angle estimation method. 
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Figure 3.13: the proposed fault tolerant position control scheme against AMR angle 
sensor fault. 

 

In figure 3.13, *θ  is the position set value, which is determined by the outer brake 

moment control loop. U
v

 is the set value of control voltage vector in the stator-fixed 
coordinate system. PCU is the power control unit. It contains the bridge circuit to 
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generate the terminal voltage and the sensors that measure the phase current and the 
DC-link voltage. I

v
 is the measured phase current vector in the stator-fixed coordi-

nate system. θ  is the measured rotor angle. θ̂  is the estimated rotor angle. And _θ  is 

the rotor angle that is fed to the position controller. ZKU  is the DC-link voltage. ML is 

the loading moment. Except for the position controller, which works at a sampling 
rate of 400 Hz (T=2.5 ms); all the other software modules have a sampling rate of 10 
kHz (T=100 µs). 
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Chapter 4  
 
The Fault Detection 
and Decision Making 
 
 
 
This chapter focuses on the design of the fault detection and the decision making of 
the fault tolerant position control of the SM-PMSM. Section 4.1 introduces important 
concepts and definitions of fault. Section 4.2 discusses about the fault behavior of 
AMR angle sensors. Section 4.3 explains the design of the fault detection module 
and discusses about the possibility of fault identification and compensation. The de-
cision maker module is explained in section 4.4. 
 

4.1 Concepts, Definitions and Classification of Faults 
 
In general, a fault is something that changes the behavior of a technical system such 
that the system does no longer satisfy its purpose [17]. Faults can be an internal 
event, e.g. production related flaw, a broken signal connection, faulty signal amplifi-
cation, component aging etc. It may also be a change in the environment in which the 
technical system works and exchanges information, energy and material, i.e. an in-
correct power supply, unusual temperature change. It can also be the human who 
causes malfunction of the technical system by improper operation. In any case, fault 
is the primary cause of changes in the system structure or parameters that eventually 
leads to a degraded system performance or the loss of system function. Therefore in 
[17] a fault in a dynamical system is defined as: 
 

 A deviation of the system structure or the system parameters from the nominal 
situation. 
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Faults can be classified according to three main viewpoints which are their nature, 
their origin and their persistence [18].  
 
The nature of faults can be accidental or intentional. Accidental faults are created 
fortuitously and intentional faults are created deliberately, presumably or malevo-
lently [18]. 
 
The origin of faults can be further classified from three viewpoints: the phenomenol-
ogical causes, the system boundary and the phase of creation. By considering the 
phenomenological causes, faults can be classified as physical faults and human-made 
faults [18]. Physical faults are caused by adverse physical phenomena. And human-
made faults result from human imperfection. According to system boundary, one can 
distinguish internal faults and external faults. Internal faults could be a flaw in the 
microstructure of a chip, a short-circuited capacitor etc. External faults could be a 
wrong operation temperature range, electro-magnetic perturbation or incorrect supply 
voltage. With respect to the phase of creation, faults can also be classified as design 
faults and operational faults. Design faults are results of imperfections arising either 
during the development of the system or subsequent modifications or during the es-
tablishment of the procedures for operating or maintenance [18]. Operational faults 
occur during the system’s exploitation. 
 
Distinction can also be made with respect to the persistence of the faults. This leads 
to the classification of permanent faults and temporary faults. Permanent faults are 
the faults that are not related to pointwise conditions of the system, either internal or 
external [18]. That is, once occurred, such fault will persist until reparation. Tempo-
rary faults are faults that are present for a limited amount of time. When temporary 
faults are originated from physical external environment then they are called tran-
sient faults [18]. Temporary internal faults are often termed intermittent faults [18]. 
 
The classification of faults in [18] is shown in figure 4.1. It should be noted that the 
classifications according to the different viewpoints are not mutually exclusive. For 
example, a physical fault can be permanent fault, transient fault or intermittent fault; 
a design fault is a permanent fault. A summary is also provided in [18] on the possi-
ble combinations of the fault classes. This is shown in figure 4.2. The crosses in the 
table mark the possible combinations. 
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Figure 4.1: fault classifications according to various viewpoints in [18]. 
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Figure 4.2: summary on the possible combinations of fault classes [18]. 

 



Chapter 4                                                            Fault Detection and Decision Making 

 50

4.2 The Fault Behavior of the AMR Angle Sensor 
 
The premise of a successful design of fault detection is a clear definition of the rele-
vant fault behavior. To define the relevant fault possibilities systematically, the sys-
tem boundary and the possible interactions through the system boundary should be 
clarified. The relevant faults can then be gathered by methods like FMEA.  
 
In the current design of the brake system, the physical rotor angle is detected by the 
AMR sensor, amplified by a signal conditioning circuitry (figure 3.9) and transferred 
to the signal processing unit as analog signals through shielded cable connection. The 
analog signals are then converted by analog-digital converter (ADC) and written to 
the register which the signal processing unit periodically reads for the calculation of 
the control algorithm. The boundary of the AMR sensor in this study is defined as 
the components from the conversion of the physical rotor angle into analog signals to 
the transferring of the analog signals for the signal processing. These components in-
clude: 
 
• the permanent magnet mounted at the end of the rotor shaft; 
• the AMR sensor chip, which contains the bridge circuits made of the magneto-

resistive material and the signal conditioning circuitry; 
• the shielded cable connection, 

 
External influences through this boundary are: 
 
• Operation temperature; 
• External magnetic field; 
• Electro-magnetic environment. 

 
It is assumed that the mounting of the system is correct, only physical faults will oc-
cur. Design faults in the system including the programming faults (program bugs) are 
also excluded. The fault effects of each component are analyzed in the following 
subsections separately as was done in the FMEA. The signals from the AMR sensor 
that are available for the fault detection algorithm are: 
 
• The supply voltage to the sensor; 
• The sine output of the sensor chip; 
• The cosine output of the sensor chip. 
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4.2.1 Faults Caused by the Permanent Magnet 
 
There are three types of faults that may cause non-adequate magnetic field arrange-
ment [19]. They are: 
 
• Insufficient magnet field strength; 
• Inhomogeneous magnet field; 
• Influence of external magnetic fields influencing the primary field used for 

measurement. 
 
The influence of external magnetic field depends on the actual operation environ-
ment and therefore its influence on the angle measurement error can not be described 
generally. The only possibility to get rid of external fields or to limit its impact is to 
use proper magnetic shielding. 
 
There are two possible causes for an inhomogeneous magnet field: either the sensor 
is not properly aligned to the magnet or the magnet itself has inhomogeneous field 
due to scattered production quality. The sensor to magnet position must be ensured 
by proper mechanical construction of the sensor housing, which aligns the sensor to 
the magnet with acceptable tolerance and prevents incorrect mounting. The scattered 
quality of the magnet is more likely to cause inhomogeneous magnet field. But again, 
the inhomogeneity of the magnet field due to quality scatter is not possible to be de-
scribed in general. 
 
A complete magnetic saturation of the AMR sensor is not possible since it requires 
an infinitively strong magnet field. In the practice, the permanent magnet used for 
AMR angle measurement must provide field strength larger than a certain threshold 
so that the error due to incomplete magnetic saturation is reduced to a tolerable level. 
The choice of the magnet is always a compromise between the rest error and the 
magnet cost. Insufficient magnet field can be caused by aging, operation under high 
temperature or scattered quality in the magnet production. According to the technical 
documents available, insufficient magnetic field strength can introduce two fault ef-
fects, one is the form error of the sine and cosine output signals (higher order har-
monics) and the other is hysteresis of the sensor response. For a better understanding 
of the fault effect of insufficient magnet strength, experiments have been done on the 
test bench on our specific AMR sensor. To weaken the magnet field, the sensor is 
shifted away from the magnet in the axial direction. A mechanical device on the test 
bench (figure 4.3 a) shifts the sensor to different distance to the magnet surface. The 
magnetic field strength at different distance is measured with a Gauss-meter before 
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the experiment so that we know the effective field strength on the sensor (figure 4.3 
b) at different distance. Note that only the maximal field intensity in the radial direc-
tion at the specific distance was measured. The flux density (B) was measured in-
stead of the field intensity (H). And the field intensity was calculated with the mag-
netic permeability of air after the measurement. The distance can be read directly 
from the micrometer. After measuring the field intensity, the AMR sensor is shifted 
with the same mechanical device to different positions; and measurements of the sine 
and cosine outputs of the sensor were done at different rotor speeds.  
 
At zero distance, the magnet field is 90 kA/m (the recommended field intensity in the 
technical document is 100 kA/m). The sensor is shifted away from the magnet at 
equal increment of distance; and finally to a position where the magnet field is only 2 
kA/m. 
 
In the experiment, it has been observed that the fault effect of insufficient magnet 
strength is independent from the rotor speed. The dominant fault effect of insufficient 
magnet field strength is the amplitude reduction of the sinus- and cosine-output sig-
nals, which dropped from 1.75 V to 0.53 V (figure 4.4).  
 

 
a) The mechanical device (micrometer) used to shift the sensor. 
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b) Magnet field measurement with a Gauss Meter. 

 
Figure 4.3: the experiment setup for measuring the fault effect of insufficient magnetic 

field strength of AMR angle sensor. 
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In comparison to the amplitude reduction, the higher order harmonics and hysteresis 
are not significant. At magnet field strength higher than 20 [kA/m], the amplitude of 
the higher order harmonics is less than 5% of the useful sine signal (figure 4.5); the 
hysteresis is too weak to be observed. These errors are ignorable for the angle meas-
urement with equation 3.19. 

Spectrum of the 
useful sine signal

Spectrum of the higher 
order harmonics 

Spectrum of the 
useful sine signal

Spectrum of the higher 
order harmonics 

 
Figure 4.5: amplitude spectrum of the sine output of the AMR sensor after the offset is 

compensated. The magnet field strength is 20 kA/m and the motor is rotat-
ing at 8π rad/s. It can be seen that the amplitude of the higher order har-
monics is very weak. The zero-frequency component is caused by non-
ideal compensation of the offset. 
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4.2.2 Faults in the AMR Sensor Chip and Cable Connection 
 
The AMR sensor chip consists of two parts: the bridge circuits made of the magnetic 
resistive material; and the signal conditioning circuitry (figure 3.9). The outputs of 
the chip are: 
 
• 2/2sin bs UA +α ; 

• 2/2cos bc UA +α ; 

 
Besides incorrect supply voltage, any micro flaw in the chip, aging, operation under 
wrong temperature or external electro-magnetic disturbance can all result in the de-
viation of the sensor behavior from its nominal behavior, e.g. changed signal ampli-
tude, offset or waveform. The supply voltage can be directly monitored while the 
other fault causes and effects are unknown. Therefore, except for the supply voltage, 
the other faults of the AMR sensor chip can only be monitored by checking if the 
sensor shows its nominal behavior, i.e. the measured angle is plausible compared to 
the estimated angle and signal features like amplitude, offset and waveform are 
proper. 
 
Faults in the cable connection can be caused by loose contact of the connecter or 
damaged cables. This could result in constant signal or intermittent signal loss. The 
damage of the cable shielding exposes the cable to external electro-magnetic distur-
bance. The effect depends on the electro-magnetic environment of the operation and 
can not be described in general. 
 

4.2.3 Summary on the Relevant Faults 
 
In this section, the faults relevant for the design of fault detection are introduced. Ba-
sically, the relevant faults are caused by malfunctions in three different components: 
the permanent magnet; the sensor chip; and the cable connection. The possible faults 
and their effects are summarized in figure 4.6. 
 
