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“Aussitdt qu'on nous montre quelque chose d'ancien dans une innovation, nous sommes

apaisés“ F. Nietzsche

“ C’est par la médiation du travail que la conscience vient a soi-méme “ F. Hegel

“ Nous ne connaissons a priori des choses que ce que nous y mettons nous-mémes “ E. Kant
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INTRODUCTION

Electric mobility and zero emission vehicles are key factors for sustainable transport. In the
wake of the technological advances, automotive suppliers are focusing their efforts on
reducing CO, emissions and on the “intuitive driving”, which combines the connected
vehicle, autonomous driving and the man-machine interface, making them accessible to all.
Mechanical actuators are being replaced by electric power systems which have faster time
response. Despite that the automotive industry is cost sensitive, there are strong incentives to
increase system costs in order to improve the level of safety with new risk-based safety
standards. Naturally, proper operations of certain functions are of utmost importance and their
failure cannot be tolerated since this would drastically compromise safety. Moreover, the
dependence on a continuous power supply causes problems with vehicle propulsion and an
electric energy source must be carried on-board, which is usually heavy and expensive
(storage battery, rotating generator with internal combustion engine, fuel or solar cells). This
requires the embedded energy to be smartly used and to cope with faults that highly increase

energy consumption (e.g. a sensor fault which induces an over-current).

Electrical drives adopting permanent-magnet synchronous machines (PMSM) are suitable for
a wide range of applications in cars. These applications include not only propulsion but also
steer and brake-by-wire systems, active suspension, electrical compressors and other electrical
subsystems. For PMSM drives used for propulsion, it is evident that increasing the level of
reliability that goes with a significant cost cannot be motivated if a fault is not significantly
increasing the accident risk or if a post-fault strategy cannot be economically motivated for
the specific vehicle model. That’s the main difference with aerospace domain where a high
safety level is requested and then, needs on Fault Tolerant Control (FTC) are more justified.
In addition, with last standards to improve functional safety for automotive electric/electronic
system, FTC is well suited to increase the reliability, the availability and the continuous

operation of electromechanical systems.

This study focuses on fault responses of PMSM drives as well as methods for increasing the
level of fault tolerance for such drives in automotive applications. There is no doubt that a
good Fault Detection and Diagnosis (FDD) goes with a well understanding of faults origins
and consequences. The term drive pertains to both the electric machine as well as its

corresponding inverter although faults can arise in other parts including sensors.
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Precisely, the objective of this thesis is to detect and isolate the sensors faults at their incipient
stage and perform a post-fault reconfiguration if possible. To this purpose, the work goes
from theoretical studies toward experimental validations through the model simulation. The

outline of the thesis is summarized as follows:

- In chapter 1, electrical drives challenges in automotive systems and FTC principle are
recalled. Consequences of the faults in the drive operation and the existing solutions

proposed to overcome these faults are reviewed.

- Chapter 2 describes the test bench with the targeted application. The system is
designed for traction, battery charging and energy regeneration of an EV with an
optimization of the powertrain elements. After the modeling and the simulation of the
PMSM and its inverter, the control of the electrical drive is implemented in real time
using Matlab/Dspace. Experimental tests on the PMSM torque control are done to
illustrate the control low. Then, the diagnosis in traction mode with an emphasis on
the most critical sensors (mechanical position, phase currents and the DC-link voltage)

can now be performed in the next chapters.

- The position/speed sensor FTC is treated in chapter 3. Different ways to estimate the
rotor position and the speed are addressed and their advantages/drawbacks listed.
Thereafter, a new estimator based on a differential algebraic approach is designed and
experimental results are provided to validate this approach. Comparison with respect
to existing methods (EKF, Back-EMF Observer) using relevant criteria such as
accuracy and implementation capability is also performed to better address the new
method. Finally, an observer FTC-based is performed and its validity is tested through

experimental position sensor fault injection.

- Chapter 4 is dedicated to phase current and DC link voltage FDD sensors. In this
chapter, only a fault detection and isolation (FDI) is done. Two diagnosis methods
have been developed for the currents: a differential algebraic approach and a signal
processing one. Because three current sensors are used, the isolation step has a major
importance. After a reminder on the commonly used methods and an experimental
validation of the solutions mentioned above, a comparative study is done with
experimental current sensor fault injection. For the DC link voltage sensor, an
observer using the phase currents and the duty cycles is designed to monitor the sensor

value. Experimental results are also provided to support the proposed approach.
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Chapter I: State of the art

1.1 Electrical Drives in Automotive Systems

An electrical drive can be defined in terms of ability to efficiently convert energy from an

electrical power source to a mechanical load [DeD2011]. It is adaptable to almost any

operating conditions and can be designed to operate in all four quadrants of the torque-speed-

plane.

Transportation sector is a high mechanical energy consumer. The transformation of primary

energy (fossil) produces pollution and according to the International Energy Agency

[lac2013], CO, emissions have increased by 1.4% in 2012.

Nowadays, electric power is coming to be seen as a solution to the pollution caused by cars,

e.g. reducing the CO; emissions [Ber2010]. In new vehicles the number of electrical actuators

is growing steadily. They are used for example (Figure 1.1):

To compress the cooling gas and provide the conditioned air.

actuate the windscreen wipers,

to assist the driver for steering; it gives more assistance as the vehicle slows down,
and less at higher speeds and the system has an advantage in fuel efficiency compared

to a hydraulic system because there is no belt-driven hydraulic pump constantly

running.
Windshield
Al Starter Motor Wiper
Air Conditioning
Compressor

Electrically Vanable
Transmission

Electrical Power Brake Steering Column
Steering System by wire Adjustor

Figure 1.1 Electrical Drives in Vehicle [courtesy of Valeo]
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Chapter I: State of the art

However the challenge is to develop electrical powertrain for vehicle propulsion. After the
first attempts at the beginning of the 20" century, the main challenge was the introduction of
cost effective electrical power in the propulsion. In fact, the key points are to:

- Embed enough energy in the vehicle to guarantee enough autonomy,

- Guarantee at least the same level of security and performances as a vehicle propelled

with Internal Combustion Engine (ICE).

The most mature technologies for energy storage devices in electrical propulsion are
electrochemical batteries and fuel cells. Figure 1.2 shows the different solutions sorted

depending on their level of maturity and on their high energy or high power capability.

Power
Supercapacitors
Fly Wheel |
Nickel-Cadmium
Battery LeadAcid
Batt
Air-metal Lithium-ion =
Battery Battery
Sodium-sulfur
Battery
Zinc-Bromine
Battery
Vanadium
Batt
Hydrogen =L
Energy Feles | Level of

maturity

Figure 1.2 Storage devices for electrical propulsion

Many cars using electrical propulsion are already commercially available (Honda Fit EV,
Nissan Leaf, Renault Kangoo, Zoe and Fluence, Toyota Prius, Peugeot iOn, Citroen C-Zero
and Mitsubishi i-Miev). However, the first step in the use of storage device was its
combination with ICE: hybrid vehicle or hybrid electrical vehicle.

Hybrid vehicles are often classified into four categories: Micro hybrid, Mild hybrid, Full
hybrid and plug-in hybrid (Figure 1.3). Micro hybrids are essentially conventional vehicles
with an starter- alternator allowing the engine to be turned off whenever the car is coasting,
braking, or stopped, yet restart quickly and cleanly [Bru2009]. In the Mild hybrids, the starter-
alternator is replaced by a more powerful electrical motor improving the regenerative braking
[Mor2012]. A full hybrid EV can be propelled by the ICE, the electrical motor or both
[Sta2006]. A plug-in hybrid electric vehicle (PHEV) is a full hybrid able to run in electric-
only mode, with larger batteries and the ability to recharge from the electric power grid. Their

main benefit is that they can be gasoline-independent for daily commuting, but also have the
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Chapter I: State of the art

extended range of a hybrid for long trips. Recently, it has been observed many improvements
for conventional vehicles in terms of consumption (injection) or pollution (catalytic
converters). Although these changes have been applied to hybrid vehicles, their electrical part
grows. Obviously, there is a logical trend toward complete electrification of the entire vehicle.
In this evolution, the structure of the powertrain will be simplified by the use of only electric

motors, which will allow a more significant reduction of the pollution [Raj2013].

Electrical Power

mild
HEV

full
HEV

micro

b HEV

eV

Thermal Power

Figure 1.3 Power ratio classification [Chan2007]

In fact, full electrical propulsion has several advantages over its ICE counterpart:
- Environmentally friendly with no CO, and Nox emissions,
- The possibility to store braking energy or feed it back to the power line,
- More flexibility and a higher intrinsic efficiency.

- No need of maintenance

However, there are still some drawbacks and issues:
- Energy efficiency must be improved to increase the embedded energy and power
densities,
- Because the average failure rate of the electrical powertrain is higher than mechanical
components (due to severe operation condition), the design and control of the whole
drive (electrical machines, power converters, sensors, electronics) must be

conservative and efficient enough to ensure the security and the safety.
For propulsion purposes, the electrical machines must operate in a wide speed range with

specific characteristics defined by the car maker as displayed for e.g. in Figure 1.4 for the

Fluence Z.E of Renault.
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Figure 1.4 Torque and power curves for Fluence Z.E.

Moreover, the electrical machine must be also designed under various constraints such as:

- Limited volume and high efficiency,

- Low cost,

- Free maintenance,

- Robustness.

- Noise
Therefore, there is a big competition between the different technologies. The following table
gives some comparative elements.

Table 1.1: Electrical Machines used in automotive industry

Power Density | Cost Control Maintenance | Robustness
DC Machine -- - +++ - -
Induction Machine + ++ + ++ +++
Switched + +++ ++ ++ +++
Reluctance Machine
Permanent Magnet +++ - ++ + +
Synchronous
Machine
Wound Rotor ++ - + - _
Synchronous
Machine

As it can be seen, there is no optimal solution and all the electrical machine are potential

candidates and have been used in electrical vehicle propulsion (Induction Machines for GM
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Chapter I: State of the art

and the Renault Kangoo, Synchronous Machine for the Toyota Prius, DC Machine in the
hybrid Citroen Berlingo, Switched Reluctance Machine for Holden ECOmmodore). The
question is still opened for research activities [Hag2014]. Despite the difficulties related to the
cost of rare earth used in magnets, Permanent Magnet Synchronous Machine (PMSM) is a
valuable candidate for electrical drives in many applications.

For systems with low security and safety requirements, such as flaps and nose wheel steering,
electrical drives can fulfill them. However, if the electrical drive is used in the vehicle
propulsion, safety becomes mandatory with the highest standards as mentioned in ISO26262
[Is02009]. Risk analysis performed for electrical vehicles lead to conservative design rules
and to the necessity of monitoring the electrical drive to detect and diagnose faults at their

earliest stage to avoid any failure.

1.2 Fault Management

The Functional Safety is to know, assess, predict, detect and control failures of technological
systems and human failures to avoid the consequences on the health and safety of people, loss
of productivity, damage to the environment and the preservation of the planet resources.
Historically, the first studies appeared primarily in rail transport for the development of
statistical compilations of mechanical parts. Quantitative studies were based on the
identification of elements supposed to be critical, for which improvements of the technical
design were needed. The development of aviation led to the evaluation of the operational
flight safety of aircraft propelled by several motors. From that moment, objectives in terms of
probability of accidents occurrence per hour of operation were introduced [Zwi2009].

In the 1950s, the advent of electronics in complex equipments made aware of the importance
of their reliability. The 1970 decade saw the dissemination of operational evaluation methods
of reliability in industrial sectors presenting risks to people and the environment. Currently,
there is almost no industrial activity where the functional safety is not taken into account
throughout the life cycle of the product (design, manufacturing, operation and maintenance).
In addition, the implementation of embedded systems in industrial systems has imposed very

stringent security constraints in transportation (automotive, aeronautic, rail industry).

1.2.1 Fault detection and diagnosis principle
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Chapter I: State of the art

Let us first underline the difference between a failure and a fault. A failure is the
inability of an element or a system to perform a function as required while a fault is an
abnormal condition that can cause an element or a system to fail [Iser2006]. For example, a
steering column locked is a failure and an open resistor a fault.

In industrial systems, the monitoring system, which includes hardware (data collection)
and software processes the data (monitors fault conditions and generates alarms) and gives a
graphical representation updated periodically. Its role is to assist the human operator for
emergency management to increase the reliability, availability and functional safety.
Supervision takes place in a hierarchical structure (with at least two levels), and covers the
occurrence of normal and abnormal operation: the faults are modeled based on events or
binary states [Bat2011]. The main activities involved in the supervision of a continuous
system are grouped in the fault tolerant control which is divided into three stages: detection,
isolation and reconfiguration. The detection consists in identifying online changes on variable
behavior. The isolation is then to discriminate which faulty variable has generated the
symptom detected from the alarms enabled in the multi-sources case. Then the
reconfiguration is to provide corrective control action to bring the system to normal operation
(or in a limp mode that is to say, tolerated by the system).

The concept of integrating automated fault detection and diagnosis came at the beginning of
the 1980’s, as a functionality of supervision systems. The specification for a monitoring
system is to determine the relevant equipments to supervise, while minimizing false alarms,
non-detections and delays in the detection. Obviously, constraints in terms of computer
memory and costs must be taken into account. Therefore, there is always a compromise
between the number of faults to monitor and diagnosis performance. Generally, relevant
equipments can be determined off-line by the FMEA (Failure Mode and Effects Analysis)
[SAE1967]. Then after the fault detection, different actions can be taken to ensure the
continuity of the process even if in some cases only a safe stop is possible. However, a little
attention has been paid to the analysis and design with the overall system structure and
interaction between Fault Detection and Diagnosis (FDD) and Reconfigurable Control (RC).
How to analyze systematically the interaction between FDD and RC? How to design the FDD
and RC in an integrated manner for on-line and real-time applications?

These challenging issues still remain opened for further research and the solutions vary,
depending on the severity and the fault type (gradual, abrupt and intermittent).

Historically, a significant amount of research on FDD systems was motivated by aircraft

flight control system designs and nuclear power plants. The goal, therein, was to provide a
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safe mode in the event of severe faults. More recently, the fault-detection and diagnosis
problem has begun to draw more and more attention in a wider range of industrial and
academic communities such as automotive industry, due to increased safety and reliability
demands beyond what a conventional control system can offer [Cap2007]. For high-critical
safety systems (nuclear plants, aerospace industry), the designers multiply the hardware
system so that, for a failure in one system, another system will immediately replace it. This
type of maintenance (material redundancy) is clearly too expensive and adds complexity to
the design. One can also use an analytical redundancy called software redundancy which
models the healthy operation of a certain part of the system. With recent progress in high
performance processors, software redundancy has become a promising alternative. This last
solution is much more attractive because of its flexibility and its capability of evolution.

The diagnosis methods are mainly classified into two categories: model-based (quantitative)

and data-driven-based (qualitative) methods (Figure 1.5).
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Figure 1.5 Diagnosis methods

For a model-based method (observers, state estimators), the detection scheme relies on a prior
knowledge of the system. Signals generated by the models (estimated data) enable detection
as well as the identification of the fault [Chen1999]. The objective is for the observers to
generate residuals by making the difference, eventually filtered, between the actual and the
estimated features (variables or parameters). Then, faults are detected by analyzing these
residuals.