It had been observed through test bench measurement that the higher-order harmon-
ics and the hysteresis caused by insufficient magnet field strength are ignorable com-
pared to the effect of amplitude reduction in the sine and cosine output signals. Typi-
cal fault effects of the AMR sensor are incorrect amplitude, incorrect offset or con-
stant sine and/or cosine signal. Other fault effects can not be described in general be-
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cause they either depend on unknown external influence or have too many possibili-
ties like in the case of the sensor chip malfunction. 
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Figure 4.6: the relevant faults and their effects. 
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4.3 The Fault Detection Module 
 

4.3.1 Fault Detection 
 
This section focuses on the design of the fault detection module (figure 3.13). Ide-
ally, the fault detection module should change the output fault status immediately if 
any relevant fault occurs. The fault detection can be either signal-based or model-
based. However, the effects of many faults summarized in figure 4.6 depend on the 
actual operation environment and can not be described in general. This makes it im-
possible to define a feature set for the signal-based fault detection with which it can 
determine if the sensor is in fault-free state, because any feature except for the real 
rotor angle value could be violated by unknown fault behavior. Therefore, model-
based fault detection must also be applied to check the plausibility of the measured 
angle. The model-based fault detection compares measured angle and the angle esti-
mate. Since the correctness of the angle estimate relies on the intact operation of the 
current sensors, the fault status of the current sensors is also considered. If the cur-
rent sensors are faulty, the result of the plausibility check will be discarded.  
 

 
 

Figure 4.7: the structure of the fault detection module. 

 
The dependency on the current sensor fault status also makes it necessary to have 
signal-based fault detection in parallel so that fault detection is still possible for some 
of the fault categories if the plausibility check is not reliable. The supply voltage for 
the sensor is monitored separately. The structure of the fault detection module is 
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shown in figure 4.7. The output fault status is a 3-dimensional vector comprised by 
the results from each of the three blocks. 
 
The choice of signal feature is essential for the design of signal-based fault detection. 
For the sine and cosine outputs of the AMR sensor, the typical signal feature is the 
circular locus; if they are plotted in an orthogonal x-y coordinate by defining: 
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Where x is the output of the sine channel and y is the output of the cosine channel. 
The offset of sine channel is denoted as Os and the offset of cosine channel as Oc, the 
locus of the sensor outputs fulfils the equation 4.2 
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In fault-free operation, the signal amplitude Ac and As are equal and non-zero. The 
equation 4.2 represents a circle with a radius sc AAr ==0  and the centre ),( sc OO . 

The circular locus is plotted in figured 4.8. This circle is taken as the standard circle. 
The signal-based fault detection checks if the measurement points are lying on this 
standard circle. Checking the distance r between the measured point and the centre of 
the standard circle ),( sc OO  has become a standard method for the fault detection of 

AMR angle sensor. The distance r is compared to the radius r0 of the standard circle. 
The difference between r and r0 is shown in figure 4.8 as 0rre −= . And it is taken 

as the residual. A positive and a negative threshold have been defined to determine if 
the residual e exceeds the allowed range3. Any faults that could make the measure-
ment point (x, y) leave the circular locus can be detected with this simple method, 
e.g. amplitude fault, offset fault. 
 
Another simple method to check the plausibility of AMR sensor outputs is to calcu-
late the angle from only the sinus or the cosine output of the sensor and check if they 
are consistent. The standard offset and amplitude are assumed during the angle calcu-
lation. But since the radius check, the model-based plausibility check and the supply 
voltage check together cover all the fault possibilities. This method is not necessary. 
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Figure 4.8: the signal-based fault detection of AMR angle sensor with radius monitor-
ing. 

 

4.3.2 Fault Identification and Compensation 
 
According to the fault possibilities summarized in figure 4.6; if the measurement 
points can be fitted to an ellipse described by equation 4.2 but with a new set of pa-
rameters As, Ac, Os and Oc, it is reasonable to assume that only amplitude and/or off-
set fault occur. In this case, the new parameters can theoretically be used to compen-
sate the amplitude fault and/offset fault. This possibility had also been investigated in 
this study. The least-square method (LS), recursive least-square method (RLS) and 
the recursive least-square method with forgetting factor had been considered. How-
ever, none of these methods provides satisfying solution for the problem. The reason 
will be explained later in this subsection. Since the online compensation of amplitude 
fault and offset fault is only a ‘nice-to-have’ function; the investigation on this possi-
bility is not further pursued. The fault compensation is hence not included in the pro-
posed fault tolerant position control of the SM-PMSM. The investigated methods are 
still presented here. 
 

                                                                                                                                                                          
3 These threshold values are provided by the series product developer who is responsible for the fault 

monitoring function of this type of sensor. 
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The curve fitting basically looks for the optimal set of the parameters As, Ac, Os and 
Oc so that the elliptical curve described by equation 4.2 is best-fitted to the given set 
of successive measurement points. The residual of the fitting can be used to judge if 
the fitting is precise. 
 
Least Square Method (LS) 
 
The Least-Square Method is a common mathematical procedure for such curve fit-
ting problem, which searches for the parameters by minimizing the square sum of er-
ror (residual). The square sum of error is used instead of the sum of the absolute val-
ues so that the residual function is differentiable. To apply the least-square method, 
the equation 4.2 is reform as: 
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To simplify the equation 4.3 the following new parameters are defined. The ampli-
tude and offset parameters As, Ac, Os and Oc will be solved from these new parame-
ters later. 
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Equation 4.3 is now: 
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Suppose the n newest measurement points are taken for the estimation, and denote 
the equation error of each measurement point as iε  ( ni K1= ); the following equa-

tion system can be established: 
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And according to the least square method, the optimal parameter vector is: 
 

YXXX TT 1)( −=γ    (4.7) 

 
Knowing that 0,,, >cscs OOAA , the new amplitudes and offsets can be solved with 

equation 4.4. But if the matrix XT·X in equation 4.7 is ill-conditioned, the parameter 
estimation will fail. A situation that leads to such ill-conditioned matrix is that the 
successive points are very close to one another. This is the case if the rotor rotates at 
low speed or stands still. Continuous parameter estimation is only possible if the ro-
tor is always rotating and rotates fast enough. Therefore the fault compensation with 
least square method does not have practical meaning for the fault tolerant position 
control of the SM-PMSM in the brake actuator. Because most of the time the SM-
PMSM stands still. 
 
Recursive Least Square Method (RLS) 
 
The recursive least-square (RLS) method basically delivers the same parameter esti-
mate as the LS in matrix form except that all the measurement points since the start 
of the estimation are considered instead of only a limited number of the newest 
measurement points (window of observation of LS). The RLS avoids the high online 
computation effort caused by the inversion and multiplication of the 4×n  matrix X 
in the LS method. The disadvantage of RLS is that the residual of every measure-
ment point since the measurement start is equally weighted. If there is a change in 
the parameter vectorγ , it takes theoretically infinitively long time for the estimated 

parameter nγ  to converge to the new values, because the ‘old measurements’ are 

never ‘forgotten’. This disadvantage makes the normal RLS not practical for online 
variable-parameter estimation. 
 
Recursive Least Square Method with Forgetting Factor 
 
An approach to accelerate the convergence speed of RLS is the modification of RLS 
with forgetting factor (FRLS). The FRLS minimizes a weighted residual: 
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where 0<λ<1 is the forgetting factor. With the new definition of residual in equation 

4.8, the newer the measurement is, the stronger its corresponding square error )(2 kε  

will be weighted. This makes the estimation response faster to the recent parameter 
change. The choice of the forgetting factor λ is a compromise between fast conver-
gence (small λ) and estimation stability (big λ). Although the explicit inversion of the 
correlation matrix in LS method is avoided by the FRLS; the ill-condition problem of 
the LS method is still unsolved. The FRLS also fails if the heavily weighted meas-
urement points are too close to one another. 
 

4.3.3 Summary on the Fault Detection Module 
 
The fault detection module presented in section 4.3 consists of a model-based plausi-
bility check, a signal-based fault detection block (radius check) and the monitoring of 
the supply voltage. Monitoring the radius is able to check the form of the locus of the 
measurement points. The amplitude and offset faults and any faults that change the 
form of measurement locus can be detected by this method. Constant output fault and 
other undefined fault behavior can be detected by the model-based plausibility check, 
which compares the estimated angle and the measured angle. Hence all the possible 
faults in figure 4.6 are covered by the proposed fault detection. The fault status from 
each fault detection block is low-pass filtered to avoid pulse-like status change. It 
should be noted that the fault detection module is working at a much higher sampling 
frequency (10 kHz) than the position controller (400 Hz). Therefore, the delay of the 
fault status caused by the low-pass filter will be ‘invisible’ for the position controller 
if the time constants of the filters are chosen small enough. 
 

4.4 The Decision Making Module 
 
The decision making module is a logic unit that determines the state of the brake ac-
tuator control loop. It considers the following status: 
 

a. Fault status from the model-based plausibility check; 
b. Fault status from the signal-based fault detection; 
c. Fault status from the supply voltage monitoring; 
d. The status of current sensors. 
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Three states of brake actuator control are possible: 
 

1. Position control with measured rotor angle; 
2. Position control with estimated rotor angle, 
3. Shut down actuator. 

 
Since the fault statuses provided by the fault detection module have already been 
low-pass filtered, pulse-like status change is not possible. Once the condition for 
state 1 of the brake actuator control is not fulfilled, the decision maker will switch 
the control to state 2 or 3. The control will be switched back to state 1 from state 2 
only if the condition for state 1 has been fulfilled for a defined time. How long this 
time should be remains a topic for further investigation. Frequent state switching due 
to intermittent fault is impossible under this rule. The brake actuator will be shut 
down if the angle estimation is not reliable, i.e. the current sensors are faulty. Re-
starting the brake actuator from shut down state is not investigated, since this would 
involve too many detail functions of the EMB system. 
 
The decision regulations are rather simple. The conditions for the choice of each con-
trol state are listed below. The letter representing each fault status itself means ‘fault-
free’ in the logic expressions. And its negation means ‘faulty’. 
 

Actuator Control 
State 

Verbally Formulated  
Conditions 

Logic Expression 

State 1:  
 
position control with 
measured rotor angle 

θ  

If the current sensors are 
intact, then the result of 
model-based and signal-
based fault detection as 
well as the supply voltage 
monitor must all be fault-
free 
 
If the current sensors are 
faulty, then the result of 
signal-based fault detection 
and the supply voltage 
monitor must be fault-free 

( ) ( )cbecbae ∧∧∨∧∧∧  
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State 2:  
 

position control with 
measured rotor angle 

θ̂  

The current sensors are in-
tact. 
 
If the result of the model-
based or the signal-based 
fault detection or the sup-
ply voltage monitor is not 
fault-free 

( )cbae ∨∨∧  

 
State 3:  
 
shut down the brake  
actuator 

 

If state 1 and state 2 can not 
be chosen 

( ) ( )( )
( )( )cbae

cbecbae

∨∨∧∨

∧∧∨∧∧∧

 
Table 4.1: the regulations for the decision making 

 
It is trivial that the conditions are collectively exhaustive. The condition for state 3 is 
exclusive to the conditions for state 1 and state 2. It is only necessary to proof that 
the conditions for state 1 and state 2 are mutually exclusive. 
 
Proof: 
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cbacbae

cbacbae
cbacbae

cbaecbecbae
cbaecbecbae

 

 
This means the conditions for state 1 and state 2 are mutually exclusive. Therefore 
the switch conditions defined in the table are mutually exclusive and collectively ex-
haustive. 
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Chapter 5  
 
The Rotor Angle Estimation 
 
 
 
Rotor angle estimation with motor voltage and current is necessary for the model-
based plausibility check of the AMR sensor as well as the fault tolerant position con-
trol after the AMR sensor fails. The phase voltage signals are taken from the output 
of the controller after the voltage limiter. And the phase current signals are measured 
by three LEM converters on the PCU4. 
 
In this chapter, a number of angle estimation methods are introduced. Their applica-
tion condition, advantages and disadvantages are analyzed. Section 5.1 makes a short 
overview on the existing methods. Section 5.2 focuses on the passive angle estima-
tion. And section 5.3 explains the active rotor angle estimation. The angle estimation 
for the fault tolerant position control of the SM-PMSM is presented at the end in sec-
tion 5.4. 
 

5.1 An Overview of the Existing Rotor Angle Estimation 
Methods 

 
The electrical commutation for the control of an SM-PMSM requires precise infor-
mation on the rotor angle so that phase currents can be synchronized to the instanta-
neous position of the rotor. The cost of angle sensors and the difficulty to place them 
has encouraged researchers to avoid their use and to research on the sensorless con-
trol. The idea of position-sensorless operation of brushless machines was first elabo-
rated by Frus and Kuo [24] using a technique known as ‘waveform detection’ for de-
ducing rotor position in voltage-fed variable-reluctance stepping motors. Since then 

                                                           
4 Power Control Unit (PCU) consists of the DC/AC converter (B6 bridge circuit), the three LEM convert-

ers for phase current measurements and some other monitoring functions. 
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many solutions have been published. By applying different kinds of machine models 
and physical effects, they all use phase current and voltage to derive the rotor angle. 
There are three known physical effects that are exploited for the rotor angle estima-
tion: 
 
• Flux linkage; 
• Motional electromotive force (back-EMF); 
• Inductance variations due to local saturation. 