Data-driven-based methods, which can be considered as signal processing methods are based

on the knowledge of signatures ([Yin2014, Ven2003]). The most common methods are
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spectral analysis, spectrogram and temporal analysis. They allow fault detection by analyzing
relevant criteria such as variable probability density. Artificial Neural networks are also of
high interest and they act as a reference tool for processing problems of classification. The
neural network is responsible for the knowledge and the classification of faults using a

training database.

1.2.2 Fault Tolerant Control principle

Depending on how the redundancy is being used, existing efforts in FTC design can be
classified into two main approaches: passive and active (Figure 1.6). In a passive approach,
the conceivable system component’s faults and/or failures are assumed to be known a priori,
and the control system takes into account all these faults and/or failure modes at the design
stage [Yan2000]. Once the control system is designed (if it exists), it will remain frozen
during the entire system operation. Even in the event of component faults and/or failures, the
control system should still be able to maintain the initial performances. In other words, in a
passive FTCS, one has to ensure that the control system works under all possible system
operating scenarios that have been considered at the design stage, including potential
component faults and/or failures. However, the system performance could be unacceptable in
the presence of un-anticipated failures. Because a passive FTCS has to maintain the system
stability with various component failures, from the performance viewpoint, the designed
controller has to be conservative. From typical relationships between the optimality and the

robustness, it is very difficult for a passive FTCS to be optimal.

[ Fault Tolerant Control ]
I

Fault Detection
and Isolation

Internal faults effect
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Figure 1.6 General view of Fault Tolerant Control
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In contrast, an active FTCS reacts to the system component faults and/or failures actively by
properly reconfiguring its control actions so that the stability/performance of the entire system
can still be acceptable.

To achieve a successful control system reconfiguration, this approach relies heavily on a real-
time fault detection/diagnosis scheme for the most up-to-date information about the status of
the system and the operating conditions [Pat1997]. The critical issue facing any active FTCS
is the shortness of the reaction time available to perform fault detection and diagnosis and
control system reconfiguration. The speed, the accuracy, and the robustness of these schemes
are the factors to the success of any active FTCS. If designed properly, an active FTCS will
be able to deal with unforeseen faults and will have the potential to achieve optimal

performance for different operating scenarios.

Given the fact that only a limited amount of time and information may be available, it is
potentially likely that nature and the exact location of the faults may not be accurately
pinpointed out for an active FTCS. In case of a rapidly developing fault, it would be highly
desirable if one could have a FTCS that possesses the guaranteed stability property as in a
passive FTCS, but also with the performance optimization attribute as in an active FTCS. This
is the main motivation behind the recent development on hybrid fault-tolerant control systems
by combining both active and passive approaches [Fek2006].

In any cases, there are currently numerous detection methods in the literature but they have
generally been validated on simple experimental test bench or simulation tests. Moreover,
these methods are based for a large part on advanced control theory which is unfamiliar in the
industry, excepted Proportional-Integral-Derivative (PID) control technologies that are
completely adopted since their introduction. Currently, monitoring systems and tools for
decision support are managed primarily by the expertise of the human operator, which still
remains at the center of the supervision system. But beside the safety and security related
constraints, cost of materials and energy has become a serious issue. Therefore the two-step
classical approaches that consists in designing the process and then build the controller
(including diagnosis and reconfiguration) has to be thought differently.

In automotive systems, there is an increasing trend towards online real-time diagnostic
algorithms embedded in the Electronic Control Units (ECU). With the advance in remote
support, the maintenance technician can use new tools with optimized and adaptive state-
dependent test procedures. At this stage, if the root cause is still not identified, the history of

sensor data and symptoms are processed for further refined diagnosis.
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The automotive industry has adopted quantitative simulation as a vital tool for a variety of
functions including algorithm design for ECU, rapid prototyping, Hardware in the loop (HIL)
simulation system development and production code generation [Luo2007]. However, there is
a lack of investigation on the implementation of mathematical and graph-based diagnosis
model. The best choice for fault diagnosis is an integrated diagnostic process that combines
data driven techniques, graph based dependency, models and mathematical/physical models,

thereby taking advantages of each method.

1.3 Application to an electrical system

The general principles of Fault management recalled in the last section are now applied to an
electrical drive. For functional safety aspects, [ISO26262 is the new international standard for
automotive industry. For control algorithms like Simulink models, Model-Based Design
(MBD) is necessary to perform specific analyses and consistency checks. Table 2 gives the
requirements and methods needed to fulfill the safety standard when using MBD.

Table 1.2: 1SO26262 Safety requirements related to Model Based Design [1s02011]

ASIL*?
Requirement Method
A B (> D
Methods for Fault injection test + + + | ++
software unit
testing Back-to-back

comparison test
between model and
code, if applicable

Structural coverage | Statement coverage + | +H | + +
metrics at the
software it level Branch coverage + +H | =+ | +H
T caasie
tln case of MBD, I "MC/DC (Modified
structural coverage Conditi “igi
ondition/Decision

can be performed at Coverage) * * * A
the model level}
Methods for Fault injection test + + + | ++
sofiware integration
testing Back—lq—huck

comparison test " o e | g

between model and

code, if applicable

* ASIL stands for Automotive Safety Integrity Level (ASIL)-oriented
and safety-oriented analyses
® For each method, the degree of recommendation to use the corresponding method
depends on the ASIL and is categorized as follows:
- “++4” indicates that the method is highly recommended for the identified ASIL;
- “+” indicates that the method is recommended for the identified ASIL;
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The fault injection test includes injection of arbitrary fault (inserting bias, introducing code
mutations...) while the back-to-back tests are used to ensure the matching between the
behavior of the model with respect to the test objectives and the automatically-generated
codes.

An example of implementation of a FTC for an electrical drive is given in Figure 1.7. The
data used for the diagnosis is a combination of the inverter outputs and the sensors. Healthy
characteristics of the variables to diagnose are sometimes added. The choice of using healthy

characteristics and their availability depends on the fault type.
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(graduals, abrupt, intermittent)

— | ~.

Inverter > Machine > Sensors T
1 B 1
; Residual Tests (thresholds, |
7| generatorswith —— isti |
‘ Healthy Characteristics ‘H genen statistics, ...) :
! estimators :
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Figure 1.7 Fault Tolerant Control System

1.3.1 Fault types in electrical drive

For a variable speed drive, the main faults that may arise are summarized in Figure 1.8 where

the actuator stands for the inverter and the energy supply.
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Figure 1.8 Origins of failures in an electrical drive [Del2008]
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1) Actuator fault

Most of the failures in the energy conversion chain are due to the control circuit and
the power converter. In chapter 9 of [Tri2013], one can find the failure rate for the power

converter and the components (Tables 3, 4).

Table 1.3: Failure rate of components in the energy conversion chain

Converter failure 38 %
Control circuit failure 53 %
Failure of external and auxiliary components 9 %

Table 1.4: Failure rate of converter components

Continuous bus capacitor 60 %
Power transistors 31 %
Diodes 3%
Inductive elements 6 %

Most commonly, the power inverter failure is caused by the loss of conduction of one leg
apart from natural aging of the components. The main failures are an open gate or base drive,
short-circuit in power semi-conductor and power converter switches. The origins of the
inverter faults are multiple and are generally caused by hard operating conditions.

If the automated process is running under harsh conditions or simply because of mechanical
wearing and aging effects, faults may lead to the interruption of energy transfer.

A power electronic device short-circuit failure produces a similar condition to a winding
terminal short circuit. In this case, the faulted device can experience large thermal stresses,
which may lead to disintegration of the packaging and propagation of the fault into
surrounding power devices. For the reconfiguration, even if oversizing the power components
is a good solution, the cost of adding some hardware redundancy to the power actuators must
be evaluated. In some cases, expensive solutions for overvoltage protection can be required
and this must be compared with a solution using complete hardware redundancy.

There are also external failures such as a power supply or a control interface that can damage
the system. Diagnosing the components, and therefore the converter will depend on the
availability of measurements, and the ability to interpret them in order to analyze their
behavior. The main difficulty lies in the limited number of sensors used, due to cost
constraints and packaging problems. Thus, current sensors are mainly find and, more rarely

voltage and temperature sensors, which information is useful in controlling the actuator chain.
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2) Sensor faults

The most usual faults in sensor are DC bias in sensor measurement, high or low
saturation of the measurement, gain error or a complete sensor outage. In an electrical drive, a
position/speed sensor, two/three phase current sensors and DC link voltage sensor are
generally used.
When the position sensor is lost, the standard control which takes place in the rotating frame
fails [Akr2010]. The torque production is affected by the misalignment between measured
and actual rotor positions. As for the measurement errors, they are due to the quantization or
to an accumulation of a periodical error. Phase current sensor fault induce torque ripples and a
loss of the drive control for severe cases. The severity of the distortion from normal waveform
depends mainly on the fault origin. The measurements coming from the DC energy source
(DC voltage and incidentally the DC current) are needed to control the inverter PWM. Their
failure causes a variation of the requested voltage for the machine to follow torque/speed

reference.

3) Electrical machine faults

The most usual machine faults are listed as follows:
- Air-gap eccentricity;
- Bearing damages;
- Broken rotor bars and end-ring faults;

- Stator faults;

There are two types of air-gap eccentricity: static eccentricity and dynamic eccentricity. For a
dynamic eccentricity fault, the rotor center is different from the center of the rotation. We
have a static eccentricity fault when the rotor moves about its own centerline which doesn’t
coincide with that of the stator bore. Harsh air-gap eccentricity may lead to unbalanced
magnetic pull with eventually a stator to rotor friction. The motor magnetic field is then
asymmetric. Bearing faults are characterized by a rotor asymmetry [Zho2007], which is
usually covered under the category of eccentricity-related faults quoted above.

Often caused by the high thermal stresses during starting, broken rotor bars and end-ring
faults can lead to shaft vibration, and thus induce bearing failures and air-gap eccentricity. Its

diagnosis is essential for the rotor protection [Zha2009].
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Stator short-circuit faults are very troublesome for permanent-magnet (PM) machines because
of a high magnetic field intensity. Consequently, demagnetization could occur and damages

the machine.

1.3.2 Fault diagnosis and fault tolerant control for electrical

drive

1) Fault Diagnosis
The most used solutions for the detection and the isolation of failures in electrical
drives are the data-based and the observer-based methods. A non-exhaustive list of the main

faults in an energy conversion chain is given in Table 5.

Table 1.5: Faults and Detection Method in the energy conversion chain

Faults Location Detection Method
Unbalanced voltage or Power Supply Artificial Intelligence
oscillations
Power semiconductor Inverter Data analysis,
Artificial Intelligence
Switches (open or closed) Inverter Artificial Intelligence,

Time-Frequency
analysis

Drivers Inverter (electronic | Artificial Intelligence
interface) or data analysis

Mechanical sensor Sensor and/or Observers

DC bias, outage or gain electronic interface

Phase currents sensor DC bias, Sensor and/or Observers,

outage or gain

electronic interface

Test voltage at stop

DC-link voltage sensor, DC bias,
outage or gain

Sensor and/or
electronic interface

Power balance
equation, Observers

Eccentricity (dynamic and/or Electrical Machine | Signal processing

static)

Broken bar rotors Electrical Machine | Signal processing
Observers

Stator interturn short circuit Electrical Machine | Artificial Intelligence,
Signal processing

(Motor current
signature analysis,
Time-frequency
analysis)
Observers

End-ring faults

Electrical Machine

Signal processing
(Statistical Process
Control, Time-
frequency analysis)
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For converter faults, [Zhou2010] shows a post-fault control strategy for a hexagram inverter.
The hexagram inverter motor drive system can realize real two-phase motor operation without
modifying the power circuit topology, which is a distinct advantage over conventional three-
phase inverter motor drives or other multilevel motor drive systems. When an outer leg fails,
since the three output currents in the hexagram motor drive system are independent, it is
possible to precisely control the remaining two-phase currents.

For sensor faults, observer-based approach has shown his effectiveness [Akr2011] even if it
requires robust observers. Observers are used with a reference model to generate residuals,
which may lead to fault detection. However, the observer-based approach to the detection
problem has a number of drawbacks. First, it requires the observability of the signal to
diagnose (not always guaranteed) and an observer for the entire states variable because the
correction part needs full states estimation. Second, while it is clear that in the absence of
disturbances and faults, such a residual is typically zero, it is a fact that its dynamics is

controlled in part by the fault and can lead to undetected faulty events.

Several observers have been designed to track the rotor position, the speed, phase currents and
the dc-link voltage. However, the operation of the observers in the whole speed range is still
an open problem. Also, functional safety rules require uncorrelated sources for data

reconstruction, which limits the reconfiguration options.

Signal processing method performs time, frequency or time-frequency analysis to extract
relevant features [Xue2013, Yin 2014]. Examples based on the behavior of the current-vector
trajectory and the instantaneous frequency tracking in faulty mode can be found in [Dia2004,
Delp2008].Neural network architecture with a selection of training parameters and training
data can also be used. The input space is defined as a feature space with the features extracted
from torque, voltage and current signals in the electric drive system. For a given input feature
vector, the neural network system generates the output vector and the diagnostic decision can
be derived from this output vector using rules based on unknown faulty condition, normal

operating condition, and known faulty condition.

2) Fault Tolerant Control or Design

For certain faults, the two-step classical approach, that consists in designing the
process and then build the controller (including diagnosis and reconfiguration) has to be
thought differently. So, in some cases, the question is how to design the component (electrical

machine or inverter) so as to facilitate the diagnosis and improve the reconfiguration and
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availability capability. In aerospace applications, machines that have been designed with fault
tolerance in mind are found in [Atk2005, Ram2011 and Ben2011]. The case of automotive
(electric cars) industry is also mentioned by [Bia2003, Wel2004].

For the design of the actuators, increase the number of stator phases to achieve high reliability
for the power stage has shown his effectiveness and in addition, a functional post-fault

structure may lead to generate the references for the switching patterns [Bau2012].

Modern technological systems rely heavily on sophisticated control systems to meet safety
requirements. This is particularly the case of safety critical applications such as automobile
industry where a minor and often fault could potentially lead to unwanted events. To prevent
fault induced losses and to minimize the potential risks, new control techniques and design
approaches need to be developed to cope with system component malfunctions while

maintaining a good limp mode.