 
Methods applying the local saturation related inductance variation inject test current 
or voltage to stimulate the magnetic saturation and extract the rotor position depend-
ent inductance anisotropy from the voltage or current response to the test signal. 
These methods are hence called active estimation methods. Depending on the form 
of the injection signal, such methods can be further classified as methods using peri-
odic pulse sequence or methods using continuous carrier injection. Rotor angle esti-
mation basing on flux linkage or back-EMF do not need to inject any test signal and 
are therefore called passive methods. 
 
Although many solutions can be found in the literature for both passive and active 
methods, each group of estimation methods has its advantages and drawbacks. The 
flux linkage based estimation proposed by Hu and Wu [21] successfully constrains 
the locus of the flux linkage estimate on the origin-centered circle. However, it is 
shown in subsection 5.2.1 that if the rotor does not rotate across the neutral line (fig-
ure 5.7), the angle estimation error will accumulate until it reaches a constant. De-
spite this problem, the flux linkage based estimation remains the only stable passive 
estimation method for low and zero rotor speed due to its open-loop nature. To cor-
rect the angle estimation error of the flux linkage based method, the back-EMF based 
closed-loop angle estimation is also applied during high speed motor operation. 
However such methods are not applicable for very low (<100 rpm) and zero rotor 
speed due to the vanishing of the back-EMF. Active estimation methods provide the 
possibility to estimate the rotor angle at very low and zero speed, but they either in-
troduce strong torque ripple or have poor robustness for angle estimation of SM-
PMSM. The active angle estimation can also be disturbed by big motor moment. 
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5.2 Passive Rotor Angle Estimation Methods 
 
The passive rotor angle estimation methods exploit either the physical effect of flux 
linkage or back-EMF. Methods utilizing the back-EMF base on the machine voltage 
equation 3.5. The extended Kalman filter (EKF) approaches are basically also back-
EMF based methods. But they combine the voltage equation and the mechanical 
equation in one system model and do not explicitly estimate the back-EMF vector. 
Due to the vanishing of back-EMF, such estimation methods can not be applied to 
operation at very low rotor speed or standstill, though they can generate good result 
at high and medium rotor speed (>100 rpm). Flux linkage based estimation methods 
do not have a lower speed limit for their application. However, methods using open-
loop integration suffer the well-known DC-drift problem. Hu and Wu [21] proposed 
a closed-loop integrator with internal amplitude limiter, which constrains the flux 
linkage estimate on the origin-centered locus. 
 
This section makes an introduction on the two important categories of passive esti-
mation methods: the flux-linkage based methods and the back-EMF based methods. 
 

5.2.1 Flux-Linkage-Based Rotor Angle Estimation 
 

5.2.1.1 The Open-loop Integration Method 

 
The open-loop integration method can be described briefly as integrating the back-
EMF in the space-fixed α-β coordinate. The definitions of the different coordinate 
systems are depicted in figure A.1 (appendix A). Due to the small value of the induc-
tivity L in the electrical machine equations 3.5 in the α-β coordinate, the differential 
terms of the currents can be ignored. The flux linkage vector λ in α-β coordinate is 
then calculated by: 
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t

dpm

t

dpm
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0

,0
0
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λτθλ

λτθλ

βββ

αααα

+−=Ψ=

+−=Ψ=

∫

∫
   (5.1) 

 
The rotor angle is obtained by: 
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α

β

λ
λ

θ arctan=d      (5.2) 

 
The disadvantage of this estimation approach is the open-loop integration. In the 
practice, the measurement offset of voltage and current can never be completely re-
moved. This offset error is accumulated by the open-loop integrator. And the accu-
mulated offset results in a time-proportional drift of the centre of the circular locus of 
the estimated flux vector (figure 5.1). 
 

 
Figure 5.1: the drift of the circular locus of the estimated flux linkage due to the ac-

cumulation of measurement offset. 

 
If the measurement offset of IRU

vv
⋅−  is assumed to be a constant vector E as shown 

in figure 5.1; the origin-centered circular locus of the flux linkage estimate λ̂  drifts 
away in the direction of the offset vector E. If t is big enough so that the radius of the 
circle is much smaller than tE ⋅ , i.e. the distance between the new rotation centre 

and the origin, the flux linkage estimate λ̂  points approximately in the direction of 

pmΨ
α 

β

E

λ̂  

λ  
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the offset vector E. This is the reason why the estimated angle dwells around a con-
stant with the open-loop integrator approach.  

 

5.2.1.2 Flux Linkage Estimation Constrained on the Circular Locus 
 
A logical solution for the DC-drift problem of the open-loop integration method is to 
constrain the flux linkage estimate on the origin-centered circular locus during the in-
tegration. To achieve this, it is necessary to recall the electrical machine equation 3.5. 
The differential term of the current is ignored again due to the tiny value of the in-

ductance. According to equation 3.5, the back-EMF vector ( )Tee βα ,  in the α-β coor-

dinate system is defined as: 
 

βββ

ααα

θω

θω

IRUe

IRUe

dpmr

dpmr

⋅−=Ψ=

⋅−=Ψ−=

cos

sin
    (5.3) 

 
And it is clear that the back-EMF defined in equation 5.3 is the time derivative of the 
flux linkage, i.e.: 
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e
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           (5.4) 

 
The geometrical relation between the back-EMF and the flux linkage in the ideal 
case is depicted in figure 5.2. The flux linkage is moving along the origin-centered 
circular locus with the radius pmΨ . The back-EMF is the tangential velocity vector of 

the moving flux linkage vector. However, the measurement of the back-EMF vector 

( )Tee βα ,  contains an offset error vector E: 
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And since the open-loop integration method still estimates the flux linkage ( )βα λλ ˆ,ˆ  

basing on the equation 5.4, i.e.: 
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the measurement offset E leads to the error that the flux linkage estimate drifts away 
from the origin-centered locus. 
 
In figure 5.2, the offset error vector E is decomposed into a tangential component 
and a radial component. The radial component of E is the actual cause that brings the 
flux linkage estimate away from the origin-centered locus. Therefore, the problem to 
constrain the flux linkage estimate on the origin-centered locus is actually the com-
pensation of the radial component of the offset vector E. 
 

 
Figure 5.2: illustration of the geometrical relation between the flux linkage, the back-

EMF and the offset error vector in the α-β coordinate system. 

 
Two approaches to compensate the tangential component of the offset vector E are 
introduced here. 
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Closed-loop compensation 
 
The basic idea of this method is to ‘control’ the flux linkage estimate to move on the 
origin-centered circle. If the amplitude of the flux linkage estimate exceeds the radius 

of the circle, i.e. pmΨ>λ̂ ; a vector component pointing in the opposite direction of 

λ̂  is added to the measured back-EMF vector e . If the amplitude of the flux linkage 
estimate is smaller than the radius of the circle, the opposite will be carried out. The 
compensation method can be expressed mathematically by equation 5.7. 
 

( )
λ
λλλ
ˆ
ˆˆˆ ⋅Ψ−⋅−= pmke&     (5.7) 

 
The parameter k is a positive constant, which determines the convergence speed of 
the closed-loop correction. Without the derivation, it can be proved that: 
 

( )pmke Ψ−−•=
•

λ
λ
λλ ˆ
ˆ
ˆˆ     (5.8) 

 

It should be noted that the left-hand side is the derivative of the norm of λ̂ , not the 

norm of λ&̂ . The first term on the right-hand side (dot-product) is the amplitude of the 

orthogonal projection of e  on the direction of λ̂ . If the measurement of the back-

EMF vector is ideal, this amplitude should be zero since the vectors λ̂ and e are per-
pendicular to each other. Due to the measurement offset vector E, this term will have 
a small value proportional to the amplitude of E. Let’s define the amplitude upper-
bond of this term as M (M>0), i.e.: 
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     (5.9) 

 
Combining equation 5.8 and 5.9 we can obtain the following relation: 
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Again note that 
•

λ̂  is the derivative of the norm of λ̂ . The inequality 5.10 shows that 

the compensation method expressed by equation 5.7 is able to confine the amplitude 

of the flux linkage estimate λ̂  within a band symmetric to pmΨ  (figure 5.3); i.e.: 

 

k
M

k
M

pmpm +Ψ≤≤−Ψ λ̂    (5.11) 

 

And if the positive parameter k is chosen big enough, the flux linkage estimate λ̂  
moves approximately on the origin-centered circular locus with the radius pmΨ . 

 
Figure 5.3: the compensation method of equation 5.7 confines the flux linkage estimate 

λ̂  within a symmetric band along the circular locus. 

 
Closed-loop Integrator with Amplitude Limiter 
 
Hu and Wu [21] proposed a flux linkage estimation approach in 1998 using closed-
loop integrator with amplitude limiter. The basic idea of this approach is to convert 
the open-loop integrator into an equivalent closed-loop structure and place an inter-

nal limiter in the closed-loop so that the amplitude of the flux linkage estimate λ̂  is 

constrained in the vicinity of pmΨ . The figure 5.4 shows the equivalent closed-loop 

structure of an integrator. And figure 5.5 illustrates the estimation method. 
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Figure 5.4: an integrator in the form of a closed-loop structure with two first-order 

delay elements [21] 

 

 
Figure 5.5: the second algorithm introduced by Hu and Wu [21]. The limiter limits the 

amplitude of the flux linkage estimate. 

 
It can be seen in figure 5.5 that this algorithm is basically the integration of the 
measured back-EMF vector. The amplitude limiter is added to the feedback of the 
flux linkage estimate. The algorithm in figure 5.5 can be mathematically expressed 
by equation 5.12. 
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The operator ‘L’ indicates the Laplace transformation, and cω  is a positive constant. 

In time domain, the algorithm is: 
 

( )lim
ˆˆˆ λλωλ −−= ce&     (5.13) 

 
The resemblance between equation 5.13 and equation 5.7 can be noticed easily if we 
rewrite equation 5.7 in the following form: 
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Actually both methods are the same if the limiter in Hu’s method [21] is replaced by 

setting limλ̂  equal to the constant pmΨ ; i.e.: 
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Although the positive constant cω  is referred to as cut-off frequency in [21], it actu-

ally functions the same as the amplification factor k in equation 5.7, which adjusts 
the convergence speed of the compensation and determines the tolerance of the com-
pensation (figure 5.3). In [21], the author only set an upper bond to the amplitude of 

the flux linkage estimate λ̂ . This is not sufficient. Because depending on the angle of 

the flux linkageλ , the error vector E (figure 5.2) is not always pointing outwards of 
the origin-centered circle. If the flux linkage happens to dwell around the opposite 
direction of E, in which case the error vector E points towards the origin; the error 
vector E will cause an angle estimation error of about 180  within very short time. 

Since the flux linkage estimate λ̂  can freely travel within the circle. Therefore, it is 

also necessary to set a lower bond to λ̂ . The question is what values the upper- and 

lower-bonds should take. These two boundaries set a tolerance band to the 
value pmΨ . Considering the inequality 5.10 by replacing k with cω , it can be under-

stood that this tolerance band is actually ‘wrapped’ by another tolerance band whose 
width is determined by the value of cω  (same as the tolerance band shown in figure 

5.3). The tolerance band allowed by these boundaries actually worsens the effect of 
the compensation. Therefore, both the upper- and lower-bonds are set to pmΨ  during 

the simulation and the test bench experiment, which means the two compensation 
methods are equivalent. 
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Figure 5.6: the tolerance band allowed by the upper- and lower-bond of the amplitude 

limiter is ‘wrapped’ by another tolerance band whose width is determined 

by cω (compare with figure 5.3). 