In automotive industry, it is highly appreciated that the faulty drive could remain
operating, of course apart the cases of unrecoverable damages to the motor or to the power
supply. The most common way is to do complete hardware redundancy but it has an
additional cost that cannot be ignored and the objective of FTCS is to reduce this cost while
having a safe system. Generally, for sensors, a fault tolerant design is not needed but for a
specific method (High-Frequency signal injection for position estimation), the design has its
importance. In this case, the rotor position is estimated by exploiting the magnetic saliency.
The degree of saliency, and therefore the resulting inductance variation, is highly dependent
upon machine design, and comparisons between different PM machines have shown that,
under specific operating conditions, certain rotor topologies and saliency profiles are more
suitable to sensorless control than others. So, the rotor topology influences the selection of an
appropriate injection-based sensorless control strategy, particularly for use under high-load
conditions and rotor geometry has significant influence on the accuracy of the estimation
method. Therefore, consideration may be given to the saliency profile at the design stage of
the PM machine. In [Wro2011], a high-frequency injection sensorless position estimation
algorithm has been directly incorporated into the Finite Element design procedure for an IPM
machine, resulting in a machine that exhibits the required electrical characteristics while being
tailored for sensorless control.

For the power converter failures, many strategies have been proposed to reconfigure the
control of the machine. The best way here is to perform hardware redundancy due to the

difficulty to have an effective component model. Moreover, these strategies need mostly, for
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the reconfiguration, to have access to the neutral point of the machine (an access to the neutral
point should have been planned or the phases of the machine decoupled) to continue to
operate safely in a degraded mode. As an example, for a good fault tolerant control of a
permanent magnet machine drive, the machine should be driven from separate single phase

bridges, and must be capable of withstanding a short-circuit terminal fault.

For sensor fault, FTC doesn’t need, in general to reconfigure the control but only ensuring a
quick switch from the faulty sensor to a software sensor, which is a state reconstruction.
However, the switch strategy must be performed so as to ensure a smooth transition and avoid

a harsh transient.

According to this state of the art, for fault detection and diagnosis these following issues still

need to be addressed:
- Initialization and low speed operation of rotor position observer,
- Fault Detection and identification of DC-link voltage and phase current sensors,

- Information on the detection time of FDD methods and their consistency with

functional safety rate of coverage,
- Estimation of DC-link voltage.
And for fault tolerant issues:
- Power device reconfiguration,
- Controller reconfiguration

As a conclusion, it’s actually important to take Fault Tolerant Design considerations in
advance because they determine the capability to do the reconfiguration. Furthermore, FTC
methods must be assessed regarding the new international standard for automotive system.
The scope of our study will be limited to the detection and the isolation of the sensors faults
(position, phase currents and DC link voltage) and to perform a post-fault reconfiguration. In

the next chapter, the experimental platform will be described.
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SOFRACI Platform modelling and description

2.1 SOFRACI Structure: A System Designed for Fault
Tolerance

2.1.1 Combined architecture for traction and battery charging

The objective of the SOFRACI (high efficiency Inverter with integrated charge function)
project was to develop an innovative architecture for achieving the functions of traction,
regeneration and charging [Si12009]. To do so, a unique powertrain is used for the charging
and the traction of the vehicle, allowing to:

- Reduce the global number of components

- Integrate charging function without additional electronic component

- Provide a limp mode to the user in case of critical faults

Because the traction and charging modes cannot be simultaneous, the inductances of the
machine and the power converter can be used to perform the battery charging. The level of
current is enforced by the traction design, which requires high power to drive the vehicle; then
it is also possible to sustain high power in charging mode. The power converter used for
traction has already been used for battery charging [Shi1994]. However, high current relays
were required to pass through one mode to the other. In addition, these electromechanical
components increase the design complexity.

Figure 2.1 shows the proposed topology. In charging mode, the three-phase grid is connected
to the midpoints a’’, b’” and ¢’ of each machine’s coils and no relay is necessary. It could be
possible to connect the grid to the extremities a, b, ¢ or a’, b’, ¢’ but the charging three-phase
currents would generate an undesirable rotating magnetic field [Bru2010]. By connecting the
grid to the midpoints of each phase, the current will be split in two equal and opposite
components and therefore nullify the Magneto-Motive Force at the stator level. This
cancellation ensures a magnetic decoupling between the rotor and the stator. Another
consequence is that the same amount of current flows in each leg of the same bridge and is in
phase with the SOHz or 60Hz input voltage [LLac2013]. The ac current is therefore rectified to
source the DC link (Figure 2.1b). Then each power switch can be sized with the half

maximum current.
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Figure 2.1 SOFRACI Structure [Lac2013]

In traction mode, the midpoints are isolated and all the DC voltage can be applied to the
machine terminals and the phase current can be minimized therefore reducing the switch
losses.

However, one disadvantage of the SOFRACI structure is the existence of a zero-sequence
current. Indeed, given that the machine is not wye-connected, the 3™ harmonic current is non-
zero and the zero-sequence current must be under control. Additional Joule losses and torque
ripple can be the consequences of this undesirable current. The minimization of this zero-
sequence current can be done in the control loop using the homopolar inductance or by
choosing the most suitable PWM [San2013]. This can be considered as a compromise
between third harmonic reduction and torque performance.

Despite this inconvenience, this innovative architecture is still attractive and has numerous
advantages for a combined structure for traction and battery charging. Nevertheless, the
sharing of the machine and the power electronics for both modes increases their utilization
and then will have an impact on their life cycles and increase the failure rates.

Therefore this structure will be used as a test bench to evaluate fault tolerant algorithms
developed in the scope of this PhD thesis. This work is done in the continuity of SOFRACI
(high efficiency Inverter with integrated charge function) project, which has mainly focused
on the design of controllers in both charging [LLac2013] and traction modes [San2013].
However the Fault Detection and Diagnosis methods and Fault Tolerant Control algorithms

developed are intended to be applicable to any inverter-fed AC current machines.
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2.1.2 Diagnosis capabilities

For critical applications, the requested reliability level can be reached with two
electrical machines in parallel (the second one is used in the limp mode) or by using poly-
phase machines [Gre2003]. Three-phase machine with decoupled phases is a poly-phase
machine because it has a high number of degrees of freedom compared to the conventional
three-phase machines. In addition to the possibility of avoiding the propagation of faults
between phases, the ability to control the three currents independently by 3 H-bridges is the
starting point of all the reconfiguration solutions. Indeed, a short circuit at the semi-conductor
level shall not be spread to the machine windings [Bau2012]. Another type of poly-phase
machine is the dual three-phase Permanent Magnet Synchronous Machine (PMSM), which is
designed with two sets of three phase stators windings spatially shifted. It allows the
extension of the power speed range [Had2006]. Their main advantages are power

segmentation, reliability, and minimized torque pulsations.

For diagnosis concerns, the SOFRACI topology provides many advantages. Indeed, the
machine phases being physically, magnetically and electrically isolated; it is designed to
ensure a continuity of operation after severe faults (for e.g. loss of one inverter leg)
[Kol2013].

For three-phase inverters, when an inverter leg fails, reconfiguration schemes use the
remaining phases by connecting the DC bus mid-point to the machine neutral. However in
this case, having access to the neutral point of the machine is primordial for the
reconfiguration even if this practice is very uncommon. Also, the use of an inverter with 4
legs can be considered as a fault tolerant control both in the constant torque region and
beyond the base speed, provided to use bidirectional switches to bypass the faulty
semiconductor after a failure [Bol2001].

For sensors’ faults (position, phase currents and DC link voltage), the same FTC abilities are
maintained compared to the conventional three-phase structure. Indeed, the ability to diagnose
a faulty sensor is independent of the topology of the machine. It is more related to the design
of the system and the remaining available information (availability of other sensors) at fault

occurrence.
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2.2 Bench Description

2.2.1 PMSM and Sensors

The energy conversion chain is composed of: an electrical machine (PMSM), a power supply,
a power converter and sensors for the measurements required by the control loop.
Synchronous motors with rare earth permanent magnets have higher power density than
comparable DC motors because there is no limiting effect due to the mechanical commutator
[Ref2006]. The SOFRACI electrical machine is a poly-phase Permanent Magnet Synchronous
Machine (PMSM) designed by Leroy SOMER. The machine is a radial flux type and has been
chosen for its robustness and reliability properties. It can develop high torque density and has
the ability to reach high speeds [San2013]. This makes it practical to magnetise the pole
pieces separately rather than magnetising the complete assembly and requires also much less
space.

The windings are distributed around the stator teeth with concentrated coils (Figure 2.2). This
allows to limit short-circuit phases and to reduce conductors Joule losses [Kha2011]. The
PMSM has 12 stator slots and 4 pairs of poles on the rotor with a rated nominal power of
15kW and a maximal speed of 13000 rpm. The eight magnets with a length of 40 mm are
in Neodymium Iron Boron (NdFeB).

Concentrated coils

Figure 2.2 PMSM Stator and Rotor [Ses2011]

Implementation of the regulators requires measurements of the rotor position, the phase
currents and the DC link voltage. An incremental encoder BEI KHO5S14 with block
commutation (bandwidth of 300 kHz, resolution up to 5000 points) gives the mechanical

position of the rotor. It provides three signals: A and B shifted by 90° and each step of A (and
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then also B) indicates that the encoder has performed one step; the third signal is a top zero
which is used to readjust the electronic counter in synchronism with the zero position of the
encoder. The zero position indexing is obtained by rotation of the sensor, following an angle
of £10°. The block commutation signals are transmitted as TTL square-wave signals. Then

an incremental encoder interface DS3001board provides the position in radians.

The current measurements are performed by 3 Hall Effect LEM transducers (LEM LA 55-P).
They can measure DC and AC currents up to 50 A (bandwidth of 200 kHz, accuracy of
+0.65%). The DC bus voltage is measured by a Varistor V661BA60.

2.2.2 Inverter and Power supply

The ARCEL power converter consists of six IGBT legs (Figure 2.3). The decoupling
of the DC bus is performed by a series of polypropylene capacitors with a total value of 2.3
mF.
The IGBTs from Fuji Electric Device Technology (1200 V, 450 A) are placed on an air-
cooled radiator using a centrifugal turbine (Figure 2.4). The minimal dead-time between the

opening and closing of the switches is 1.5 ps.

|IGBT and Current DC Link
drivers Sensor Voltage

Figure 2.3 Power Converter
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Figure 2.4 Power converters with air-cooling system

For the converter control, the 2SD316EI dual-channel driver based on CONCEPT’s
proprietary SCALE chipset is used. It allows managing the half bridge mode or a free control
of the two switches of the leg. Each channel of the SCALE driver is equipped with a
monitoring circuit for over-current and short-circuits issues. When the four windings are
coupled in parallel for each phase, the maximum DC voltage is limited to 450V while the

maximal RMS current per phase is 30A.

2.2.3 Real-Time implementation of the controller

The control of electrical drives is executed by microelectronic components, which are
manufactured from semiconductor materials. The important progress in semiconductor
technology combined with high speed signal processing at reasonable cost has been the
essential force behind the development of high performance electrical drives controller
[Men2011]. Over the last decades, the micro-processors have also become both increasingly
powerful and affordable.

Embedded systems require flexible and high-performance architectures to support the
increasing amount of programmability. Digital implementation has allowed limiting the high
sensibility of systems with respect to thermal and electromagnetic constraints in contrast to
analogical implementation [Gat2010]. To this purpose, hardware and/or software design are
used to implement the controller that fits to a given algorithm. The DSP (Digital Signal

Processor) and the micro-controller are well suited for most of the software designers because
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they are easier to reconfigure and are cost effective. Hardware implementation is defined by
the use of Field-Programmable Gate Array (FPGA) or Application-Specific Integrated Circuit
(ASIC). They are very useful for their ability to process signals beyond high frequencies
(beyond GHz) and below low frequencies (a few Hz), with a short execution time.

Recent advances in the synthesis have prompted mixed implementation referred to as
hardware/software co-design [Bah2013]. It consists to allocating to each target a functionality
of the algorithm. The Hardware/Software is partitioned with respect to the control
requirements (bandwidth and stability margin) and the architectural constraints (e.g., available
area, memory, and hardware multipliers). For e.g., in electrical machine control, the tasks
requesting a critical computational time (generation of PWM signals) are run on hardware
targets while the regulation of the currents and the speed are executed by the processor.

A mixed implementation will be used for the experimental tests on SOFRACI bench, with a
DS1006 Processor board and a DS5203 FPGA board. The illustration of the mixed

implementation applied to the electrical drive is shown in Figure 2.5.

Position
sensor

Currents
SENsors

Control Unit

A

Inverter

b
' DC Voltage
sensor

Reference

Figure 2.5 Drive layout for the real time implementation

The processor board provides the computing power for the real-time system and also operates
as an interface to the I/O boards and the host PC. It is combined with a DS2004 board
allowing the acquisition and conversion of input data (sensors and speed reference). The
FPGA DS5203 board is a freely programmable FPGA equipped with a Xilinx System
generator for Simulink and offers 6 Analog-to-Digital Converters (ADC), 6 DACs and 16
digital I/O channels. The DS1006 is directly connectable to all dSPACE I/O boards via PHS
bus and the DS5203 FPGA is connected to the processor board also via PHS bus.

45



Chapter II: SOFRACI Platform modelling and description

2.3 PMSM Modelling

For PMSM modelling, some assumptions are usually adopted. The stator of the PMSM is
assumed to be a hollow iron cylinder with circular cross section. The permeability of the
laminated stator and rotor iron is assumed to be infinite; the saturation, iron losses, end-
windings and slot-effects are ignored [Leo2001]. The electrical model of the poly-phased
machine with 3 independent phases is given in Annex 2. In the following, a simplified model

will be used.

2.3.1 Electrical Equations

The stator windings can again be considered as being fed by current sources following the
commands from a set of reference values. In steady state condition, the phase currents are
approximately sinusoidal and due to the induced back voltage, the lag is increasing at higher
speed. The stator voltages in the (a,b,c) three-phase frame are expressed as follows

[Chi2005]:

i |
v, i i cos(8)
d d 27
=R|i |+|L_|—|i |[+— cos(@ —— 2.1
Vh s l'h [ xs]dt l'h dt ¢m ( 3 ) ( )
vC lC lC 27[
cos(@+—
L ( 3 )J

Where [v,,v,,v,.]" stands for the stator voltages, [i,,i,,i.]" the stator phase currents, R, the

stator winding resistance, ¢

m

the flux produced by the magnets and [Lg] the stator inductance

matrix and is function of the electrical position € for salient machines. For non salient

machines, [Lg] can be expressed as follows:

LO MO MO
L =M, L, M,| where Ly and M, are respectively the proper inductance and the
MO MO LO

mutual inductance.

For an easier control, the electrical quantities are expressed in a rotating frame using a
mathematical transformation called Park’s transformation. This last is a combination of the
well-known Concordia transformation and a rotation. The Concordia transformation is a
projection of three phase quantities onto two fixed axes (a,f). Then, it is followed by a

rotation which transforms the AC components of the (a,f) frame to DC components (in steady
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state) in a direct and a quadrature axis (Figure 2.6) called (d,q) frame. The main advantages of
these transformations are: the system order reduction, control of DC quantities (in steady
state) instead of sinusoidal quantities, and an easy way to compensate the coupling effects
between the two axes.

The application of the Concordia transformation to the equation (2.1) gives:

v i
“1=R| AL (2.2a)
Vip i | dt| 9
. d . S
thRslh+LhElh+a)eh s, ===, +i, +1.) (2.2b)

NE)

Vsar Vsps Iy, and isﬁ are the phase voltages and currents in the (a,f) reference frame. Ly, is the
zero-sequence inductance and e, the zero sequence emf composed of a third harmonic
component. ® is the angular velocity measured in electrical radians per second. The rotation

matrix P(80)is expressed as follows:

1 0 0
P@)=|0 cos(@) sin(f)
0 —sin(@) cos(@)

Figure 2.6 (0,f) and (d,q) reference frames

Applying the rotation to the equation (2.2), the vectors can be expressed in the rotating frame:

Ve | | d 9, ?,
MEREHEH &

Where v, and v, are the voltages and i, and i, the currents in the (d,q) frame.

In a synchronous machine with sinusoidal repartition, ¢, and ¢, are linear functions of i; and

ig.
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Pu = Lo 0y + ¢ with ¢=\/§¢ and L, L, are respectively direct and quadrature
g, |0 L|i]| |0 2" T

stator inductances.

The equation (2.1) can now be written in the standard (d,q) synchronous rotating reference

frame as follows:

v, R, L, i L, 01gqli 0
= .t —. |t (2.4a)
Yy —oL, R, i 0 Lq dt|1, ow
v,=Ri, +L, diih + we, (2.4b)
t
For control purpose, we will only consider the d,g components. The zero sequence component
represented by (2.4b) will be seen as a disturbance for the control. Extensive studies on the

influence of the zero-sequence component in this electrical drive have been performed in

[San2013].

2.3.2 Mechanical Equation

The following equations describe the dynamic behaviour of a mechanical drive with constant
inertia:

dQ
JEZTM—TI—J‘Q (2.5)

Where J is the moment of inertia, f the viscous friction coefficient. T,, stands for the
electromagnetic torque and 7; the load torque. The electromagnetic torque is produced by
interaction between the magnetic field created by the rotor magnets and the magnetic field
created by the stator coils. 7,, is a nonlinear function of stator currents and system

parameters and €2 the mechanical speed.

2.3.3 Nonlinear state space modelling

Nonlinear state space modelling tends to have a mathematical model that sufficiently
represents the system by a set of trajectories (inputs, outputs and state variables) in some
affine space [Will979]. It allows, then to skirt the representation of the system using

differential equations or transfer functions. In addition, for this study, most of the developed
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diagnosis methods are based on observers that are synthesized from a state space
representation.

Despite the fact that non linear controllers can also be designed [Ort93], in this work linear
controllers will be used for sake of simplicity as the main efforts are dedicated to the Fault
Tolerant Control including the fault detection and diagnosis.

The nonlinear system represented by state variables is expressed as follows:
{)’C = f(x,u),

2.6
¥ = h(x), (20

The externally applied controls (inputs) are represented by u, the data to process by x and the
output by y. f and h are differentiable functions which represent respectively the evolution of
the state variables and the measurability of the system variables [Her1977].

From (2.4) and (2.5), the salient PMSM state space representation (including the mechanical

equation) in the (d,q) reference frame is as follows:

_R L, 0 ol [ cos(@) sin(6) 0 T
i L, L, i L, L,
dli, _ _%w _IZS _L¢ oli, . —sin(@) cos(6) 0 [v ) T] (2.7)
dt| 9 ) q ] q ) Lq Lq sa sp I
P p ((Ld _Lq )lsd +¢) Lf 0 0 0 _B
J J - J
0 0 ) 0 0 0 |
id
cos(@) —sin(@) 0 O I,
y=| . © @ EI (2.7b)
sin(d) cos(d) 0 Ofw i
0

With the state variables x =[x,,X,,x3,x,1" =[i,.i,,@6]", the inputsu = [u,,u,]" =[v,,.,v,]"

and the outputs y =[y,,y,]" = [im,isﬂ]r :

The connection between electrical and mechanical variables is ® = pQ, where p is the number
of pole pairs.

For a non salient PMSM (L, = L, =L), the model becomes:

R o o ol [ cos(@) sin(6) 0 ]
lzl L R izl L L
d i, -0 B ¢ 0, N —sin(@) cos(0) 0 [v ) T] (2.8)
dtl o L L W L L sa sp 1
2
re o 0 o -Z£
0 J J L J
L 0 0 1 0] . 0 0 0 |
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In the following, these state space representations of the PMSM will be used to design the

controllers and the observers used in the FTC.
The control objectives are:

¢ the reference trajectories tracking of the currents iy and ig;

® the regulation of i; and i, to reject the disturbances due to the electrical parameters
uncertainties;

e the stability, defined as the ability of a closed loop system to return to its equilibrium

point after a disturbance in a finite time.

For the observers, they will be designed as redundant artificial sensors with the following

objectives:

e the estimation errors should be as small as possible for all the operating points;
¢ the convergence should be at least asymptotical;

e distinct inputs will be needed to increase the robustness of the whole FTC.

2.4  Electrical Drive Control in traction mode

Generally, for AC current machines, the Field Oriented Control (FOC) is employed
usually based on two nested loops: a position or/and speed controller and a current controller

[Col2012].

Linear regulators (for example a Proportional Integral (P])) are easier to implement and reach
the required performances for many practical applications [Bou2006]. However, real systems
are usually complex with coupled phenomena and non-linearities. Therefore linear models
used to tune the linear regulators cannot cope with the entire model’s complexity.
Compensation techniques are then used to reject disturbances induced by nonlinear effects.
However these techniques are not effective when only a rough description of nonlinear
uncertainties is available (for e.g. the presence of friction).

Then other methods have been implemented in electrical drives, seeking to overcome the
limitations of the conventional controllers. Among them; optimal controls, bang-bang control

(based on linear model) and adaptive control, predictive control, flatness-based control,
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passivity-based control or sliding mode control (based on nonlinear model) are the most
popular.

Optimal control (linear quadratic, linear quadratic Gaussian...) allows improving the response
of the system when quick transients are needed [Moh2008, Car2008]. Besides, its major
drawback is that the entire state must be measured exactly when generating the control.
Predictive control has already been used in electrical drive [Rod2012, Lin2005] using an
explicit model and an identifiable model to define the optimal value of the controlled variable.
In addition, the execution time needed by the model predictive controller matches up with
high sampling rate in drive control [Hyu2003].

In the sliding mode control approach [Utk1993], a discontinuous control signal constrains the
trajectories of the system on the so-called sliding surfaces. It is well-known for its robustness
properties with respect to electrical parameters uncertainties [Tal2009]. However, its
application in industrial process is limited by the chattering phenomena. However sliding
mode of higher order mitigates this drawback and exhibits better performances [Jez2013,
Bel2008].

Flatness-based control [F1i1992] has been successfully applied for the control of electrical
machine [Dan2006, Chel1996]. It defines a control law using the flat outputs to lead the
system toward the reference trajectory. It allows representing the control inputs as unique
function of the flat outputs and is very useful for nonlinear systems.

The passivity-based control [Ort98] achieves an output feedback stabilization of the torque or
the speed by assigning a storage function with a minimum at the desired equilibrium
[Akr2007]. The storage function is generally the difference between the stored and the
supplied energy.

All these methods provide satisfactory solutions but require a higher understanding of control
theory. Moreover their implementation can be tedious and they have a high computational
cost.

Finally in the following linear regulators with compensation terms will be used as they give

satisfactory results which are sufficient to develop the Fault Tolerant Control.

2.4.1 PI Controller Synthesis

The control structure is the well-known FOC. Within the Current Controller in Figure 2.7, two

PI controllers are designed and tuned to ensure a good tracking of the current references iy .
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and i, . in the aforementioned Park frame. The speed controller (also a PI) output is the
torque current reference and the d axis current reference iy ..ris computed from the speed, the
flux reference and the machine parameters. Once the reference voltages v, are computed by

the Current Controller, the PWM block generates the command signals to drive the inverter.

i

d
il qu_ref

Speed Iy ver Vabe
G)?.ef Controller Current Inverse PWM

i. |Controller Park
d —>|
Iy

Park

Figure 2.7: PMSM Speed Controller

A transfer function representation is used to tune the PI controllers. From (1.4) and using the

Laplace transform (with null initial conditions) gives:

v,(s) sL, + R, wL, i,(s) 0
= . + (2.9
v,(s) —ol, sL +R |i(s)| |dw
Because of the coupling terms @L, i, (s) and @L,i, (s)the equation (2.9) is split in the
following way:

{vd(s)} {sLd+RS 0 }{id(s)} { wL,i,(s) }
= ) + ) (2.10)
v, (s) | 0 qu +R, I, (s) ow—wL,i,(s)

H(s) E(s)

E(s) includes all the nonlinear terms and the PI is designed using the transfer function H(s).
As a consequence, if the coupling terms are compensated the flux current component iy and

the torque current component i, can be controlled independently.

k.
The PI corrector is written as follows: C(s) =k ,(1+—) . Where k, is the proportional gain, k;
s

the integral gain. The proportional action improves the system rapidity and then allows
adjusting the quality of the transient response. The integral action ensures a null static error in
steady state. It is well known that the performance of Field Oriented Control critically

depends on the tuning of PI gains, a task complicated by the natural variations of the electrical
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parameters. The stator resistance, stator inductances and flux’s constant vary with the speed,
the saturation level and the temperature and there is no reliable and robust analytical models
which can be used for online updating. For an efficient control, the gains of the PI must be
tuned with respect to the specifications. These last can be declined in time or/and frequency
domains meaning phase and gain margins criteria or, when having a closed loop system
identified to a 2" order system, the specifications can reside in the response time, overshoots,

etc.
2.4.1.1 Synthesis by identification to a 2" order system

Under the assumption that the inverter behaves like a gain with no delay and the feedback has
a unit gain, from (1.10), the transfer function in d-axis (the same for the g-axis by substituting

the d lower script by q) can be written as follows:

(s 1 .
G,(s)= £q (5) = , and so, the closed-loop system ,ld (8) for d-axis is defined by:
v,(s) SsL,+R, Lgrer (5)
sk, +k k;
C(s)*G,(s) s(sL, +R,)
Fop (8)= * B k +k k
1+C(s)*G,(s) 1+ Sk, K,k
s(sL, +R,)
sk +k k; s 1
Fd,bf(s): . o =(1+—) (2.1D)
s(sL, +R)) + sk, +k k, k, 1+s(7‘v+i)+ L, §?
k,k; k. k,k
Now the closed loop transfer function is identified to a 2" order system with:
kk 2 1 R,
@) =, = (1) (2.12)
L, @ k k

Where @, is the natural frequency (in rad/s) and m the damping coefficient. The time

. . L . . .
constant is defined as 7, = R—" .The time ¢, needed for a unit step response to reach its steady

s

3z
state and to stay within 5% of the final value is defined by: ¢, = —<% . For m = 0.707 , the
m
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. m .
abacus of a second order system (Annex 3) gives @t, =3 and then @, =— . A dominant-
Td

R
pole compensation gives 7, = iand from (2.12), k, =———— (2.13)
k Lk

0

The same method is applied for the g-axis PI controller design.

2.4.1.2 Speed controller

The reference of the FOC is provided by the mechanical part. A controller is then needed to

correctly transform the mechanical reference into an electrical reference (Figure 2.8).

I,
Lo /L\
L’L)mf (/@__ﬁ\ C.(s) \\‘__F/;
@
1

The speed controller is written as follows: C, (s)=k =)

v

T (s)

@

Figure 2.8 Speed regulation

From the mechanical equation (1.5), it yields: JsQ(s)=T,,(s)—T,(s)— fQ(s)

Given (Ly=L,- L), T,

em

=K,i, where K, = p¢

= JsQ(s) = K,i,(s) =T,(s) = fQ(s)
2 (Js+ ) = K,i ()= T,(s)
The transfer function of the system and its controller is given by:

K, 1+T,s

Hw,bo (S) =
T.f I

(2.14)

Similarly to the current control loop with an identification of the closed loop system to a 2™

order system andz, = e , 1t yields:
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_ va
w, = |—=
JT,
= (2.15)
1| T
m=— |—(K +
2 Jva( > f)

The abacus of a second order system give a response time e @ =3 for a damping m =

0,7. The open loop response time of the system is around 37, . To setup the controller, we

choose a ratio of 20 between the response times in open loop and closed loop. Then it
comes:

37

m

t =
w20

The gains of the controller are finally:
K, =2mf*20-f

pv

(f*20)°

v

2.4.2 3H bridge Inverter Control

The Pulse Width Modulation (PWM) converters technique processes by interrupting
the power flow with harsh switching. Consequently, switching losses and additional noise can
arise, especially at high frequencies [Hual995]. In our electrical drive, the model uses a scalar
calculation of the duty cycles to be applied to the three H-bridges inverter. A low duty cycle
corresponds to a small voltage level, while a high duty cycle corresponds to a high voltage
level. The inputs of the model are the three phase reference voltages and the DC link voltage.
An intersective modulation is performed to determine the 6 duty cycles using the three-phase
reference voltages without any transformation. The vector sequencing is chosen so as to
minimize the number of switches by switching only one leg to move from one vector to

another.

For each phase, the duty cycle a is given by the ratio between the reference voltage
and the DC link voltage. Then, the PWM signal, which defines the command voltage of the
IGBTs, is obtained by the intersection of a PWM carrier (High frequency triangular carrier

wave) and the duty cycle (Figure 2.9). With a clock of the FPGA board at 100 MHz, the
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triangular signal is generated from a counter from O to 5000. The resulting switching

frequency is equal to 20 kHz.

PWM carrier
(high frequency)

PWM signal

(@)

0

a < carrier a > carrier
Figure 2.9 PWM Principle

The synchronization at the switching frequency of the inputs and outputs is performed by a
latch enabled at the top of triangular carrier. In this way, the duty cycle stay unchanged during
one switching period while tasks in the FPGA are clocked at 100 ns. This judicious sampling
of the acquisitions has the advantage of reducing the noise induced by the switching on
current measurements. Then, an interrupt can be sent from the FPGA to the processor to

synchronize the current measurements and the DC voltage measurement.
2.4.3 Simulation and experimental results

In this section, the simulation and experimental results obtained with the controllers
designed in the previous sections are presented. The tuning of the PI current controllers used
for the simulations is that given by the synthesis with identification to a 2" order system

(1.13). The sampling period 7, of the electrical quantities and the speed control loop is 100us.
2.4.3.1 Simulation Results

The performances of the controllers are first evaluated through simulations performed with
Matlab/Simulink. To validate the controller, a model of the PMSM based on the electrical and
mechanical equations is used with a speed profile as a mechanical reference for the real time

simulation. A 3H bridge inverter is also modelled with its associated PWM control.
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Figure 2.10 Simulation results of the speed controller

The transient error of the speed tracking is lower than 1%. The current PIs are settled with a
unit damping (m=1) and are tested by applying a step impulse in the Q axis current at zero

speed (locked rotor).
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Figure 2.11 Simulation results of current controller

Figure 2.11 represents the tracking of the d,q currents with a step response and a good

operation of the PI is noticed. For an optimal torque control strategy, the d-axis reference
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current ig.s 18 set to zero. The response time expected with respect to the settling was

t, =37, =0.0536s and is also retrieved in simulation (Figure 2.11).