 
So far it has been discussed how the radial component of the error vector E can be 
compensated. However the tangential component tE  still remains (figure 5.2) and 

causes error in the flux linkage estimate. The flux linkage estimation with compensa-
tion of the radial error component rE  integrates the sum of the back-EMF vector and 

the tangential error component tE . The amplitude of the tangential component tE  

varies depending on the angle of the flux linkage vectorλ  (figure 5.7). At high rotor 
speed, the amplitude of tE  is not significant in comparison to the amplitude of the 

back-EMF. But at low rotor speed, the rotation of the flux linkage estimate λ̂  is 
strongly influenced by the tangential error component. This explains the observation 
mentioned in [21] that the algorithm had better performance at high rotor speed than 
at low rotor speed. The tangential error tE  tends to bring the estimated angle away 

from its real value to a constant angle which is defined by the direction of the offset 
error vector E (figure 5.7). This is understandable considering the orientation of the 
tangential component tE  along the circle (figure 5.7). This can cause a maximal 

electrical angle error of 180°, or a mechanical angle error of 90°. And the angle esti-
mation error can not be deliberately corrected without closed-loop angle estimation 
methods. The advantage of the flux linkage estimation method is its open-loop na-
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ture, which guarantees the stability of the estimation. It should also be noted that the 
error caused by the tangential error component tE  will compensate itself partly or 

completely if the rotor rotates across the neutral line shown in figure 5.7. This ex-
plains why the average angle estimation error is much smaller if the rotor rotates 
continuously more than a circumference. 
 

 
Figure 5.7: the tangential component tE  of the offset error vector E. The tangential 

error component tE  tends to bring the estimated angle to the direction of 

E. 

 

5.2.1.3 The Simulation Results of the Flux Linkage Estimation Methods 
 
The performance of the open-loop integration method and the method with rE  com-

pensation are compared in the simulation. The upper figure of figure 5.8 shows the 
simulation result of the both angle estimation methods in a sinus operation. The es-
timation with the open-loop integrator soon dwells around the direction of the offset 
error vector E (-1.675 rad), which is injected in the simulation by injecting a current 
measurement error vector in the opposite direction. The reason of this behavior had 
been explained in subsection 5.2.1.1 with figure 5.1. While with rE  compensation; 

the angle estimation is very precise. The angle estimation error of the estimation with 
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rE  compensation is shown in the lower figure of figure 5.8. The angle error passes 

periodically through zero because the rotor rotates periodically across the neutral line 
in figure 5.7 and the tangential error component tE  compensates itself. 

 
Figure 5.8: the upper figure shows the simulation result of the both angle estimation 

methods in a sinus operation. The angle estimation error of the estimation 

with rE  compensation is shown in the lower figure. 

 
The locus of the flux linkage estimate of the open-loop integration and the estimation 
with rE  compensation is shown in figure 5.9. The locus of the open-loop integration 

drifts in the direction of the offset error vector E (-1.675 rad). The black curve is the 
locus of the flux linkage estimate with rE  compensation. It is successfully con-

strained on the origin-centered circle with the radius pmΨ  (0.004 Vs). 
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Figure 5.9: the locus of the flux linkage estimate of the open-loop integration and the 

estimation with rE  compensation. The grey curve is the locus of the open-

loop integration. The black curve is the locus of the flux linkage estimate 

with rE  compensation.  

 
If the rotor does not rotate across the neutral line shown in figure 5.7; the angle error 
caused by the tangential error component tE  accumulates until the angle estimate 
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remains in the direction of the error vector E (-1.675 rad). A typical situation is rotor 
standing still. The simulation of the drift in this case is shown in figure 5.10. 
 

 
Figure 5.10: the drift of the estimated electrical angle with rE .compensation. It can 

be seen that the estimated angle drifts to the direction of the offset error 
vector E (-1.675 rad), which is injected in the simulation. 

 

5.2.2 Back-EMF-Based Rotor Angle Estimation 
 
The back-EMF is another physical phenomenon that can be applied in the passive ro-
tor angle estimation. The back-EMF vector is perpendicular to the direction of the ro-
tor magnet flux (equation 3.5), i.e. aligned with the q-axis (figure A.1). In other 
words, the back-EMF vector is a function of the rotor angle. 
 
Estimation methods basing on back-EMF do not necessarily estimate the back-EMF 
directly. For example, methods utilizing the extended Kalman filter (EKF) only im-
plicitly exploit this physical effect and the state vector does not contain the back-
EMF terms [32]. The other back-EMF based methods estimate the back-EMF vector 
either in the stator-fixed α-β coordinate system or in the arbitrary dc-qc coordinate 
system (figure A.1). 
 
In the stator-fixed α-β coordinate system, the back-EMF vector is a function of the 
rotor angle: 
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Observer basing on the machine equation 3.5 can be used to estimate this vector and 
the rotor angle dθ  can be calculated from this back-EMF vector directly. 

 
In the arbitrary dc-qc coordinate system, the machine equation becomes: 
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 (5.16) 

 
By comparing equation 5.16 to equation 3.5, two differences can be noticed. First, 
the electrical rotor speed ωr in the second term on the right-hand side of equation 3.5 
is replaced by the estimated speed ω1 in equation 5.16. The second difference is the 
expression of the back-EMF vector. The back-EMF vector is now a function of the 
angle θΔ  between the d-axis and the dc-axis (figure A.1), i.e. the angle estimation 
error: 
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The back-EMF in this form can be either approximated by ignoring the current dy-
namics [25] or be estimated with observer [26][30][31]. The rotor angle can be cal-
culated by correcting the angle of the dc-axis with the knowledge of θΔ . 
 
The classification of the back-EMF-based angle estimation methods is shown in fig-
ure 5.11. In this subsection, an example is provided for each of the category of meth-
ods shown in figure 5.11. The simulation results are presented. And their perform-
ance will be compared. 
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Figure 5.11: the classification of back-EMF-based angle estimation. 

 

5.2.2.1 Rotor Angle Estimation with Extended Kalman Filter (EKF) 
 
The extended Kalman filter approach is one of the most sophisticated methods for ro-
tor angle estimation [32][34][35][36][38][39]. This category of estimation method 
combines the electrical and mechanical machine equations in one system equation 
and estimates the rotor angle directly as an element in the state vector. This subsec-
tion makes a brief introduction on EKF and the applied system model. The parameter 
tuning of EKF has been raised in the literature as an analytically still unsolved prob-
lem [32]. The parameter tuning in the simulation follows the guidelines summarized 
in [32]. 
 
Extended Kalman Filter (EKF) 
 
The Extended Kalman Filter (EKF) is an approximation of the Kalman Filter for 
non-linear system. EKF linearizes the non-linear system about the estimated state 
and the system input in each step, ignoring both the process noise and the measure-
ment noise during the linearization, and treats the system as a linear system. The 
non-linear system is described by the stochastic difference equation: 
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The covariance matrix of the process noise wk is denoted as Q and the covariance 
matrix of the measurement noise vk is denoted as R. By ignoring the process noise 
and the measurement noise, the a priori state estimation and the a priori system out-
put estimation are: 
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The linear approximation of the system equation 5.17 in the calculation step k is 
given by the first order Taylor expansion of equation 5.17 about the point 

( 0,,ˆ 11 −− kk ux ) for the state equation and ( 0,ˆ −kx ) for the output equation respectively: 
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The Jacobian matrixes kkkk VHWA ,,,  in the step k are calculated by: 
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(5.20) 
 
The algorithm of the EKF is illustrated in figure 5.12. Due to the calculation of the 
matrix inversion, the calculation effort per step is very high. 
 
The Machine Model for EKF-based Rotor Angle Estimation 
 
Since the current measurement in the d-q coordinate system is not possible (system 
output measurement) without the rotor angle, only the machine model in the stator-
fixed α-β coordinate can be applied for EKF-based rotor angle estimation. 
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  (5.21) 
 
The discrete system model is described by equation 5.21, which is the approximation 
of the electrical machine equation 3.5 and the mechanical equation 3.8 with first or-
der Eular method. The rotor speed change during the small sampling interval (100 
μs) is ignored. To reduce the computation effort, it is assumed that both the process 
noise and measurement noise is additive, i.e. their covariance matrixes Q and R re-
main constant during the innovation. It should be noted that the matrix A is also a 
function of the state variable because the estimated rotor angle is involved. 
 
Extension of the system state vector with the phase resistance [40] or the mechanical 
loading moment [32] can also be found in the literature. But due to the high compu-
tation demand, these extensions are not practical for the computation hardware in our 
brake system. 
 
The Parameter Tuning of EKF 
 
The parameter tuning of EKF appears to be a tricky step. Although some suggestions 
had been made in [32][33] for the parameter tuning problem, there is no general pro-
cedure till today. A good summary can be found in [32] over the recommendations 
for EKF parameter tuning in the literature. The parameter tuning in the simulation 
follows these recommendations. The recommendations in [32] are listed here: 
 
• Initial values of the terms of the system covariance matrix P0 can often be se-

lected equal zero. If the initial values must be tuned (in order to improve the 
filter performance at the filter start-up), only the diagonal terms are usually 
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taken into account. The initial values of the matrix P do not affect the transient 
durations as well as the filter steady-state behaviour. 

• Due to the lack of statistical information about the drive system and especially 
in order to simplify the tuning process, the covariance matrices Q and R are 
considered to be diagonal and, moreover, invariant. It means that all the terms 
out of the main diagonal are considered to be zero. 

• The EKF works with the square errors. The covariance matrices represent 
mean square error of corresponding quantities. This knowledge helps to define 
the initial values of the tuned covariance matrices Q and R. 

• The filter convergence and stability is much more sensitive to the terms of the 
covariance matrix Q than R. 

• Increasing values of the terms of the matrix Q correspond to the less exact ma-
chine model. In such case, the measured values are more accented via Kalman 
gain K. 

• Increasing values of the terms of the matrix R correspond to the less exact 
measurement results. In such case, the machine model is more accented. 

• Big differences between the terms of the matrices Q and R can lead to the filter 
divergence. 

 
In the simulation, the initial value of the covariance matrix P0 is chosen to be zero 
because the system state at the beginning of the estimation is known (motor stands 
still). The covariance matrixes Q and R are set to be 4-by-4 respectively 2-by-2 di-
agonal matrixes. And because the error actually occurs in the current measurement, 
the tuning is focused on the covariance matrix R. It should be noted that the covari-
ance matrix Q must not be set as zero matrix. Otherwise the estimation will be insta-
ble because the ratio between the diagonal elements of Q and R is infinitive. 
 



Chapter 5                                                                            The Rotor Angle Estimation 

 85

 
Figure 5.12: The algorithm of Extended Kalman Filter. 

 

5.2.2.2 The Direct Position Error Estimation of Sakamoto 
 
The direct position error estimation is published by K.Sakamoto in [25] in 2001. The 
estimation method basically approximate the back-EMF in the dc-qc coordinate by 
ignoring the derivative of the current signals (open-loop estimator) and eliminates the 
angle error Δθ with a PLL controller. Figure 5.13 illustrates the algorithm of Saka-
moto. 

The noise covariance Q and R should be tuned. 
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By ignoring the current derivative in equation 5.16, the back-EMF is approximated 
by the equation 5.22: 
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The angle estimation error is calculated by equation 5.23: 
 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⋅−⋅−

⋅+⋅−
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=Δ −−

dcqcqc

qcdcdc

qc

dc

iLiRU
iLiRU

e
e

1

111 tantan
ω
ω

θ   (5.23) 

 
This approximation is invalid if 0=qce . This corresponds to two possibilities: either 

the rotor speed 0=rω , or 22 ππθ ±=Δ k  (k is an arbitrary integer). The first situa-

tion is the common problem of back-EMF-based estimation, i.e. the estimation fails 
at zero rotor speed because the back-EMF vanishes. The second situation poses a re-
striction on the approximation of the estimation error Δθ, namely, 

22 πθπ <Δ<− . This condition can be held only if the closed-loop estimation 

converges fast enough. The PLL controller in figure 5.13 is a PI-controller that ma-
nipulates the rotation speed 1ω  of the dc-qc coordinate so that θΔ  can be eliminated. 

 

 
Figure 5.13: the structure of the direct position error estimation of K.Sakamoto [25]. 

 
This angle estimation method can achieve very fast convergence by properly adjust-
ing the parameters of the PLL controller. However, neglecting the current dynamics 
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produces bigger estimation error in the approximated back-EMF vector in operation 
with fast torque variation. 
 