2.4.3.2 Experimental Results

The machine is fed through a Voltage Source Inverter (3H bridge with a switching frequency
of 20 kHz) with a DC supply of 300 V and the algorithms are run on a dSpace board. An
induction machine which parameters are given in the annex is used as a load. The dead time
effects of the voltage inverter are not compensated. The contribution of the zero sequence

current is not taken into account in the control to finger out its impact.
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Figure 2.12a Experimental results of current controllers
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Figure 2.12b zoom in the step response

Similarly to the simulation, the current loops are tested by applying a step impulse in the ¢
axis current at zero speed. Figure 2.12a shows the step response of the current PI controller

for a unit damping (m=1). The measured 5% response time is almost (0.0567 s in Figure
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2.12b) while the expected one is 0.0536 s. This difference of 6% can be attributed to the
modelling imperfections (inverter, parameter mismatch, etc.). Also, compared to the
simulation results, ripples in the d,q currents are noticed. These ripples can be declined in
high frequency ripples (inverter switching) and low frequency ripples. These last can be
explained for a large part by the zero sequence current which was not controlled in these

experimental tests.

Figure 2.13 Speed regulation

When the machine is running, the g-axis current reference will be defined from the tracking
error between the reference speed and the actual speed. So, the speed regulation is also tried
out in Figure 2.13a. The steady state error is null while the overshoot in transient is inferior to
5%. The controller is also tested under speed reversal response (Figure 2.13b). The result
shows a good speed tracking with an acceptable transient error (16%) and a quasi-null steady

state error.
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2.5 Conclusion

In this second chapter, we have firstly presented the SOFRACI project benchmark. It’s an
innovative combined structure for battery charging and EV traction [Des2010]. One of its
main features is the use of the machine windings for inductive filtering when the vehicle
operates in charging mode. This is obtained with a three-phase machine with three distinct
stator coils having an accessible midpoint. The power converter is composed of three
independent H bridge each one feeding one phase.

Secondly, we have presented the control of the electrical drive for the traction mode. The
principles of the PMSM field oriented control have been recalled. Then the synthesis of the
speed and current PI controllers has been presented.
Finally, to validate the controllers, both simulation and experimental results are presented.
They confirm that in healthy state, the EV power train is under control and we have obtained
satisfactory results in terms of performances despite the use of linear regulators.
The main contributions are:

e Description of the architecture in charger and traction mode

¢ Design and implementation of the electrical drive control

In the next chapter, the fault tolerant control to the mechanical position sensor fault will be

addressed.
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3.1 Impact of a position sensor fault on the PMSM control

High-performance PMSM control systems are generally equipped with position/speed
sensor. Actually, the commonly used Field Oriented Control requires the position to be
accurately determined to make effective torque production. In this control, the rotor position
is needed to transform the stator currents two decoupled components. One to control the
torque and the other to control the phases magnetization. The control fails when an error
occurs on the rotor position measure. Another challenge is related to the role of the rotor
position in PMSM parameters identification (magnet flux, resistance and inductances). This
identification is needed because the parameters vary due to the motor heating, and then the
maximum torque and power available according to the speed can decrease with a minor
position error [Hen2011]. Naturally, identification is done because using temperature sensors
on the rotor surface and the stator windings is too expensive for a large-scale production in

automotive industry.

Rotary Position Sensor types are composed of resolvers, incremental encoders and absolute
encoders. First, we recall that the accuracy of a position sensor is defined by its precision,
resolution and repeatability. For both resolvers and encoders, precision depends on the
manufacturing process variability for a given design [Bar2013].

The main advantage of the resolver is its robustness [Lep2003]. However, its implementation
is quite difficult and the processing of the output data to get the position is intricate. In
addition, a resolver-to-digital converter is needed as electronic interface to digitize resolver
signals for the controller and deviation could arise after a rotor motion induced by a voltage
fluctuation. Incremental encoder generates TTL square-wave signals from which the position
is computed. It needs a calibration sequence for the alignment at each start owing the
incremental nature of the information. Its main drawback is its sensitivity to line noise (for
e.g. inverter switching) which can be interpreted as an increment signal and give rise to bias.
In addition, the errors are cumulative and any missed count increases the bias. Also, after a
power loss, the last position is also lost. An absolute encoder is a rotary optical encoder and
relies on optoelectronic components to detect rotary motion. It can be seen as a digital version
of a resolver. In contrast to the incremental encoder, there is no need of alignment and it is

less sensitive to line noise.
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There is a logical trend to use encoder for its easy implementation and its accuracy (provided
to have enough lines per revolution in the codewheel pattern). However, if the environment

requires a high immunity to noise, then the best choice is resolver feedback.

Generally, the tolerable position sensor error is linked to the motor poles. For e.g. with a low
cost Hall-effect sensor, a resolution of 5.0 electrical degrees is accepted for a 4 pole-machine,
7.5 electrical degrees for a 6 pole-machine [Liu2003]. These tolerances can also be specified
in terms of torque ripple. In Electrical Power Steering, manufacturers have specified the
torque ripple requirements between 4% and 5% of the average torque output. The contribution
of the PMSM is within 1% while those due to the electronics is around 1.5%. It remains then
a margin of 1.5% to 2.5% for the position sensor error contribution to meet the overall torque
ripple requirements. This case reflects the difficulty for defining a general threshold tolerance
for a position sensor error. Each application, according to its specifications and its safety
level, requires a rate of error corresponding to the global desired torque ripple and to the
current consumption.

A solution for diagnosing the position/speed sensor is the estimation. As a software solution,
it is an efficient back-up solution to reduce the risk level due to mechanical sensor fault
(complete outage, drift...). In fact, several recent works [Akr2011, Ben2007] deal with robust
control of electrical drives. They are aimed at proposing new control strategies without
position/speed sensor. Obviously, they cannot claim to the same range of accuracy than a
resolver sensor. Nonetheless, the sensorless method shall not bring too much position error

and exceeds the permitted application’s torque ripple and maximal current.

The rest of the chapter is organized as follows. Section 2 is devoted to a study of the
position/speed estimator’s types. Then section 3 establishes the algebraic position and speed
estimator with experimental results. Section 4 presents the fault tolerant control of the
position sensor based on a combination of estimators while a conclusion is performed in

section 5.

3.2 Position /speed Estimators and their various uses

Foremost, a position/speed estimator can be used for two purposes: monitor the sensor or

replace a sensor (sensorless). In the first case, we perform a FTC if the reconfiguration
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involves the estimator, otherwise the estimation helps only to diagnose a sensor fault and
perform a safe stop. Monitoring the position sensor is well suited for high critical applications
in which safety rules require a mechanical sensor for the operation but authorize a software
solution for the diagnosis instead of setting a hardware redundancy. For some less-safety
critical applications, no mechanical sensor is mounted on the PMSM and the position is
obtained with the help of sensorless methods.

Sensorless control of PMSM has been under investigation for decades both in industry and
academic research fields [Hol1996, Bat2005] and is still an open issue. In [Vac2013], the
rotor position observability of a salient PMSM is demonstrated, including the zero speed
region. However, for a non-salient PMSM, the problem is still relevant.

Thereby, the back-EMF based methods are efficient in medium to high-speed range. A
general point of view is that the back-EMF-based sensorless algorithm suffers from the small
amplitude of back-EMF signals at low speed [Wan2011]. Nonetheless, good results have been
obtained in [Sar2012]. The Extended Kalman Filter (EKF) is another candidate. It has strong
robustness properties but its design is quite difficult [Bou2005]. In addition, the algorithm
initialization is nondeterministic due to unknown initial values of the covariance. Also, the
EKF ensures only a local convergence, which can be troublesome for the starting. More
precisely, if the EKF doesn’t start very close to the initial value, the estimation will not
converge. In last, High Frequency signal Injection (HFI) uses signal processing to give
accurate position information at very low and zero speed but it is only applicable to machines
with magnetic saliency. It has a limited speed range and its implementation is tedious and
requires high computation accuracy ([Zhu2011, Bol2011]).

Our concern being the positioning of the new estimator based on an algebraic approach with
respect to the current methods, especially its advantages and drawbacks, the full details of the
observers mentioned thereafter in this chapter won’t be provided. For the EKF and the back-
EMF methods, we limit ourselves to a brief recall of the observer’s principle and an
implementation of the existing algorithms widely used in the literature (with experimental
validation for comparison features). The HFI method is presented here as an alternative to the
observer-based approach but with no test results. As it is becomes popular in PMSM drives,
its principle is recalled and a brief presentation of the basics are given. Relevant references

are given to the reader.
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3.2.1 Extended Kalman Filter

The method uses the theory of Kalman filter for nonlinear state estimation so called
Extended Kalman Filter (EKF). Notice that EKF is not a purely nonlinear observer because
the observation gain is computed on a linearized subspace. Estimation of the speed and the
position is done using the reference voltages and phase current measurements, which are
uncorrelated from the mechanical sensor. Notice that using uncorrelated sources is a key point
of fault detection and reconfiguration.

Using equations (2.7) with x =[i,,i,,@,0],u =[v,,v 5]y =[i,,i,]yields to:

i x(t) = Ax(t) + Bu(t)
dt

(3.1)
y(@) = Cx(t)
Where
| RL ] [ees® sin@®)]
Ld Ld .Ld Lq
az|-bogy R0 | p_| SO cos@)| | feos@) —sin@®) 0 0
L, L, L, L, L, sin(@) cos(@ 0 O
0 0 0 0 0 0
.0 0 1 0 0 0 |

The main assumption is that the mechanical part is neglected in (3.1) that is the variation of
. . d
the speed (third state of the system) is assumed to be very low (d—a) =0).
t

For the digital implementation of an estimator, a discrete-time state-space model is required.
Assume that the input vector u is nearly constant during a sampling period T, a first-order

series expansion of the matrix exponential is used to discretize the model: e*™ = A, = I + AT,
A" -I)B=B,T,.
The previous continuous model leads to the following discrete-time state-space model:

x(k+1) = A,x(k) + B,u(k)

y(k) = Cx(k) G-
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Lo i i
-7 7 0 0 cos(0) T sin(@) T
L, L, L, L,
L R i
Where o\ -Lp B g o p | SO @)
Lq q Lq Lq Ld
0 0 1 0 0 0
0 0 T, 1] i 0 0 ]

A, is the evaluation matrix and B, the control matrix. The application of the EKF to the

synchronous machine model is described as follows with the prediction and correction steps.

Prediction:

Xklk=1)=A,(k—Dx(k—1/k—=1)+B,(k—Du(k—1)

S(k/k—1) = Atk—DE(k =1/ k- Ak =1 +0(k—1) )
Correction

Kk =2k -1C,” ®C, kzk-1C,” () +RK))

S(k/k) =Xk [k —1)— K (k) CG)Z(k [k —1) 3.4)

Xklk)=xk/k=1)+K&)|yk)-C,(k)x(k/k-1)]

The estimation is done in a way that minimizes the mean of the quadratic error £ between the
measured phase currents and the estimated ones by taking into account the measurement noise
and modelling errors. The covariance matrices Q and R characterize the noises that take into
account the model approximations and the measurement errors. Some authors use a physical
approach to obtain a more realistic tuning that allows one to roughly evaluate the state and
parameter uncertainties [Lar2008]. However, a fine evaluation of the matrices is very
difficult, and generally, a simplified analysis is used. Without additional information, the
noises are considered as uncorrelated, time independent and free-tuning parameters. X

represents the variance of the observation error and K is the observer gain.
3.2.2 Back-EMF based Observer

For purpose of observer synthesis, the salient PMSM is modeled with a state

representation in the standard (a,f) reference frame as follows:
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d isa 1 - Rs - w(Ld - Lq )_ _isa 1 |- 1 0 € 1 Via
= == O+ +— (3.52)
dt lsﬁ Ld a)(Ld - Lq ) - Rs i _lsﬁ Ld 0 - 1 esﬁ Ld vsﬁ
“o (L, -1y @i, — iy g SO (3.5b)
= - P— )
€ @ g | cosd

The equation (2b) gives the relation between the EMF and the position and its details can be
founded in [Chen2003]. The following diagram (Figure 3.1) shows the relative positions of
flux and back-EMF vectors in the a- frame where E is the Back-EMF vector.

D d

v

Figure 3.1 Flux and back-EMF vectors

In order to estimate the position, the currents are first estimated. Then, back-emf components
are deduced from current estimation. Finally, the relation between (a,f/) components of the
back-emf gives the position. A Luenberger observer is used to estimate the currents is the
(a,p) frame from the measured currents (i, I;3) and the reference voltages (vy,, vyp). For this
observer, the gain is chosen so as to bring asymptotically the trajectories of the state

estimation errors to zero.

Now, this theory is applied and considering a non-salient PMSM (L; = L,= L) using (2.3a)

gives:

i,| 1[-R, O i,| 1|v,—-é,-Ki,
i :0{ :_|: s :| ;0{ +— s A‘v 1:; (36)
dtlig| LI 0 =R Jliz| Livg—ez—K,ig

Where i, =i, —1i, , iz =1i,;—izand K;, K> are the observer gain.

70



Chapter III: Position/Speed Sensor Fault Tolerant Control

The convergence of the current observer described by (3.6) is then studied. More precisely,

the stability of the observer is investigated.

Combining (3.5a) and (3.6) gives:

i ‘l:ia _ l|:_ R, 0 j| ‘l:ia 4 l - Kll:ia - %:sa (3.7)
dt lvﬂ L 0 - R‘v lvﬂ L|- K2 l?ﬂ - e‘vﬁ
Using a disturbance observer to estimate the back-EMF componentsé ,,é ,, which can be

seen as slowly variable disturbances in the electrical equations gives:

For a nonlinear system, the existence of Lyapunov functions is a sufficient condition for
asymptotic stability. A Lyapunov function V is a positive definite function and has a Lie-

derivativeV , which is negative definite.

. . . 1 i i
A candidate for a Lyapunov function is: V = ) (lm2 + lsﬁz) >0 (3.8)
. - - e L8 Ll
V= _R (i + isﬁz) _ﬁis; _ﬁis; 4 habsa | BB
L L L L L (3.9)
5 R i i 1 iy ~ 7 1 > ~ 7
V<- lj (lsazl + ls,l?) _Z(Klls; € sa)_Z(KZZS,; - esﬁlsﬁ)

R ~ ~ ; . ~ ~ 0 ~ 7
lj (%) +%,)<0and V <0 if (Kllsi —emlm)> 0, (Kzzsj —esﬁzsﬁ)>0

)

The stability is ensured by the choice of K;, K, which define the convergence dynamics. The

9

It yields:V <0if [{K,, K, }> max(@,,

€Sﬁ

observer gains K;, K, must be tuned properly according to (3.7) to have an accurate

estimation. The current observer is then asymptotically stable and the estimation error will

converge to a minimal value while V < 0. This last stability analysis defines the setting range

for the gain.
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3.2.3 High-Frequency Signal injection

The technique consists in injecting either a pulse or a sinusoidal test signal in order to

be able to track the existing magnetic saliency without introducing torque ripples. It makes
position estimation possible without requiring machine model by using magnetic saliencies.
There are several HF injection methods found in the literature and they can be classified into
(o) frame rotating injection, (d,q) frame pulsating injection and (d,q) frame rotating
injection [Jan1995, Hol2006, Sil2006].
The position estimation is derived from a high frequency current injection by using three
filters (a low-pass Filter (LPF) a high pass filter (HPF) and a band pass-filter (BPF). The most
common approach is to superimpose a HF voltage carrier on the fundamental voltage supply.
The rotor position is then extracted from the resulting HF current components as shown in
figure 3.2. The frequency of the injected voltage carrier, w;, should be high enough to ensure
sufficient spectral separation between the excitation and the fundamental supply to reduce the
requirements of the band-pass filters [Ari2008]. The frequency is usually set in a range 10
times higher than the maximum fundamental frequency and 10 times lower than the power
converter switching frequency.

r
i Synchronous Filter

i o)

\ 4
X
N
£

L ——.—.—

—

High-pass
Filter \
Band-pass /_\ \ Lov?/-pass
Filter Filter
of Rotor position
a,b,c and speed

T T T estimation
Currents a. * ¢ 4,

Figure 3.2 Block diagram of HF current demodulation for position estimation

Up to now, it is recognized to be the best estimator at very low speed and standstill
[Gong2013, Man2013]. However, this method induces extra losses and its speed range is

limited.
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3.3 New Estimator based on a Differential Algebraic

Approach

The choice of the algebraic approach for the position/speed estimation is well suited because
it has strong abilities in dealing with nonlinearities. Indeed, its effectiveness in the control and
the observation of electromechanical systems has already been proved through many works

[Sir1992, Menh2011].
3.3.1 Observation Principle

The concept of observability aims to say if it is possible to find the internal state of a
dynamical system when a set of inputs and outputs data is available. Observability is a linear
concept in the sense that a nonlinear system is observable if and only if, its linearized tangent
is so. For nonlinear systems, the differential geometric approach leads to the well-known
rank criterion where the observability is defined by Lie-derivatives theory [Her1977]. In
addition, while the observability of linear systems is well established, the observability of a
nonlinear system is not a sufficient condition for the existence of an observer and the
definition of nonlinear observability is still an active research field [Han2009].

The main point of the differential algebraic approach of observation, recalled in [F1i1991], is
that a quantity z, of a system is observable with respect to some other one w if each
component of z is a solution of an algebraic equation with coefficients eventually depending
on w and a number of its finite time derivative. Globally, general systems are described with

the differential algebraic approach in with

{R,(w, z$)=0,ie {2, L} (3.10)
Sw,z,$)#0,

Where the R; and S are polynomials in w, z, { and their derivatives and L is a finite number.
The variable w stands for the data (in the classical observation problem, w is (&, y) the input
and the output), z is the variable to be observed, and { is an extra variable, which may be
present in the system’s description (x = (z, {)). The algebraic observability for (3.10) means
that the whole differential information is contained in k<w> [Diop2001] where k is a

differential field.

The nonlinear system is assumed to be a set y of trajectories (#,X,Yy) satisfying the equation
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(2.6) in some affine space Uy, x U, X U, where U is the function space where the input u, the
state x, and the output y take their values. We have m actuators for the system, n state
variables and p measured outputs. The coefficients of the system’s equation in (2.6) are time
variable and are supposed to be in a differential field k. The above mentioned function space
U over which the system variables take their values is here a differential algebraic closure k
of k. A more general definition of (2.6) where f and & are rational functions of u and x with

coefficients in some differential field k£ can be written as:

P AL P
qi(uax)
(3.11)
REACE I
g ;(u,x)

Where p;, g;, r; and g; are differential polynomials of finite order in x with coefficients in k.
The system is observable with respect to u and y if each component x; of the state vector is
algebraic over the differential field extension of k generated by the data u and y.The

li(u’y)

where [; and s; are
Si (l/l, J’)

observability condition for (3.11) can then be written as: x, =

differential polynomials with coefficients in k.

3.3.2 Differential Algebraic Estimation for PMSM

The PMSM model is a combination of a structure and a set of parameters. It is written in the

standard (d,q) synchronous rotating reference frame as follows:

R4 cos(d) sin(@) 0
i X — Ld Ld X Ld Ld ¢
dtLj_ L, _& Lz}r _sin(@)  cos(6) u+ o @ (3.12a)
L, L, L, L, 4
y= C?S(é’) —sin(@) | x, o
sin(@) cos(8) | x,

Wlth x:[-xpxz]T :[isdaisq]T’ y :[yl’ yZ]T :[isa’isﬂ]T u :[ul’MZ]T :[vsa’vsﬂ]T

This equation contains transcendental functions (sin and cos) which do not satisfy the
conditions of an algebraic function. However, it can be made algebraic using a coordinate
change with x; = cos 6 and x, = sin . This will transform (3.12a) into a four-order system. For

sake of simplicity, the system notation described in (3.12a) and (3.12b) is kept.
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Notice that it’s very important to take the outputs in the (a,f) frame because the sensors
measure the currents in the (a, b, ¢) natural machine reference frame before being transformed
in (a,f) by Concordia transformation. If the outputs are in the (d,q) frame, the position (which
is estimated from these currents) will be required to compute the outputs with Park
Transformation [Wang2005]. This may lead to an algebraic loop and eventually propagate a
position error.

l(u,u,y,y,..)

For the algebraic theory, referring to [Diop2001a], & is observable if 8 = - -
q(u,u,y,y,..)

Denoting y = % y and deriving (3.12b) leads to:

{Ld (¥, cos@+ y,sin@) = —aL,x, + L, X, G13)

L,(y sin€@-y,cos0)=-al, x —L,x,

Rewriting (3.12a) gives:

{Ld)'c1 =—R.x, +®L x, +u, cos@+u,sind (3.14)

L i, =—Rx,—aL,x —u, sin@ +u, cos 6 — gw

Combining (3.13) and (3.14) gives:

¥(L, cos’ O+, sin’ O)+(L, - L, )y_22 sin20=—R, y, +u, +¢asind+a(L, — L )(x, sinf—x, cosd)

) (3.15)
¥,(L, cos’ O+L, sin® ) +(L, —Lq)lz1 8in20=—-R,y, +u, —paxcosd—a(L, — L )(x, cosd+x, sinf)
If L=L, = L, (case of (SPMSM)) then tan @ is rationally observable with:
v L +R.y, —u
tan@ = (= TN T (3.16)

-y,L —Rsy, +u,

The observability of @ is then established for a non-salient PMSM. Unlike other results on the
observability of SPMSM [Zal2010] where the key condition is based on the speed (the system
is unobservable if the speed is null), two results can be pointed out:

v" The observability at low speed is obtained, provided that the outputs’ derivatives are

available,

v The observability of the position is not speed dependant.
Let’s notice that the same study can be extended to a salient PMSM. The entire PMSM model
described by (3.12) is algebraically observable since given the knowledge of (o, 0), the states

isq, 154 are algebraically observable.
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3.3.2.1 Speed/position Estimator Synthesis

In the following, upper script * refers to estimated variables. Indeed this technique has already
been successfully used in [Men2006] for induction machines using a mathematical model
written in space vector form [Leo2001]. The objective is here to apply it for a PMSM to find
the dynamic of the position 8= f(8,u,ii,y,y) as a function of the input u, the output y and

their derivatives as described in [Diao2014].

: sin@(L V. +R.y, —u,)+cos@(=L y,—R.y, +u
From (3.13), we have: &®=60= (L) + Ry —) - ( quz Y2t i)
(L, —L,)(y cos@+y,sinb)+¢

(3.17)

With no loss of generality and for simplicity, the estimator is written for a non-salient PMSM

(L=Ly=L,):

b 5= SNOWS +R.y, —u)+cosO(-Ly, =Ry, +u,)
Cr / (3.18)
6 = arctan( y} TR

- y,L—Rgy, +u,

The main point here is that no assumption on the mechanical dynamics for the estimator
model is required (i.e. doesn’t need to insert @ =0 in the estimator model). Figure 3.3 shows
the differential algebraic speed/position estimator in the PMSM drive. Sensor measurements
(current and position/speed) associated to the control reference (torque or speed) are the
inputs of the controller.

The controller drives the power electronic inverter in order to feed the machine with the
appropriate voltages. The goal of the controller is to achieve an effective operation over a
wide range of the torque-speed plane. Thus, a closed loop control is necessary.

The Current Control Loop (CCL) ensures the tracking of the current references computed

from the torque/speed reference and the machine electrical parameters.
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Figure 3.3 PMSM drive with the differential algebraic estimator

To achieve the estimation, derivative of currents are required. They can be determined with

backward finite difference approximations.

881 \where T, is the sampling period.

e

Given a function g;, its first order derivative is: g, =

3.3.2.2 Stability Analysis

~ A

First, the estimation error is defined for L=L,=L, by: 8 =06

(Ly, +R.y, —u,)(sin@—sin @) + (—Ly, — R, y, +11,)(cos@ —cos 6)
¢

The voltages can be computed as follows using (a,f) coordinates [Ezz2011]:

6=

(3.19)

u, =Ly, +R y —apsin@ ,u, =Ly, +R y, +axpcosb

and then 5 = @sin &(sin 0 —sin 0) + wcos B(cos 0 — cos ) = w(cos 0 — 1)

For a non-linear system, the existence of Lyapunov functions is a sufficient condition for

asymptotic stability. A Lyapunov function V is a positive definite function and has a Lie-

derivative V that is negative definite.

2

For@w>0,V(0)=

b

| D

= V(@) =aw(cosd —1)@)and @(cosd —1)<0
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Assuming the position estimation error 8 being within [0,27], V(6)<0.

To prove global asymptotic stability, the Barbalat’s lemma is used [Raf2008]. We need V ()

being uniformly continuous. Then \7(5 )must be bounded and usinga),é,g ,sin(ﬁ~ ) ,cos(ﬁ~ )

bounded gives the global asymptotic stability: V(6) = a)§ ((cos(8)—8 sin(6)—1).

For w < 0, the linearization around the origin 6=0 yields @ =0 which is just stable.

So the observer is then globally asymptotically stable for a positive speed and stable for a
negative speed. Although the nonlinear estimator ensures a global convergence for @ >0, the

initial position value 6y can also be determined as follows:

6=f(b,u,y,9.R,L,,L,,$)=0 & (Ry +L,y —u)tanb, =Ry, +L, ¥, —u,

R + Ly, —
6, = arctan( 52 )fz b ) (3.20)
Ry, +Ly, —u,

t=0

6p is an equilibrium point for the position dynamic. Starting from this point, local
convergence of the estimation can be ensured for @ <0.
Once the nonlinear estimator designed and its stability domain checked, the experimental

results are now presented.

3.3.3 Experimental Position/Speed Estimation results

The PMSM parameters and the description of the test bench are given in Annex 1. The
switching frequency of the inverter is 20 kHz. The current control algorithm and the speed

control are carried out every 100 us.

3.3.3.1  Operation with the sensor

The position sensor is used for the control and the estimator is compared to the measured
position for different operating points. The tests start with the low speed range. The
performances of the algebraic estimator speed and position tracking capabilities are evaluated
in Figure 3.4 from 0 to 500 mechanical rpm that represents 4% of the maximum speed equal

to 12000 rpm.
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Figure 3.4 Differential algebraic estimator evaluation in sensor operation in low speed range
The average speed estimation error at steady state is almost zero and the maximum speed

transient error is approximately 15 rpm. The position error is near -0.1 electrical radians

(0.025 mechanical radian or 1.45 mechanical degrees). These results are satisfactory for our
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application because usually mechanical position estimation errors below 5 degrees are

acceptable in automotive industry. A very low speed operation is illustrated in Figure 3.5.

200 . :
—Ww
"""" ‘:)al
150} 9
g 100 / _
501 1
A
0 1 i | | ﬂ\
0 1 2 3 4 5 6 7 8
W — Walg
30 ; ;
20 1
10 1
£ 0 hddhbibblb LAl L
£ AR
A0k 4
20 4
30 i ‘ ; ‘ ‘ i
0 1 2 3 4 5 6 7 8
i(s)
a) Speed Estimation
7 T
il b
”””” alg
5L g
E f
840 i
© /
3
[5}
3t 1
E _______
2k / 1
~
1k i
0 L 1 Il 1
0 1 2 3 4 5 6 7 8

rad electrical

t(s)
b) Position Estimation
Figure 3.5 Differential algebraic estimator evaluation in sensor operation at very low speed

The estimator exhibits also good tracking performances for an operation between 0 and 150
rpm. This speed represents 1/20 of the nominal speed (electrical machine with a nominal

speed of 3000 rpm and a maximal speed of 12000 rpm).
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Stability Tests:

The stability of the estimator is now evaluated. An equilibrium point is asymptotically stable
when all nearby trajectories converge to the equilibrium point in large time. When there is
more than one equilibrium point in a system (for e.g. systems with nonzero initial conditions),
global stability needs to be studied. For the estimator, and choosing an equilibrium point
corresponding to a null estimation error, we must ensure that for any initial position error, the
estimator will converge to the real position in finite time. This is a strong property because
most of the observers only guarantee a local stability. Figure 3.6a shows the convergence of
the estimation with an initial position error of 0.9 electrical radians. The error quickly
decreases to -0.12 radians while the transient error of the speed estimation (Figure 3.6b) is 20

rpm.

rad electrical

0 0.5 1 15 2 25 3

rad electrical

1
0 0.5 1 15 2 25 3
Ys)

a) Position estimation
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Figure 3.6 Differential algebraic estimator in sensor operation with an initial error of 0.9 rad

The evaluation results with a higher initial error (3 radians which is the maximal error
feasible.) are displayed in Figure 3.7. The estimator converges also to a small error (-0.08

radian) with an overshoot in the speed estimation (Figure 3.7b).
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Figure 3.7 Differential algebraic estimator in sensor operation with an initial error of 3 rad

Now the case of the reversal speed is studied in Figure 3.8. The position error at steady state

is -0.15 rad. However, the transient error is very high (/.3 rad).
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t(s)
b) Speed estimation

Figure 3.8 Differential algebraic estimator in sensor operation under speed reverse

The impact of a load variation of 25% in steady state is also studied. This is done by imposing
the speed with the Asynchronous Machine and the torque through the PMSM control. In
Figure 3.9a, the q axis current performance is displayed with a step change at t=3.5s from 4 to

5A representing 16% of the nominal current (ignom = 30A).
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Figure 3.9 Differential algebraic estimator in sensor operation: robustness to load torque variation

The speed estimation (Figure 3.9b) error remains very low (below 5 rpm corresponding
roughly to 1% of the steady state speed) while higher ripples on the position error are noticed

with an error still centered on -0.07 electrical radian (Figure 3.9c¢).
3.3.3.2 Sensorless Operation

The position/speed estimator output is now used for the control and the position sensor output
is used solely for comparison purpose. Figure 3.10 shows the performances of the estimator in

sensorless operation in the very low speed range.
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Figure 3.10 Differential algebraic estimator in sensorless operation

In steady state, the speed estimation error is almost zero and the position estimation error is
equal to -0.15 radians (Figure 3.10b). During the transients, the maximal speed estimation

error is equal to 10 rpm and the maximal position error is equal to 1.5 electrical radian (0.375
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mechanical radian or 21.5 mechanical degrees) radians. Compared to the results obtained in
sensor operation at low speed (displayed in figure 3.5), the sensorless drive performances are
satisfactory in steady state but the transients errors are higher particularly for the position
estimation.