5.2.2.3 Back-EMF Estimation in dc-qc Coordinate with Observer 
 
This category of rotor angle estimation approaches [26][30][31] estimates the back-
EMF in dc-qc coordinate with observer and aligns the dc-axis to the d-axis by cor-
recting its angle with the angle error Δθ, which is calculated from the back-EMF es-
timate. Compared to the method of Sakamoto [25], this type of methods also consid-
ers the current derivative. 
 
With the widely applied assumption that the rotor speed change is much slower than 
the current change. The derivative of the back-EMF vector in the dc-qc coordinate 
system can be approximated by: 
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If the estimated rotor speed nearly coincides with the rotor speed, i.e. rωω ≈1 . It can 

be further assumed that: 
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With this assumption, the following system equation can be established basing on 
equation 5.16: 
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The current components in the dc-qc coordinate system can be measured directly be-
cause the angle of the dc-axis is always known. Therefore it is not necessary to de-
sign a full order observer for all the four state variables. The observer only need to 
estimate the back-EMF components dce  and qce  so that the angle error θΔ  can be 
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calculated. Accordingly, a reduced order observer is designed. The following defini-
tions are made for the observer design: 
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The system equation 5.26 can be rewritten as: 
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The current components in the dc-qc coordinate system are considered as the system 
output: 

ixy vv =  

 
The reduced order observer is basically adding a correction term to the second equa-
tion of equation 5.27: 
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The cap sign stands for estimated value; and H is the amplification matrix of the cor-
rection, which is still to be defined. To get rid of the unknown exv , the first equation 

of equation 5.27 is inserted in equation 5.28. And because 22221 ,, BAA  are zero ma-

trixes and 1
12
−A  obviously exists by its definition, this results in: 
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By defining a new state vector yHAxV e
vv 1

12
ˆ −−= , the equation 5.29 can be reformed 

as: 
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By updating the new state vector V in the equation 5.30 with the current measure-

ment yv  and the voltage vector U
v

, the back-EMF vector in the dc-qc coordinate sys-

tem can be calculated by: 
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To define the amplification matrix H, the estimation error ee xx v̂v −=ε  should be con-

sidered. By subtracting equation 5.28 from the second equation of 5.27, the error dy-
namic equation can be obtained: 
 

εε v&v ⋅−= H       (5.32) 
 
To eliminate the estimation error εv , H should be a positive definite matrix. For sim-
plicity, H is defined as a diagonal matrix with positive diagonal elements 2,1λ : 
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Mathematically, the bigger the diagonal elements 2,1λ  are, the faster the estimation 

error will converge to zero. In the practice however, 2,1λ  can not be infinitively large. 

If their values are too big, the observer will be very sensitive to the high frequency 
measurement noise, which could lead to instability of the observer. Therefore, the 
choice of these values is a compromise between fast convergence (big 2,1λ ) and sta-

bility (limited 2,1λ ). 

 

5.2.2.4 Back-EMF Estimation in α-β Coordinate with Observer 
 
This category of methods estimated the back-EMF vector in the α-β coordinate sys-
tem. The back-EMF vector in the α-β coordinate system is defined as 
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Assuming again that the rotor speed change is much slower than the current change, 
and the estimated rotor speed approximately coincides with the real rotor speed; the 
following system equation can be established basing on equation 3.5: 
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Since the current components in the stator-fixed α-β coordinate system are directly 
measurable, it is again not necessary to design a full order observer. Similar as the 
estimation in the dc-qc coordinate system, a reduced order observer is designed, whi-
ch only estimates the back-EMF components αe and βe . And the rotor angle is calcu-

lated from this back-EMF estimate. Due to the similarity, the derivation of the re-
duced order observer is omitted here. With the following matrix definitions 
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The reduced order observer is defined as: 
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And the back-EMF αe and βe  are calculated by: 
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The definition of the correction gain matrix H is a little different than the estimation 

in the dc-qc coordinate system. Without derivation, the estimation error ee xx vvv −= ˆε  

fulfills the dynamic equation 5.36: 
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Then the dynamic matrix K for the error equation is: 
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Since the estimated rotor speed 1ω  is known, a sufficient condition to make K nega-

tive definite is: 
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The tuning of the parameters 2211 , hh  is again a compromise between fast conver-

gence (big 2211 , hh ) and stability (limited 2211 , hh ). 
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5.2.2.5 The Simulation Results of Back-EMF Based Rotor Angle Estimation and 
Summary 

 
The simulation results of the back-EMF based angle estimation methods introduced 
in this section are presented here. The simulation provides a comparison among the 
different Back-EMF-based rotor angle estimation methods. Parameters of the meth-
ods can also be tuned offline before the fine tuning on the test bench. 
 
The method of Sakamoto [25] is abbreviated as the PLL method after the name of the 
estimation control structure used in this method. Two rotor rotation profiles have 
been chosen: the sinusoidal rotation and the ABS operation. The ABS operation is 
the rotor motion measured during an ABS-braking operation. The ABS operation is a 
typical operation in which highly dynamic rotor speed variation is present. During 
the simulation, noise signal was injected in the current signal measurement. An offset 
error (-0.3 A-0.3 A) and Gauss noise with zero mean and a variance of 0.2 A were 
added to each of the three phase current signals. This noise injection resembles the 
real measurement condition on the test bench. Since all the back-EMF methods are 
not applicable for zero rotor speed, the estimation was switched off under the me-
chanical rotor speed of 100 rpm. 
 
The parameter of the EKF method had been tuned according to the recommendation 
summarized in [32]. The initial covariance matrix P0 was set to a zero matrix because 
the initial condition of the state vector is known. The covariance matrix Q and R are 
set on try-and-error base. Both are set as diagonal matrix according to [32]. Since the 
noise is injected in the current measurement and the process equation is rather accu-
rate, it is reasonable to set the diagonal elements of R bigger than Q. Although the 
Jacobian matrixes kkk VWH ,,  are constant matrixes with the system model chosen 

(equation 5.21), the matrix multiplication and inversions involved in the EKF 
method cause higher computation effort compared to the other back-EMF based es-
timation methods. It should be noted also that the estimated rotor angle is a parame-
ter in the prediction step (the dynamic matrix A). 
 
The figure 5.14 presents the simulation results of the sinusoidal operation and the 
figure 5.15 shows the results of the ABS operation. The first subplot of each figure 
illustrates the electrical rotor angle and the estimated angles. The dash line shows the 
switch signal. The estimation is active if the switch signal is ‘high’. Due to the small 
estimation error, it is difficult to compare the performance with this plot. Therefore, 
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the estimation errors of each of the four methods are shown in the following sub-
plots. In figure 5.15, it can be seen that the observer methods in the dc-qc or the α-β 
coordinate systems provide similar and the smallest estimation error both in the sinus 
and the ABS operations. The EKF method also produces satisfying result. But due to 
the complexity of the method, it will not be further considered in the solution. The 
PLL method has the biggest estimation error due to the ignorance of the current de-
rivative. 
 
 
 



Chapter 5                                                                            The Rotor Angle Estimation 

 94

 
Figure 5.14: the simulation results of the back-EMF based angle estimation in sinus 

operation. 
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Figure 5.15: the simulation results of the back-EMF based angle estimation in the 

ABS operation. 
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5.3 Active Rotor Angle Estimation Methods 
 
For angle estimation at very low (several Hz) and zero rotor speed, the back-EMF is 
too weak. Therefore it is not possible to estimate the back-EMF stably with observer. 
The rotor angle can not be estimated with EKF-based methods either, because the 
system is not observable at zero speed [40]. In this speed range, active estimation 
method utilizing secondary physical effects is a popular field of research [41-48]. 
These effects are called secondary because they are normally insufficiently or not at 
all modeled by the fundamental frequency motor model, e.g. equation 3.3 or 3.5. 
Typical examples of such effects are the anisotropy of magnetic saturation of the 
iron; the anisotropy of the leakage inductance; effects of stator yokes; rotor eccen-
tricity etc. While the leakage inductance anisotropy is frequently discussed in the 
publication about the sensorless control of asynchronous motor (ASM) [45][46], the 
anisotropy of magnetic saturation seems to be the only applicable secondary effect 
for SM-PMSM at the moment [41-44][47]. The anisotropy of magnetic saturation in-
troduces a rotor position dependency of the inductance. An explanation of the mag-
netic saturation anisotropy in a SM-PMSM is presented in subsection 5.3.1. 
 

 
 

Figure 5.16: an overview of the existing high frequency injection methods [49]. 

 
To utilize the secondary physical effects for the purpose of rotor angle estimation, 
methods with high frequency test signal injection have become more and more popu-
lar [42-43][52-55]. In these methods high frequency voltage/current test signals are 
injected and superposed on the control current/voltage signals. And because the con-
trol signals have the fundamental frequency which is much lower than the injected 
test signal, it is possible to extract the current/voltage response to the high frequency 
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test signal with proper filtering and modulation. Normally the transient behavior of 
the current/voltage response are observed and analyzed to determine the rotor posi-
tion. An overview on the test signals published so far is provided in [49] and is illus-
trated in figure 5.16: 
 
The high frequency test signals can be categorized into two groups [49] as shown in 
figure 5.16: the periodically injected pulse sequence and the continuously injected 
carrier test signals. Typical examples of these methods will be introduced in subsec-
tion 5.3.2 and 5.3.3. 
 
Recently a new type of injection signal is introduced in [44]. The injected test signal 
has a very high frequency of 100-500 kHz5. However, this kind of oscillation signal 
can not be generated by conventional power converters that normally work at a fre-
quency of 20 kHz or less. Extra hardware is therefore needed for the high frequency 
test signal generation which makes this method not practical for commercial use. 
 
Basically, one can inject the high frequency test signal as voltage or as current. How-
ever, the injection of current test signal is constrained by the dynamic of the current 
control. In comparison to that, voltage test signal can be injected by simply manipu-
lating the PWM pattern. The voltage injection is therefore preferred. 
 

5.3.1 The Anisotropy of Magnetic Saturation in SM-PMSM 
 
In an SM-PMSM, there are two sources of magnetic flux: the flux of the permanent 
magnet on the rotor; and the magnetic flux of the winding current. In the following 
discussion of the magnetic flux of winding current, the term current vector refers to 
the vectorial sum of the three phase current vectors (U-V-W); as usually adopted in 
the field-oriented control theory. Since each phase current vector has an amplitude 
proportional to the magnetic motive force (mmf) it produces and has the same direc-
tion as its mmf; the overall mmf produced by the three phase current vectors should 
also be proportional to the amplitude of the current vector sum and has the same di-
rection as the current vector. The relation between flux and current is described by 

IL ⋅=Ψ . Since L is changing with respect to the mmf as schematically shown in 
figure 5.17, the flux generated by the current vector is not linearly proportional to the 
current vector. And especially if the iron is strongly saturated, the inductance L de-
creases rapidly and tends to the value of the air inductance. This means the magnet 
flux increases only very little when the mmf further rises. 

                                                           
5 The injection signals of the other methods have typically the frequency in the range of 0.5 kHz-3 kHz. 
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The permanent magnet flux has an approximately sinusoidal amplitude distribution 
along the rotor circumference in our SM-PMSM. Due to the permanent magnet flux, 
the iron is also slightly saturated in a sinusoidal manner along the stator circumfer-
ence under current-free condition. And the distribution of the iron saturation due to 
permanent magnet should be synchronous to the orientation of the permanent magnet 
flux (d-axis), i.e. rotor synchronous. The flux distribution of the permanent magnet 
of a very similar SM-PMSM is shown in figure 5.18. The figure is taken from [56], 
in which the author presented the FEM simulation results of the flux distribution in a 
SM-PMSM with 4 poles. 
 

 
Figure 5.17: schematic illustration of the relation between inductance and flux. 

 

 
Figure 5.18: the distribution of the permanent magnet flux (current-free). [56] 
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Figure 5.19: the distribution of the permanent magnet flux and the imposed flux in d-

direction (Id>0, Iq=0). [56] 

 
In figure 5.18, the flux density in the d-direction is significantly stronger than in the 
q-direction. Although due to the radial symmetric construction of SM-PMSM, the 
inductance should be almost the same in any radial direction, the sinusoidal distribu-
tion of the mmf of the permanent magnet however can result in slight difference in 
the inductance in different radial directions. And if an mmf is produced by the wind-
ing current in the positive d-direction (the direction of the permanent magnet flux), 
the strongest local saturation can be produced, i.e. the biggest inductance drop can be 
observed in this case. This is shown in figure 5.19 [56]. 
 