Despite the fact that the currents measured by the Analog-to-Digital Converters (ADC) are
synchronized with the PWM, the current sensors are not very accurate (number of turns
around sensor too small) and the dead-time effects of the voltage inverter are not
compensated. Therefore these errors can be considered as the highest and the estimation
errors can then be improved. In ([Nah2007]) the impact of the inverter imperfections on the
estimation accuracy is pointed and the compensation of dead-time is found to be helpful for
the estimation at very low speed.

The stability is also tested in sensorless control with an initial estimator error of 3 rad (Figure

3.11) which is the maximal error feasible.
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a) Position estimation
The position estimation compensates the initial error position in Figure 3.11a and converges
to an error of 0.025 radians. However, a harder start with an overshoot of 55 rpm (figure
3.11b) for the speed is noticed. This can also be observed in the ¢ axis current transient
(which is computed from the estimated position) in Figure 3.11c with a peak value more than

20 times higher than the steady state value!
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Figure 3.11 Differential algebraic estimator in sensorless operation with an initial error of 3 rad

The algebraic estimator is also evaluated at medium speed (Figure 3.12).
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The behavior of the g axis current component is also acceptable (Figure 3.12b) despite the

increase of the ripples.
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Figure 3.12 Differential algebraic estimator in sensorless operation in medium speed range

In figure 3.12c, the results for the position are pointed out in a reduced time range so as to

have a better view of the tracking. The position error is of 0.075 electrical rad which is still

satisfactory.
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Then, the following profile from O to 2000rpm is considered in sensorless mode (Figure 3.13).
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Figure 3.13 Differential algebraic estimator in sensorless from 0 to 2000 rpm mechanical
The errors at steady state are respectively -0.05 rad (at 1400 rpm) and -0.3 rad (at 2000 rpm).
Now the impact of a load variation is studied. Figure 3.14 illustrates with experimental results

the estimator performances with a load torque variation in steady state.
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Figure 3.14 Differential algebraic estimator in sensorless operation with load torque variation

In the right column of Figure 3.14b, the position error increases to 0.2 rad at the load variation
occurrence; this corresponds to a 3 mechanical degrees error. However, this variation is still
acceptable and the whole drive is under control despite the additional oscillations in the ¢ axis

current (Figure 3.14a).

91



Chapter III: Position/Speed Sensor Fault Tolerant Control

3.3.3.3 Robustness issues

The estimator is sensitive to the machine parameters and the current measurements.
Experimental tests are performed to evaluate the robustness of the estimator to the stator
resistance and inductance variations on the whole operating range. An analytical study is

derived to support the evaluation of the robustness.

Given the expression of the estimator in (3.18), the resistance and the inductance appear only
in the numerator called N: N =sin é(Lq v, + Ry, —u,)+cos té’A(—L)')2 -R,y, tu,)

This numerator is now rewritten in the case of a variation of L by N, and by N, for a variation

of R;.
N, =sin oL v, +R.y, —u,)+cos O(-L v, =Ry, +u,),
N, =sin 4§(L)')1 +R.y, —u,)+cos O(-L V, =Ry, +u,)
Land R stands for the actual parameters. The estimation error is then defined respectively for
L and R, variation by:
&, =(L-L )y sind-y,cos),e, =(R, —R.)(y,sinf -y, cosh) (3.21)

Using ‘sin 6 — cos 67‘ <+/2 and |y1| =|6wl| leads to:

£, |<V2lL- Loy |e, | < V2[R, - R]|y,| (3.22)

Considering a 40 % inductance error and the unit of L, the error is |€L| <2 2.4e_3|a)yl| and

for a resistance variation of 50 % ‘8&‘ <2 0.168|y1| .

From this, the robustness with respect to the parameters variation is now evaluated (Figure
3.15 and Figure 3.16 for the resistance, Figure 3.17 and Figure 3.18 for the inductances). The
parameter errors are inserted in the control loop by modifying their default values and the

behavior of the estimator is observed.
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Figure 3.15 Differential algebraic estimator robustness evaluation in sensorless operation (-50% R;)

The first point is the robustness of the control with respect to the parameter variation (R;, L).
The tracking of the d,g currents is maintained with as expected a steady state error under R;

variation. In fact the static gain of the closed loop is strongly related to R;.
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Figure 3.16 Differential algebraic estimator robustness evaluation in sensorless operation (+50% R;)

For these experimental results, we have at steady state| y1| =| y2| =1. Then the experimental

results must verify for the steady state operation: |€L|SO.5,

5&_‘30'24 and the speed

estimation error is almost zero at steady state.
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Figure 3.17 Differential algebraic estimator robustness evaluation in sensorless operation (-50% L)
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Figure 3.18 Differential algebraic estimator robustness evaluation in sensorless operation (+50% L)

In Figure 3.15b and 3.16b at steady state, the position estimation error is inferior to ‘ER_\ ‘ for

the variation of the resistance. In Figures 3.17b and 3.18b, the position estimation error is

inferior to |€L| under the variation of the inductance.

To conclude, the position errors (inferior to 0.2 electrical radians in steady state
corresponding to 3 mechanical degrees) are in the acceptable ranges for automobile

applications, which target generally a 5% position error (0.31 electrical radians) [Liu2003].
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3.3.4 Comparison of the three estimators

In this paragraph, a brief experimental comparison of the three estimators (EKF, Back-
emf and differential algebraic) is proposed. They are implemented on the same test bench and
evaluated under the same conditions (i; = 1A in steady state). The estimated positions and
speeds are compared to the measurements. The estimation errors will be computed and
compared.

The algebraic estimator based on a straight analytical expression has a lower
algorithmic cost compared to EKF and back-emf observer and is more suitable for embedded
applications. Position estimation based on back-emf technique is known to have poor
performances at low speed because the magnitude of the back-emf voltage is proportional to
the speed. EKF is much more appropriated for nonlinear systems that involve very noisy
measurements and appears to be a viable candidate provided a good knowledge of initial
conditions [Aug2013].

The comparison starts with the low speed case (around 12% of the nominal speed and 3% of

the maximal speed). The results are displayed in Figure 3.19.
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a) Very low speed operation

From 50 to 300 rpm, the steady state algebraic position error is near -0.2 rad while the error
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for EKF is equal to 0.4 and 0.7 for the back-EMF (Figure 3.19a).
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Figure 3.19 Comparison of the Estimators
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From 300 to 800 rpm, the algebraic position error at steady state is near -0.15 rad while the
error for EKF is equal to 0.5 and 0.7 for the back-EMF (Figure 3.19b). As expected, Back-
EMF estimation is less accurate at low speed and the EKF could be improved with a better
tuning of the initial conditions, which is hard and hazardous. The same trend is noticed
between 700 and 1200 rpm (Figure 3.19¢).

The variation of the different position estimation errors with respect to the speed is shown in

Figure 3.20.
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Figure 3.20 Evolution of the Electrical Position Estimation errors

The experimental results are summarized in the following table (Table 3.1). From this non-
exhaustive study, in every speed range (low, medium), there is one efficient estimator.
Despite the absence of comparative tests at high speed, one can recall the good ability of EKF
and the Back-emf observer which has already been proved in this speed range according to

the literature.

Table 3.1: Comparison of the Estimators

Implementation Accuracy Robustness
Extended Kalman Hard Very good Very robust
Filter
Back-emf Easy Good Robust
observer
Differential Very easy Very Good Robust
algebraic
estimator
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Therefore one can conclude that for sensorless operation or mechanical sensor monitoring for
FTC on a wide speed range, two estimators can be combined with the sensor for diagnosis
purposes or for ensuring the continuity of operation. It is a fact that EKF can have a better
accuracy with a better tuning of the initial values and by adding a load torque observation
[Akr2010]. Doing so, it becomes the most accurate observer but the implementation cost will
be higher and up to now, we didn’t find an efficient tool to correctly initialize the EKF in
position/speed estimation. In annex 4, the characteristics of the estimators (EKF and the
algebraic estimator) are compared experimentally with criteria such as the convergence and

the accuracy of the regulators in sensorless mode.

3.4 Position /Speed Sensor Fault Detection, Isolation and

Reconfiguration

3.4.1 Sensor Fault Enabling based on observers

In order to detect and diagnose a sensor fault, safety rules recommend having at least three
measurements of the same information, including two with uncorrelated sources [1se2006].

In our case, the FTC strategy is based on the combination of two analytical redundant virtual
sensors (the algebraic estimator and the EKF) with the mechanical sensor. When
reconfiguring the control, the selection of the position and the speed is done through a voting

algorithm (Figure 3.21).
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Figure 3.21 Position Sensor FTC
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Several voting algorithms have been widely used for FDI [Ven2003]. In our case, the
majority voting algorithm has been chosen. The schematic diagram is displayed in Figure

3.22.

1) > = Alg_Threshold L
Error_Alg
AND {1
Signal_Selection
2 ¥ > > Ekf_Threshold
Errar_Ekf
Logical
Operator

Figure 3.22 Voting Algorithm

A fault is detected when the estimation errors (difference between the sensor output and the
estimator’s outputs) Error_Alg and Error_Ekf are superior to the predefined thresholds. At
this level, a challenging issue is the choice of the detection threshold (two thresholds need to

be settled for the algebraic estimator and for the EKF).

Indeed, as noticed in the previous paragraph (Figure 3.20), the accuracy of the observers is
variable. It is then necessary to have an adaptive threshold to mitigate this problem.

Our proposal is to store the estimation errors in a lookup table (variation of the position error
depending on the speed provided by the data plotted in Figure 3.20). These errors will be used
as inputs to calculate the threshold. The voting algorithm is then modified as shown in Figure
3.23. In the following experimental results, different kind of sensor faults will be considered:
offset, gain error and complete loss of information. These faults may come from the encoder

signal conditioning or from a counting error in the processing block (Annex 5).
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Figure 3.23 Voting Algorithm with adaptive thresholds

3.4.2 Experimental Results

The Fault Detection and Isolation (FDI) unit is firstly tested with an abrupt sensor fault in no
load condition (offset of 0.4 electrical rad between t=3.13s and t=8.13s) as shown in Figure
3.24. After numerous experimental trials, it was found that for electrical position errors lower
than 0.4 radian, the controllers were robust enough to cope with the fault. Beyond this value

undesirable effects arise and the fault detection becomes mandatory.
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Figure 3.24 Abrupt sensor fault detection

The threshold is settled at 0.25 for the algebraic estimator and 0.45 for the EKF according to

the evolution of the position estimation errors (Figure 3.24).The fault is detected after 0.08 s

and as no action is taken, the consequence is the loss of the speed control during the offset

(Figure 3.24b). Then it is essential to setup a reconfiguration strategy. Now the case of the

Fault Reconfiguration in load condition after a sensor outage is evaluated. The results are

displayed in Figure 3.25.
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The fault is detected as proved with the flag variation in the third plot of Figure 3.25a. The
measured speed vanishes after the fault while the speed given by the algebraic estimator is

used to continue the operation as shown in Figure 3.25b.
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Figure 3.25 Fault Reconfiguration after a sensor outage
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Before the fault, the i, average current was 5.5 A (figure 3.25¢). After the fault, it decreases to
4.5 A. This can be explained by the estimation error which leads to a difference between the
actual d,q currents (in the equivalent machine windings) and the computed d,q currents from
the Park transformation. Nonetheless, the speed reference at steady state (500 rpm) is still
reached and the speed kept under control.

Finally, the case of a slowly growing fault is studied. A typical example of a gradual position
sensor fault is a drift due to the inverter switching, which disturbs the position measurement
as the speed increases. Figure 3.26 illustrates this case. The current controllers manage to
maintain the reference tracking capability despite the fault by modifying the voltage
references to compensate the position error. However, the voltages are limited by the DC bus

voltage set to 150V in this case (at the reconfiguration moment in Figure 3.26d (t=50.55s), we
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As a consequence, the position sensor offset induces a bias in dg currents. After the
reconfiguration, the position estimated by the algebraic estimator is used in the control instead
of the measured position. We can notice that the drive remains under control. The flux and
torque current components retrieve almost the values as before the beginning of the position
sensor drift. Then the behavior of the control during the reconfiguration is highlighted (Figure
3.26¢). For a growing fault, the detection time is strongly linked to the fault growth rate
(Figure 3.26a).The measured speed (Figure 3.26b) is weakly affected because speed

measurement can deal with a position offset (the derivative action cancels the offset).

The fault could be detected earlier considering the large distance between & —éalg and

60— éekf (in Figure 3.26a starting from t=10s, the distance exceeds 5 rad).
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Figure 3.26 Fault Tolerant Control under a gradual offset

To use effectively the distance between éal . and éekf , the two following variables are defined:

— A

&= He_ ealg , &= galg _gekf

~lo-8,

The relation between ¢; and ¢; is the well-known triangle inequality theorem:

A A

<0, -6,

- alg

-t

~lo-8.

g &€ <€, (3.23)

Then, by adding this condition to the detection, a new voting algorithm is defined (Figure

3.27).
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Figure 3.27 New voting algorithm
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Figure 3.28 illustrates the behavior of ¢ and ¢, under a position sensor fault with a drift due
to the inverter switching. The first remark is that ¢; is uncorrelated from the measured position
0. In healthy mode, ¢ is far away from &, and at the fault occurrence (starting from 1400 rpm,
the position measurement process is no more able to handle inverter imperfection), ¢; gets

closer to &,
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Figure 3.28 Fault Tolerant Control under a gradual offset with improved FDI

108



Chapter III: Position/Speed Sensor Fault Tolerant Control

In Figure 3.28a, because the estimations are good, &; remains constant. However, due to the

position sensor error, ¢; varies significantly from t=11s.

Using the new voting algorithm where this time the bias is manually inserted, in load

condition, the results displayed in Figure 3.29a are obtained.
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At t=5.8s, a first small offset is inserted but its magnitude is not high enough to be detected.
The offset is increased at t=10s. The accumulation of the two bias leads to the detection with
the flag displayed in Figure 3.29b. Moreover, the variation of the reference voltages is
acceptable. The modulus of control voltages is below the DC bus voltage as displayed in
Figure 3.29c.

A 10% position sensor gain error is inserted at t=1.3832s and the results are shown in

Figure 3.30. The fault is detected after 0.0378s (Figure 3.30a). In addition, for a gain sensor
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Figure 3.30 Fault Tolerant Control under Gain Position sensor error
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The reference speed is 400 rpm and thanks to the reconfiguration, the speed is maintained
close to its reference with an error of 12 rpm (3% in steady state) as highlighted in Figure
3.30b.