In field oriented control, the current vector is generated in the q-direction to achieve 
the maximal motor torque and the minimal power lost. Let’s call this the control cur-
rent vector; and the current vector for rotor position estimation will be referred to as 
the test current vector. The control current vector produces an mmf in the q-direction. 
If the control current vector Iq is strong enough, which is the case in operation with 
heavy load, the anisotropy of the iron saturation or inductance anisotropy will be 
‘blurred’ (figure 5.20).  
 

d 

q 
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Figure 5.20: flux distribution in the iron with large Iq. [56]. The flux density is high 

both in d- and q-direction. (a) positive Iq; (b) negative Iq.  
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5.3.2 Pulse Sequence Test Signal Injection 
 
The pulse sequence test signal is a sequence of voltage pulses with the same ampli-
tude and duration that are injected in different directions along the stator circumfer-
ence. By analyzing the current responses of these voltage pulses, the inductance ani-
sotropy is detected and the orientation of the d-axis can be determined. Typical rotor 
position estimation methods using pulse sequence can be found in [47, 57, 58]. Such 
methods can be considered as a kind of open-loop ‘measurement’ of the inductance 
anisotropy. To have a better understanding of these methods, an analytical explana-
tion is provided here. The definition of the coordinate systems shown in figure A.1 is 
modified a little. Namely, the estimated coordinate system is denoted as the x-y co-
ordinate instead of dc-qc coordinate to avoid confusion with the discussion on the 
angle estimation at high and medium rotor speed. The new definition of coordinate 
system is shown in figure 5.21. All angles mentioned in the following discussion are 
electrical angles so that the number of pole pairs will not show up in the equations. 
 

 

X

Y

x
x X

Y

x
x

 
Figure 5.21: the new definition of the coordinate systems. The dc-qc coordinate in fig-

ure A.1 is renamed as the x-y coordinate to avoid confusion. 

 
The fundamental frequency model of SM-PMSM in α-β coordinate system is de-
scribed by equation 3.5. If the equation is transformed into the vector form, it be-
comes: 
 



Chapter 5                                                                            The Rotor Angle Estimation 

 102

αβαβαβαβ ,21 eKIDIDU
vv&vv

+⋅+⋅=     (5.37) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α
αβ U

U
U
v

, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β

α
αβ I

I
I
v

, ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

β

α
αβ I

I
I &

&
&v  

⎥
⎦

⎤
⎢
⎣

⎡
Δ−Δ

ΔΔ+
=

dd

dd

LLL
LLL

D
θθ

θθ
2cos2sin

2sin2cos

0

0
1 , 

20
qd LL

L
+

= , 
2

qd LL
L

−
=Δ  

⎥
⎦

⎤
⎢
⎣

⎡
−+

+−−
=

dqrqddr

dqdrddr

LRLL
LLLR

D
θωθω
θωθω

2sin)2cos(
)2cos(2sin

2  

 

The back-EMF is: ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛−
Ψ=

d

d
pmreK

θ
θ

ωαβ cos
sin

,

v
 

 

At very low and zero rotor speed, i.e. 0≈rω , the back-EMF term αβ,eK
v

 can be ig-

nored and the matrix 2D  can be approximated as: 
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And because the current derivative term is dominant at voltage jumps of the injected 
voltage pulses, the current-voltage relation can be further approximated by: 
 

αβαβ IDU &vv
⋅≈ 1      (5.39) 

 
If the α-axis is defined as the real axis and the β-axis is defined as the imaginary axis 
the equations can also be written in complex form. Now suppose the voltage vector 

αβU
v

 lies in the positive X-direction, and define: 
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With the definition 5.40, equation 5.39 can be transformed into: 
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Also with the definition 5.40 and equation 5.41, the following relation can be ob-
tained: 
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For very short duration of voltage pulse, equation 5.42 can be approximated by: 
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In the INFORM method introduced in [47], z is called the INFORM reactance, and y 

is the inverse INFORM reactance. Since the amplitude sU  and the duration tΔ  of 

the test voltage pulse are known and constant; and the injection angle Xθ  is also 

known; by injecting the voltage pulse in different directions and measuring the am-

plitude change sIΔ  of the current vectors in the corresponding directions, the rotor 

position contained in y can be explicitly solved. In the INFORM method [47], the in-
verse INFORM reactance y is formulated as: 
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Comparing equation 5.45 and equation 5.43, we can obtain the analytical expression 
of 0y  and yΔ : 
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From equation 5.46, it can be seen that 0y  and yΔ  are variables depending on the 

difference θΔ  between the injection angle of the voltage pulse and the d-axis. This 
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is not only because their expressions contain the term θΔ , but also because the in-
ductance terms 0L  and LΔ  depend on the distribution (d-axis synchronous) of the 

iron saturation, which changes also according to θΔ . In the INFORM method [47], 
however, 0y  and yΔ  are assumed to be invariant with respect to θΔ , this leads to 

position estimation error. In [47], it had also been observed that 0y  and yΔ  are fluc-

tuating significantly around the assumed circle. For better estimation of θΔ , a big 
yΔ  is preferred, i.e. a big LΔ  is advantageous. This makes the attempt reasonable to 

inject very strong voltage pulse to amplify the inductance anisotropy, as was done in 
[47]. But strong voltage pulse also introduces strong motor torque pulse if the volt-
age pulse is not aligned to the d-axis and thus disturbs the motor control. This is a 
common drawback of methods using pulse sequence test signal. 
 
In [58], a more straight forward approach was proposed. As introduced in subsection 
5.3.1, due to the sinusoidal mmf distribution of the permanent magnet, the stator iron 
is saturated differently along the stator circumference. The permanent magnet flux 
density reaches its maximum in the d-axis. If the injected voltage pulse is aligned to 
the positive d-axis, strong local saturation can be expected, which in turn results in a 
significant drop of dL , i.e. drop of the amplitude of the reactance z in equation 5.42. 

Considering equation 5.44, if voltage pulses with the same amplitude and duration 
are injected successively in different radial directions, the maximal current change 

sIΔ  should be observed when the voltage pulse is nearly aligned to the positive d-

axis. By this means, the orientation of the d-axis can be found out and thus the rotor 
angle. An alternative of this method is to send voltage pulses pair successively in dif-
ferent directions and the voltage pulses pair always have the opposite direction. The 

d-axis is then characterized by the biggest
−+

Δ−Δ
UsUs II . Inspire of its simplicity, 

such methods need to inject noticeably more voltage pulses to achieve a good estima-
tion resolution and produce hence even more motor torque pulses. And the imple-
mentation of such methods requires very precise synchronization between voltage 
pulse injection and current measurement. 
 

5.3.3 High Frequency Continuous Test Signal Injection 
 
The methods basing on continuous test signal inject either a rotating test voltage vec-
tor (revolving carrier injection); or a sinusoidal test voltage in the estimated d-axis 
(alternating carrier injection). Typical examples of such methods can be found in 
[42][49]. In contrast to the pulse-sequence-based methods introduced in section 
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5.3.2, these methods do not require strong magnetic saturation in the iron. The ampli-
tude of the injected high frequency voltage is very small compared to the motor con-
trol voltage. The frequency of the test signal lies typically between 0.5 kHz to 3 kHz, 
which is much higher than the fundamental frequency (rotor rotation frequency). 
These methods utilize the tiny inductance anisotropy caused by the anisotropy of the 
permanent magnet flux without triggering strong magnetic saturation with winding 
current. Since the distribution of the permanent magnet flux is assumed to be sinu-
soidal, the flux in d-direction should be stronger than the flux in q-direction (ideally 
zero flux). This results in a slightly bigger inductance in the q-direction (Lq) than in 
the d-direction (Ld) under current-free condition. The high-frequency current re-
sponse of the injected test voltage is extracted from the current measurement with a 
band-pass filter, which rejects the fundamental frequency component. The high-
frequency current response is then processed with proper modulation and demodula-
tion and band-pass filtering so that a quantity, which is proportional to the angle es-
timation error, is generated. And this quantity is used to correct the angle estimation 
in a closed-loop tracking observer. Since this quantity for estimation correction is 
normally proportional to the tiny inductance difference in the d- and q-directions, it 
is not a wonder that such methods suffer a poor signal-to-noise ratio. Large motor 
moment also worsens the estimation precision because the flux of the moment-
producing current vector (Iq) blurs the flux anisotropy of the permanent magnet. 
 

5.3.3.1 The Continuous Test Signals 
 
As shown in figure 5.16, there are basically two types of continuous test signals: the 
revolving carrier injection and the alternating carrier injection.  
 
The revolving carrier injection injects a rotating test voltage vector. The injected 
voltage test signal can be formulated in complex form as the following: 
 

tj
c

S
c

ceuu ω⋅=)(     (5.47) 

 

The complex value )(S
cu  represents the test voltage vector in the stator-fixed α-β co-

ordinate (figure 5.21). In this representation, the stator-fixed α-β coordinate system is 
considered as the complex plane, in which the α-axis corresponds to the real axis and 
the β-axis corresponds to the imaginary axis. uc is a constant scalar, which can be 
quite small in amplitude, since strong iron saturation is not required. ωc is the con-
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stant injection frequency, which lies typically between 5.02 ×π  kHz to 32 ×π  kHz. 
The superscript S stands for stator-fixed and the subscript c stands for carrier signal. 
 
The alternating carrier injection method is characterized by injecting a sinusoidal 
voltage only in the estimated d-direction. The injection voltage is described in com-
plex form as: 
 

Xj
cc

S
c etuu θω ⋅⋅= )cos()(     (5.48) 

 
Where Xθ  is the estimated angle of the d-axis (figure 5.21). 

 

 
Figure 5.22: the alternating carrier injection. ω̂  is the estimated rotor speed. 

 
The revolving carrier injection has the same problem as the pulse sequence injection 
discussed in section 5.3.2, i.e. it produces motor moment fluctuation; while the alter-
nating carrier injection has no influence on the motor moment if the angle estimation 
is correct. According to the Euler’s formula: 
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the alternating carrier injection can also be considered as injecting a positive as well 
as a negative revolving voltage vector symmetrically with respect to the estimated d-
axis at the same time (figure 5.22). The estimations with the positive revolving volt-
age vector and with the negative revolving voltage vector provide redundant estima-
tion and can hence be used to compensate noise. Therefore, the alternating carrier in-
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jection shows better performance in general compared to the revolving carrier injec-
tion. 
 

5.3.3.2 The Estimation Method of M. Linke with Alternating Carrier Injection 
 
The estimation scheme proposed by M. Linke in his dissertation [49] is illustrated in 
figure 5.23. A high-frequency voltage signal is injected in the estimated d-axis (X-
axis in figure 5.21). The test voltage is expressed in complex form as: 
 

( ) Xj
cc

S
c etuu θω ⋅= cos)(     (5.50) 

 
Without citing the derivation, the resulting high-frequency current response in com-
plex form (α-β coordinate) can be written as:  
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The expression can be briefed as: )()()( S
n

S
p

S
c iii += ; where )(S

pi  stands for the posi-

tive sequence component with factor, and )(S
ni  stands for the negative sequence com-

ponent with factor. It should be noted that the measured current consists of not only 
this high-frequency current response to the test voltage but also the fundamental fre-
quency current response to the control voltage. The normalized amplitude spectrum 

of the measured current vector )(SI  obtained from a test bench experiment is shown 
in figure 5.24. 
 

Positive sequence component

Negative sequence component
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Figure 5.23: the angle estimation proposed in [49]. This is the original diagram pub-

lished in [49], in which Xd θδθδ == ˆ, . 

 

 
Figure 5.24: the normalized amplitude spectrum of the measured current vector )(SI  

(complex). The measurement is taken from a test bench experiment in 
which the motor position was controlled to follow a sinusoidal curve and 
the loading moment was zero. The sampling frequency was 10 kHz and 

the frequency of the injected test voltage is 12 ×= πω c  kHz. 

 
The fundamental component as well as the high frequency positive and negative se-
quence components of the current response can be seen clearly in figure 5.24. The 
fundamental component is quite weak because the experiment was done under load-
free condition. 
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Figure 5.25: the normalized amplitude spectrum of the measured current after the 

modulation (normalized amplitude spectrum of )( XctI θω + ). 

 
As mentioned before, one can extract the angle estimation error either from the posi-
tive sequence component or the negative sequence component form the high fre-
quency current response. The procedure to calculate the estimation error from the 
positive sequence component is shown. For this purpose, the measured current vector 

)(SI  is first modulated as follow: 
 

)()()( XcXc tjSt eII θωθω +−+ ⋅=    (5.52) 
 
This modulation can be interpreted as ‘shifting’ the spectrum of the current meas-

urement )(SI  in the negative frequency direction (compare figure 5.24 and figure 
5.25). 
 

With this modulation, the high-frequency current response )(S
ci  contained in )(SI  un-

der goes the same modulation: 
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The resulting expression of )( Xct
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The positive sequence component is shifted to around zero frequency and the nega-
tive sequence component is shifted to -2ωc.. The positive sequence component can 
now be extracted by low-pass filtering of the modulated current measurement 
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)( XctI θω +  around zero frequency. This low-pass filtering also rejects the fundamental 
frequency component from )( XctI θω + . The extracted positive sequence component is 
described by: 
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 (5.55) 
 
where dX θθθ −=Δ  is the angle estimation error defined in figure 5.21. If we as-

sume that the estimation error is small, i.e. θθ Δ≈Δ 22sin , the real part of the ex-
tracted positive sequence component can be approximated as: 
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The real part is linearly proportional to the angle estimation error θΔ  and is fed to a 
PLL tracking observer (figure 5.23) to correct the estimation error. The tracking ob-
server consists of a PI-controller and an integrator. The PI-controller use the real part 

of )( Xct
pi θω +  (equation 5.56) to manipulate the estimated rotor speed Xω . And the es-

timated rotor speed is then integrated and produces the estimated rotor angle Xθ . In 

[49] it is asserted that the observer is independent of motor parameter, one only need 
to adjust the parameter of the PI-controller properly. Considering equation 5.56, it is 
noticed that the motor parameters are actually relevant while tuning the PI-controller. 
 

The negative sequence component )(S
ni  of )(S

ci  in equation 5.51 can also be utilized 

to estimate the rotor angle in the same way. Only the modulation with equation 5.52 
should be changed to: 
 

)()()( XcXc tjSt eII θωθω −+− ⋅=     (5.57) 
 
And this shifts the negative sequence component to a frequency band around zero 
Hertz and shifts the positive sequence component to a frequency around 2ωc. The 
angle estimation with the positive as well as the negative sequence component can be 
combined together to reduce estimation error. 
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5.3.4 Summary on the Active Rotor Angle Estimation Methods 
 
In this section, the physical background, the classification and some examples of ac-
tive rotor angle estimation methods for SM-PMSM have been introduced. This type 
of methods provides the possibility to estimate the rotor angle of SM-PMSM at very 
low and zero rotor speed. Approaches utilizing the strong magnetic saturation effect 
or the weak magnetic saturation effect (figure 5.17) can be found in the literature. Al-
though much research has been done on such estimation methods, there are still sig-
nificant problems unsolved. For methods utilizing the strong saturation with periodic 
pulse signal injection, the strong torque ripples can seriously disturb the motion con-
trol and also result in acoustic noise and shortened durability of the bearings. For 
methods utilizing the weak saturation effect with continuous carrier signal injection, 
the saturation related anisotropy of the inductance in a SM-PMSM is too weak for a 
robust estimation. Further more, the estimation will be erroneous under heavy me-
chanical load. 
 

5.4 The Combined Rotor Angle Estimation for the Whole 
Rotor Speed Range 

 
In section 5.2 and 5.3, examples of the existing rotor angle estimation approaches 
have been introduced. However, every category of estimation methods has its advan-
tages and drawbacks. The flux linkage estimation with closed-loop integrator and 
amplitude limiter [21] successfully confines the estimated flux linkage on the origin-
centered circle. But the estimated angle will still drift to a constant direction deter-
mined by the measurement error vector at very low rotor speed. The bigger the dc 
measurement error is, the faster the angle estimate drifts away at low rotor speed. 
The back-EMF based estimation can be adapted to fast speed change by proper de-
sign of the observer. However such methods are not applicable for very low (<100 
rpm) and zero rotor speed due to the vanishing of the back-EMF. Active estimation 
methods provide though the possibility to estimate the rotor angle at zero speed, but 
the disturbance of strong torque ripple or the poor robustness are their main draw-
backs. And the estimation can also be disturbed by big motor moment. 
 
So far there is no mature angle estimation method for SM-PMSM which is applicable 
for the whole operation speed range including standstill. For high and medium rotor 
speed, back-EMF based angle estimation with observer is a robust method with small 
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computation effort compared to the Extended Kalman Filter approach. For very low 
rotor speed and standstill, the flux-linkage based method proposed by Hu and Wu 
[21] is the only reasonable choice at the moment due to the significant drawbacks of 
the active estimation methods. But as mentioned before, the angle estimate with this 
method still drifts to a constant after long time operation at low rotor speed. An ad 
hoc solution for this problem is to add a small but fast position variation to the posi-
tion set value periodically if the rotor speed dwells under the speed threshold for long 
enough time. With this position set value manipulation, the rotor speed is forced to 
exceed the threshold after certain time dwelling in the very low speed range. And 
once the rotor speed is higher than the threshold, the closed-loop back-EMF based 
angle estimation will correct the drift and re-initialize the flux-linkage based estima-
tion when the rotor speed falls below the threshold again. The period of this position 
set value manipulation depends on the offset error of the current measurement, which 
influence the drift speed of the angle estimate. The bigger the offset error is, the 
faster the drift will be and hence the shorter period should be chosen. The waveform 
of the additional position set value variation should be able to force the rotor speed to 
exceed the speed threshold; and the amplitude of the additional position variation 
should be as small as possible to minimize the disturbance on the brake moment con-
trol. 
 
In the experiment square wave with the amplitude of π/2 rotor angle and the duration 
of 50ms had been added to the rotor position set value (before the low pass filter of 
the position controller). π/2 seems to be a rather big angle but due to the high trans-
mission ratio of the gears, this rotation is not enough to close the air gap between the 
brake disk and the lining. Therefore, no brake moment will be produced by this addi-
tional rotor position variation if the driver does not want to brake. And this additional 
rotor angle variation results in an additional brake moment which is about 14% of the 
full brake moment of the wheel if the brake lining and brake disk come into contact. 
Under the measurement condition on the test bench, the rotor position set value will 
be manipulated if the rotor speed stays under 100 rpm for more than 200 ms. 
 
The new estimations scheme is shown in figure 5.26. The rotor angle estimation is 
separated into the estimation at high and medium rotor speed and the estimation at 
very low and zero speed. For high and medium rotor speed ( 100>mechϖ rpm) The 

back-EMF based estimation with observer in the α-β coordinate system is applied. 
The flux linkage estimation with closed-loop integrator and amplitude limiter [21] 
estimates the rotor position at very low speed and standstill. The switching between 
the estimation methods is controlled by the estimated amplitude of the back-EMF 
vector, because this amplitude is proportional to the amplitude of the rotor speed. 
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Figure 5.26: the structure of the rotor angle estimation module. 

 
A hysteresis element is used for the switching so that frequent switching near the 
threshold can be avoided. The initialization unit prepares the initial values for the es-
timation methods at each switching. It basically saves the last estimated rotor angle 
before the switching, and uses this as the initial values for the next applied estimation 
algorithm. Hence, a ‘jump’ of the estimated rotor angle during switching will not oc-
cur. The voltage signals are the set values for the PWM pattern generation instead of 
voltage measurement. The whole estimation algorithm works at the sampling time of 
100μs; while the position controller has the sampling time of 2.5ms. This sets the re-
quirement on the convergence speed for the back-EMF based estimation. The con-
tinuous differential equations in the estimation methods are discretized and approxi-
mated with the Euler method in the digital implementation. 
 

100>ω rpm: 
 
Back-EMF estima-
tion with observer 
in α-β coordinate 
system 

100<ω rpm: 
 
Flux-linkage esti-
mation [21] 
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Chapter 6  
 
The Experiment Results 
 
 
 
In this chapter, the experiment results of the fault tolerant position control of the SM-
PMSM are presented. The performance of the new position controller and the angle 
estimation are shown in section 6.1 and section 6.2. Section 6.3 shows the functional-
ity of the whole fault tolerant position control by injecting fault into the measured 
signals from the AMR angle sensor. 
 
The SM-PMSM under test has a maximal rotor speed of 6000 rpm and a maximal 
motor moment of 1.2 Nm (at zero speed). Except for the position controller; the other 
algorithms have 10 kHz sampling rate (T=100 μs). The position controller has a 
sampling rate of 400 Hz (T=2.5 ms). The continuous algorithms are approximated 
with the backward Euler method in the digital implementation, i.e.: 
 

T
xx

x nn
n

1−−
=&     (6.1) 

 
T is the sampling interval. 
 

6.1 The Test of the Position Controller 
 
The position control design in section 3.1.2 is tested with a step function as position 
set value. The step function corresponds to 4 revolutions of the rotor. The brake mo-
ment produced by this rotor rotation is enough to block the wheel. In the figure 6.1, 
the electrical rotor angle is shown, which is twice the rotor angle is. Because the mo-
tor has two pole pairs. The response speed of the position control is dominated by the 
delay time constant of the low-pass filter that pre-filters the original position set 
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value. This makes it very simple to adjust the dynamics of the position control. The 
low-pass filter is a first-order delay element. Its time constant is chosen so that the 
smoothened set value reaches 95% of the original set value at 100 ms delay. The pa-
rameters are first tuned with the offline motor model and than fine-tuned during the 
test bench implementation. 
 

 
Figure 6.1: the rotor angle set value and the rotor angle. 

 

 
Figure 6.2: the loading moment on the motor shaft. The loading moment is produced 

by the other SM-PMSM on the test bench. 
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Figure 6.3: the three phase current of the test motor. 

 
The loading moment is calculated by the model of the brake caliper according to the 
motor angle. And the loading moment is produced by the other SM-PMSM on the 
test bench (loading machine). The advantage of wedge brake can be noticed in figure 
6.2. Namely, only 0.15 Nm motor moment is necessary for full braking. The high-
frequency disturbance is caused by imperfect current control of the loading machine. 
The motor current is also shown in figure 6.3. 
 

6.2 The Performance of the Combined 
Rotor Angle Estimation 

 
The performance of the combined rotor angle estimation is tested with two motor op-
erations; namely, zero speed operation and the ABS operation. As mentioned in sec-
tion 5.4; if the rotor speed dwells below the threshold (100 rpm) for more than 0.2 s, 
a square wave will be added to the original angle set value. The square wave has a 
length of 50ms and amplitude of π (electrical angle). The amplitude corresponds to 
90 degree rotor rotation. The period, amplitude and duration of this set value manipu-
lation are determined during the experiment empirically. The purpose is to force the 
rotor speed to exceed the threshold so that the closed-loop back-EMF based angle es-
timation can correct the drift of the flux linkage based estimation at low speed. The 
period is actually determined by the drift speed which is related to the motor current 
measurement quality. The faster the drift is the shorter the period should be. The 
ABS operation uses the rotor position waveform from an ABS brake actuation as the 
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rotor position set value. This operation is a mixture of highly dynamic rotor position 
variation and long time low speed operation. 
 
The manipulated rotor position set-value, the rotor angle and the angle estimate are 
shown in figure 6.4. The added square wave can be seen in the figure. The switch 
signal indicates which angle estimation method is active. Zero means the flux linkage 
based estimation for low rotor speed. And one means the back-EMF based estimation 
for high and medium rotor speed. Since the estimation error is very small compared 
to the position control deviation, the area marked by the square in figure 6.4 is 
enlarged and shown in figure 6.5. In this figure, the drift of the angle estimation at 
zero speed is shown clearly. Once the back-EMF based estimation is active, the drift 
is corrected. 

 
Figure 6.4: the rotor position in the zero speed operation. Square waves are added to 

the zero position set value periodically so that the drift of the angle esti-
mate at low speed can be corrected by the closed-loop estimation at high 
speed. 
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Figure 6.5: the enlarged plot of the area marked by the square in figure 6.4. 

 
The estimated rotor angle is illustrated in figure 6.6. The assumption for the back 
EMF based estimation that the real rotor speed and the estimated speed are approxi-
mately the same is valid. The estimated back EMF is shown in figure 6.7 and 6.8. 
The real value of the back EMF is not measured directly but calculated from the 
measured rotor angle and rotor speed. 

 
Figure 6.6: the estimated rotor angle. 
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Figure 6.7: the estimated back EMF (component on alpha axis). 

 
Figure 6.8: the estimated back EMF (component on beta axis). 

 
Figure 6.9 shows the rotor position set-value, the rotor angle and the estimated angle 
in the ABS operation. The switch signal is ten times amplified. The back EMF based 
angle estimation under highly dynamic rotor angle variation between 0 s and 2 s is 
very successful. The periodic small position variation between 1.7 s and 5.6 s is 
caused by the added square wave in the position set value. Because in this time inter-
val, the rotor speed often stays under the threshold for more than 0.2 ms. 
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Figure 6.9: the rotor position set value, the rotor angle and the angle estimate in the 

ABS operation. The switch signal is shown with an amplification factor 
10 so that it can clearly be seen. 

 
Figure 6.10: enlargement of the area S1 in figure 6.9. The switch signal is adapted to 

the window. The step-form discontinuity in the position set value is due 
to the sample rate in the ABS system (50 Hz, T=20 ms). 

 
For a closer look at the performance of the combined angle estimation method; the 
area marked by the square S1 in figure 6.9 is shown in figure 6.10. The step-form 
discontinuity in the position set value is caused by the low sample rate of the ABS 
system (50 Hz, T=20 ms). The switch signal is shifted and twice amplified to adapt 
to the observation window. In this figure, the transition between the estimation at low 
rotor speed and high speed is illustrated. The high frequency disturbance before the 

S1

S2 
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flux linkage based estimation is active is caused by the small amplitude of the back-
EMF vector. 
 
The area marked by the square S2 in figure 6.9 is also enlarged and shown in figure 
6.11. The purpose is to show the delay of closed-loop angle estimation for high and 
medium rotor speed based on back-EMF. The delay is about 0.7 ms. Due to the high 
enlargement factor, the position set value can not be shown in the same figure. Be-
cause the position control deviation is much bigger than the angle estimation error. 

 
Figure 6.11: the enlarged illustration of the area marked by the square S2 in figure 6.9. 

 

6.3 Test of the Fault Tolerant Control 
 
In this section, the test result of the whole fault tolerant position control loop is pre-
sented. The fault injection (figure 2.5) manipulates the measured signals from the 
AMR angle sensor. Four types of fault can be injected in each channel of the AMR 
sensor (sine, cosine); namely, amplitude fault; offset fault; constant signal fault and 
zero-mean Gauss noise with adjustable variance. Although four types of fault can be 
injected in the AMR output signals per software and various motor operations can be 
tested, only two special cases are illustrated here. Because otherwise there will be too 
many plots. The purpose of this illustration is to show the basic functionality of the 
fault tolerant position control algorithm. In the first case, the fault injection manipu-
lates the AMR outputs (sine, cosine channels) to stay constant. In the other case, the 
amplitude of the sine channel is manipulated with an amplification factor of 2. A sine 
wave with a period of 0.5 s and amplitude of 10 is chosen as the position set value. 
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The position set value, the angle calculated with AMR sensor outputs and the esti-
mated rotor angle are shown in figure 6.12. The sine and cosine channels of the 
AMR sensor are forced to stay at constant after the fault injection (figure 6.13). 
Therefore the angle calculated with these signals also stays constant. The position 
control with estimated rotor angle is active after the decision making module changes 
the control mode. The real rotor angle is also shown in this figure as reference. Three 
statuses are shown in figure 6.14; namely the fault status from the model-based plau-
sibility check; the fault status from the monitoring of the circular measurement locus 
(radius check); and the control mode determined by the decision making module. 
The fault status of the plausibility check and the fault status of the radius check are 
shifted vertically for better comparison. Status low means fault-free. For the control 
mode, 1 means control with measured angle and 2 means control with estimated an-
gle. The supply voltage and the status of the current sensors are assumed to be cor-
rect through out the whole experiment and are hence not depicted. Since the constant 
AMR outputs are still on the standard circle (figure 4.8), the radius check is not able 
to detect the fault. The plausibility check compares the measured angle and the angle 
estimate and can therefore report the fault even. Because the rotor is rotating in a si-
nusoidal manner, there are still intersections between the erroneous constant angle 
and the estimated angle (figure 6.12) periodically. This explains why the fault status 
of the plausibility check returns to low periodically (figure 6.14). But due to the 
switching rule of the decision making module discussed in section 4.4; the position 
controller is not switched back to use the angle from the AMR sensor again (figure 
6.14). 
 
The area marked by the square in figure 6.12 is enlarged in figure 6.15. The AMR 
sensor outputs and the fault statuses in this time interval are illustrated in figure 6.16 
and 6.17. In figure 6.17, a delay of the control mode change can be noticed. This is 
caused by the low-pass filtering of the fault statuses from the fault detection module 
before they are fed to the decision making module. This is done in order to avoid 
false alarm caused by impulse-type disturbance. The delay is less than 1 ms and 
hence will not affect the position control that has a sample interval of 2.5 ms. 
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Figure 6.12: the position set value; the angle calculated with AMR sensor signals; the 

estimated rotor angle and the real rotor angle. The sine and cosine out-
puts of the AMR sensor are forced to stay constant after fault injection. 

 
Figure 6.13: the sine and cosine outputs of the AMR sensor. After the fault injection, 

both stay constant. 
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Figure 6.14: the fault statuses from the model-base plausibility check and the radius 

check. The control mode is changed by the decision making module after 
fault is detected. 

 
Figure 6.15: enlargement of the area marked in figure 6.12 
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Figure 6.16: the AMR sensor outputs in the same time interval as figure 6.15. 

 
Figure 6.17: the fault statuses and the control mode in the same time interval as figure 6.15. 

 
The test results of injecting amplitude fault in the sine channel of the AMR sensor 
are shown in the same manner. The figure 6.18 shows the position set value, the an-
gle calculated with AMR sensor outputs, the estimated rotor angle and the real rotor 
angle. The area marked is enlarged in figure 6.21. The sine channel of the AMR sen-
sor is amplified with a factor of 2. The angle error can be seen clearly in figure 6.21. 
But this angle error is too small to violate the plausibility check (figure 6.20 and fig-
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ure 6.23). The error threshold of the plausibility check is set rather big to tolerate the 
drift of the angle estimate at low rotor speed. 

 
Figure 6.18: the position set value, the angle from AMR sensor, the estimated angle 

and the real rotor angle. 

 
Figure 6.19: the AMR sensor outputs. After the fault injection, the sine channel is am-

plified with a factor of 2. 
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Figure 6.20: the fault statuses and the control mode. 

 
The radius check successfully detects the fault. Because by changing the amplitude 
of the sine channel, the locus of the measurement from AMR sensor becomes an el-
lipse (equation 4.8). But this ellipse has intersections with the standard circle because 
the amplitude of the cosine channel and the offset of both channels are unchanged. 
This explains why the fault status from the radius check returns to low frequently 
(figure 6.20).  

 
Figure 6.21: enlargement of the area marked in figure 6.18. 
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Figure 6.22: the outputs of the AMR sensor in the same time interval of figure 6.21. 

 
Figure 6.23: the fault statuses and control mode in the same time interval of figure 6.21. 

 
The position control with estimated rotor angle in two other motor operations is also 
demonstrated here. Figure 6.24 illustrates the zero speed operation, in which the 
original position set value is constantly zero. Square waves are added to the position 
set value automatically if the rotor speed has been lower than the threshold for more 
than 0.2 s. The real rotor angle does not converge to the set value due to the error of 
the angle estimate. It should be noted that the dynamic of the position controller 
should be much lower than the closed-loop angle estimation to avoid stability prob-
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lem. Figure 6.25 illustrates the test result of the position control with estimated rotor 
angle in ABS operation. And figure 6.26 shows the loading moment on the rotor 
shaft in the ABS operation. 

 
Figure 6.24: position control with estimated rotor angle. The original position set 

value is constantly zero. The square waves are added because the rotor 
speed is lower than the threshold for longer than 0.2 s. 

 
Figure 6.25: position control with estimated rotor angle in ABS operation. 
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Figure 6.26: the loading moment on the rotor shaft in the ABS operation. 

 



Chapter 7                                                                                     Summary and Outlook 

 131

 
 
 

Chapter 7  
 
Summary and Outlook 
 
 
 
In this study, the fault tolerant position control is designed for the SM-PMSM in the 
brake actuator of an electro-mechanical wedge brake. The following results have 
been achieved: 
 
1. An active fault tolerant control scheme is proposed with online switching of the 

source of angle information for the position controller. 
2. The fault behavior of the AMR angle sensor is investigated and a fault detection 

module is designed. 
3. The rotor angle estimation of an SM-PMSM in the whole rotor speed range is 

studied and an ad-hoc solution is proposed for the application in the specific 
brake actuator. 

4. A position controller with single closed-loop structure instead of cascaded 
closed-loop structure had also been developed. 

5. For the validation of the algorithm with real SM-PMSM hardware, a rapid con-
trol prototyping test bench had been setup. 

 
The fault tolerant solution avoids brake actuator shut down when the only rotor angle 
sensor in the actuator fails. This pure software fault tolerant solution increase the 
availability of the brake actuator without any change on the hardware design. The pa-
rameter tuning of the position control is very simple thanks to its simple structure.   
 
So far there is no mature angle estimation method for SM-PMSM which is applicable 
for the whole operation speed range including standstill. Although the ad-hoc solu-
tion is applicable, a robust estimation method without manipulating the position set 
value or other side effects is still desired. Because with the proposed position set 
value manipulation, the motor is almost always moving. Although the additional ro-
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tation is small, this can still influence the durability of the mechanical parts, e.g. 
bearing, rack gear, etc. For the set value manipulation in the ad-hoc solution, the 
wave form of the additional rotor angle variation is still to be optimized. 
 
Another possibility is to use motor with inherent inductance anisotropy, e.g. motor 
with buried magnet. For such machine, position sensorless control technique is al-
ready in commercial use.  
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Appendix A:  
 
The Coordinate Systems and  
Transformations 

 
The analysis with the fundamental frequency machine model applies many coordi-
nate systems. This appendix makes an explanation on all the coordinate systems in 
this dissertation. The analysis of the machine will be carried out in the equivalent sin-
gle-pole-pair machine. The definitions of the coordinate systems are shown in figure 
A.1. Most trivial is the U-V-W coordinate system that indicates the directions of the 
magnetic motive force (mmf) generated by the three phase winding current. The α-β 
coordinate system is stator-fixed and the α-axis is aligned with the U-axis. The d-q 
coordinate system is synchronous to the rotor, and the d-axis is aligned with the di-
rection in which the sinusoidal distributed permanent magnet flux reaches its maxi-
mum. For the analysis on the rotor position estimation in chapter 5, an orthogonal 
coordinate system dc-qc with arbitrary rotation angle is also defined. 
 

 
Figure A.1: definitions of coordinate systems 

 
The Clarke transformation converts the balanced 3-phase quantities in the U-V-W 
coordinate system into the α-β coordinate system. The Transformation is represented 
by equation A.1 in matrix form: 
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The inverse Clarke transformation is: 
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where the quantity v can be any balanced 3-phase quantities, e.g. current, voltage. It 
should be noted that the inverse transformation is only valid if the 3-phase system is 
balanced, i.e.  
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The Park Transformation converts the quantities in the stator-fixed α-β coordinate 
system into the rotor-synchronous d-q coordinate system: 
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The inverse Park Transformation is: 
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Sometimes the Clarke transformation and Park transformation are combined into one 
transformation to convert the quantities in U-V-W system directly into d-q system. 
But again, the inverse of this transformation is only valid if the 3-phase system is 
balanced; since the Clarke transformation is involved. 
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