Now, in order to justify the use of two estimators instead of one for the detection, the case
where the operating conditions may lead to wrong estimations is under study. Logically, the
estimation errors could get out of bounds but the fault should not be detected because the
position sensor is healthy. This type of error is the root cause of the false alarms when using
observers in FDI. This case is emulated by inserting a bias of 2.5 A in the A-phase current
sensor (that is a 65% error in Figure 3.31a) at t=3.22s. Using the closeness between the EKF
and the algebraic estimator, the detection has been avoided (flag remains null in Figure
3.31b). Obviously, if the FDI relied only on one estimator, this situation would not be

handled.
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Figure 3.31 Fault Tolerant Control under harsh current sensor fault

What about a gradual offset in load condition? This case can be troublesome when the
reference voltages are close to the saturation level. In the last example (Figure 3.26), we
observe that the reconfiguration generates an over-voltage and in high load condition, this can
induce a loss of control if the switching between the sensor and the estimator is not properly

managed.

3.5 Conclusion

This chapter has presented a position sensor FTC for a PMSM drive. A virtual sensor
based on a differential algebraic approach has been developed to estimating the position and
the speed. The main advantages are its simplicity (a one-dimension model) and that the
position observability is not speed dependant. In addition, the observability at low speed is
obtained provided that the currents and the voltages are available. Moreover, an analytical
study of the robustness with respect to the parameters has been done and experimental results
have confirmed the robustness to parameter variation. The behavior of the estimator in
presence of load torque variation is also good. Finally, this estimator has been compared to

the other methods (EKF, Back-EMF).
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Experimental results have shown the effectiveness of the technique and its combination
with the EKF for FTC has provided good results. The efficiency of the FTC scheme has been

evaluated and the requirement of two estimators for the diagnosis illustrated.

The main contributions can be summarized as follows:
e Development of a simple method for position and speed estimation that can be
accurate on the whole speed range and especially at very low speed.
¢ For implementation issues, the method is also cost effective in terms of execution time
and robust to parameter variations and current measurement errors.
e Position Sensor Fault Tolerant Control performed involving the algebraic estimator

and the EKF.

In the next chapter, the diagnosis of the three phase currents sensors and the DC link voltage

sensor will be studied.
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4.1 Needs on phase currents sensors and DC link voltage
sensor diagnosis

4.1.1 Current Sensor fault origins and consequences

Current sensors are generally used for the control, the supervision, and or the monitoring of
electrical drives. For the control, they are used to measure the currents flowing from the power
converter in the electrical machine windings. When used for supervision due to safety request
(for e.g. in the starter-alternator system StARS of Valeo), they are placed in series with the

power electronic system’s protection.

Obviously in both cases, faults or failure of the sensor are not acceptable and the most common
approach is to implement hardware redundancy and the associated signal management.
However the new trend is to reduce the number of components and implement virtual sensors
in the already embedded digital control circuit. Benefits are the reduction of the overall cost in
the long term, the decrease of the fault rate and a more flexible design. However the safety
requirements are still to be fulfilled with the continuity of operation and the level of

performances.

The common current sensing solutions are: Hall-effect sensors, Current transformer, Current
shunt and Rogowski coil. Hall-effect sensors are widely used for the control of electrical drives

used in automotive systems [Por2007].

Figure 4.1 Open-loop Hall-Effect [Por2007]

In the Hall-effect current sensor, the output is a voltage proportional to the sensed current
(Figure 4.1). Since the control is digital, an associated electronic ensures the Analog to Digital

Conversion (ADC). During the acquisition, the output of the Hall device is then signal
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Chapter IV: Diagnosis of Phase Currents and DC link voltage sensors

conditioned to provide an exact representation of the primary current at the output. This
ensures the filtering of the signal while adjusting the gain measurement. The performances of
the current sensing can be affected by the interferences caused by the environment, the Joule

losses and the signal cable length.

In SOFRACI project, three Hall-effect sensors are used (one per phase). This is due to the fact
that the phases are physically and magnetically decoupled. Therefore the usual balance
equation used to deduce the third phase current from two measurements does not hold any
longer as a zero sequence current can take place. The 3 Hall Effect LEM transducers used
(LEM LA 55-P) can measure AC currents up to 50 A with a bandwidth of 200 kHz , an

accuracy of £0.65% and an ambient temperature ranging from -40° to 85°C.

The different types of measurement errors for a Hall-Effect transducer that may come from the
properties of the materials or from the temperature variation are an electric offset, a magnetic

offset, sensitivity or a gain error and a linearity error.

Ip
o+ o+VcC
| R
@ A ¢ S e LN Y
<|’_ o-VcC

Figure 4.2 Connection of LEM Current Transducer

In Figure 4.2, a failure of the supply voltage V. or disconnection due to excessive vibrations
can lead to a complete outage of the current sensor. Also, in automotive systems, the current
sensors are nested in an Electronic Control Unit (ECU) located in an environment which
ambient temperature can range from 10° to 80°C and can even raises in critical mode up to
110°. So, in this harsh environment, one of the consequences could be the occurrence of
significant offsets in the current measurement. In addition, during the conversion performed by

the analog to digital converter (ADC), gain errors could also arise.

So in the following, these two types of current sensor fault (a gain error and an offset (abrupt
of gradual)) will be under consideration for fault detection and isolation purposes. The total
loss of information (sensor complete outage) due for example to a power failure in the

acquisition chain will also be considered.
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In real time operation, the faults will be emulated by modifying the sensor actual output

through the digital interface.

4.1.2 DC Voltage measurement

In electrical drives control, the DC link voltage is measured across the electrolytic capacitor,
which acts as an energy storage device. It’s the electrical connection between the primary
energy source (battery e.g.) and the DC/AC power converter. As a consequence the measured
voltage is key information for the computation of the PWM duty cycles and the saturation

level of the control voltages. Different methods are used to perform a DC voltage sensing.

A Varistor V661BA60 is used for the DC voltage measurement. Varistors are designed to
provide surge protection for motor controls and power supplies and their voltage sensing
property is derived from the highly nonlinear current voltage characteristics [Lit].
Unpredictable disconnection and faults in the digital electronic acquisition chain can also

affect the measure of the DC-link voltage.

4.1.3 Existing methods based on state observers and signal
processing techniques

At the occurrence of a current sensor fault, we are looking for a deviation of the faulty phase
current [Abd2010] and the main task is to spot quickly this variation so as to ensure an
efficient diagnosis. The severity of the distortion from normal waveform depends mainly on

the type of fault. For embedded applications, one of the main concerns is to find a FDI that:
® iseasy to tune and that can be nested easily in an existing control,
e uses already available measurements,
¢ has a low algorithmic cost.

Among the fault detection and diagnosis problem formulation methods, physical-based
models and history-based models are the most suitable. As shown in Figure 4.3, different
tools are available. There have been in the literature many works in the field of current sensor

fault detection and isolation (FDI) in electrical drives [Ben2007, Jeo2005,Wel2004].
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Fault Detection and Diagnosis

v 3

‘ Physical model-based ‘ ‘ History-based model ‘ Problem Formulation
|. Observers, Parity-space, ... Fuzzy logics, ANN, ... ‘ Modelling
| Transformation (Concordia, Park, ...) Statistical classifiers Signal Processing Classification, Pattern recognition, ... | Tools

Figure 4.3 Simplified scheme of the FDD approaches

Generally, as physical models are available, model-based methods are the most suitable.
Among the methods relying on mathematical models, those based on state observer and space
parity have been successfully applied in electrical drives [Ise2011, DeP2001, Chen1999]. This
approach is used in ([Rot2009, Lee2011, Diao2013]) to diagnose a phase current sensor fault.
The method is based on the computation of residuals as the difference between the actual
process behavior and the reference one described by its mathematical-based model. The
decision whether there is a fault or no is made based on the analysis of the residuals.
However, the main drawback of model-based methods is their sensitivity to the model
accuracy, the parameter variations and the uncertainties that may lead to false alarms or

misdetections.

An alternative is the use of a single current sensor in the DC to estimate the phase currents
[J1a2010] but its applicability is made difficult as it requires the phase voltages measurements,

which is uncommon and not cost effective.

With the development of the computational capability of embedded electronic circuits, signal
processing techniques have spread into the fault diagnosis community. They rely on a
nonparametric approach and therefore are independent of the electrical machine parameters as
well as providing very quick fault detection. However, when used in a closed loop system (i.e.
a control loop based on phase current measurements), the isolation step could be tricky
because the fault has spread in the other phases owing the Clarke/Park Transformation of the
closed loop. They have shown their effectiveness in the diagnosis of electrical machines
(short circuit, bearings, broken rotor bars, ...) even if there are still some issues on the time

windowing, the computational burden, the stationarity and the ageing effects. They have also
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been used to diagnose current sensors used for the monitoring and the supervision of power

electronics devices ([Gal2010, Fre2014]).

As for the DC link voltage sensor diagnosis, an observer can be an efficient back-up solution
in case of failure to ensure the continuity of the operation with acceptable performance
([Ohn2004]). One can also estimate the equivalent series resistance (ESR) of the dc-link
electrolytic capacitor like in [Xin2013] to monitor the capacitor voltage. Voltage sensorless
control method has also been applied in [Yip2003] where a single current sensor is used to
measure the inductor current and then give the inductor voltage. Detecting the fault with a
power balance equation has also been tested but its operating range is very limited (tests at

standstill).

In the following, two alternatives to the current sensor FDI will be developed and validated
experimentally. The first one is a model-based estimation of the current residuals dynamics in

the stationary reference frame with a differential algebraic approach.

The second one is also model-based with an analysis of the current waveforms in the

synchronous rotating reference frame in which the field-oriented control is usually built.

In the last section of the chapter, we will develop a DC link voltage estimator using the phase
currents and the duty cycles. The experimental results will be presented in a DC link voltage

sensor diagnosis scheme.

4.2 Phase Current Sensors Fault Detection and Isolation

4.2.1 Diagnosis with an algebraic fault estimator in the
Stationary Frame

The method is based on a differential algebraic estimation of the faults dynamics in the
stationary reference frame [Ibr2003]. As said above, observer-based FDI has some
drawbacks. First, it requires fulfilling the observability condition for the entire state variables.
Secondly, it 1s difficult to synthesize a robust observer with respect to disturbances, which are

not considered as faults (e.g. torque variation).
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Therefore this method proposes an alternative based on the estimation of the current residuals
dynamics in the stationary reference frame with a differential algebraic approach. This
reference frame is chosen because the current measurement takes place in the natural three-

phase reference.

We assume a single sensor failure during motor operation. This is a practical assumption

since the probability of two simultaneous sensor faults is very low.

4.2.1.1 Design and Simulation Results
Fault estimator

The algebraic approach of diagnosis tends to establish if a fault represented by a state variable
is observable or not. To do so, the fault variable is reconstructed through the design of

estimators represented by differential-algebraic equations.

The system diagnosis problem is then to detect, identify, and estimate the fault by processing
the control data and the available outputs. According to [Diop2001b], a fault f; is observable
with respect to u the inputs and y the outputs if each component f; is algebraic over the

differential field extension of k generated by u and y.

Using the mathematical model of the PMSM, let us assume that the outputs of the sensors in

the stationary (o, ) reference frame have an error defined by f= (f,, fp) :

S cos@ —sinf || x,
=Y. | . 4.1)

f sind cos@ | x,
The lower script m stands for the measured values, x,,x, for the dg currents. Deriving (4.1)

yields:

J.CO{:)’;lm_)‘;l:ylm—jcl(:056’+)'czSin6’+a)y2 w)
fp=Tom =2 =Py, — X, c080 -, sin 6 — wy,
Now the dynamics of the currents x,, x, (eq. 2.14a) are replaced by their expressions according

to (4.2):
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L,L,f,=L,L,y,, +L,@y,(L,—L)+R yL,+u,(L,—L,)cosOsin
—u, (L, sin> @+ L, cos* §) - L,pwsin6+ R, (L, — L,)x, cos 6

. . , 4.3)
Lqufﬁ = LquyZm + quyl(Lq -L,)+R,y,L, +u,(L, —Lq)cosé’smé’
—u, (L, sin® @+ L, cos” §) + L,pwcos @+ R (L, — L,)x, sin O
Then replacing [y,. y,10Y [V, = fos Yo, = f5] gives
. L —L i L, —L
P vt ")(yzm —f) paxing La=Ly) osbsing——"" (L, sin® 6+ L, cos 6)+3,,
L' L L, L, LL, AL, 4.4)
. R R, (L,—L,) pacosd  (L,—L) . u . )
fp" =_quﬁ +fq Vo +a)"T(ylm —fa)+Tq +u, Lqu" cosé’smé?—izq (L, sin’ 0+L, cos’ 0)+y,,
The implementation for a salient PMSM is complicated because cross terms need to be
inserted.
In the case of L;= L,, the fault estimator is:
. R R wsinf u
fa:__ffa+ Sylm_¢—__l 1m
L L L L 4.5)
. R R pwcosd u, . '
—__s + s + 2
fﬁ I3 fﬁ‘ I3 Yom I I3 Yom

Figure 4.4 represents a schematic diagram of the fault estimator.

Viqg——] Equation (4.5) I Jer

Figure 4.4 Algebraic Fault Estimator implementation
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Fault modeling

The current sensor with the fault is modeled as: i, = G,i, + Ai where G; is the sensor gain,

which is equal to one in the healthy mode and Ai is the offset value that is null in healthy

mode. i,, is the measured current and i, is the actual current flowing in the machine windings.

The virtual healthy currents in the fixed frame are represented byi, .5 and i~ stand for the

measured currents in this frame. The residuals are given by: 7; 5 = i - I,qp (see Table 4.1).

The main features are the residuals in the (a,f) reference frame. We first notice that a fault in

the phase A sensor only affects the a-component. We can also notice that the vectors of

residuals have opposite signs if the fault occurs in the phase B sensor or the phase C sensor.

Based on these remarks, the fault detection and isolation can be summarized as follows:

» |f, I>thr and Ify < thr => phase A sensor is faulty

» f,>thrand fz>thr and fz *f, <0
» fu>thrand fz>thr and fz* f, >0

Where thr is the threshold.

=> phase B sensor is faulty

=> phase C sensor is faulty

TABLE 4.1: CURRENT SENSOR RESIDUALS IN STATIONARY FRAME

Offset in phase A
T, Ai,
0 \/E .
r, |=.=| A,

3
I 0

Offset in phase B
r, Ai,
2| —A;,
T, | =al=
3 2
s V3Ai,
L 2

Offset in phase C
I’O Alc
2| —AL
T, | =17
3 2
Ts B V3Ai,
L 2

Gain error in phase A

T, 5 (G, -1,
r, |=4|=| (G, =D
rg 0

Gain error in phase B

" (G, =i,

C 1 [2| =G, -1,

“ 3 2

s J3(G, - i,
L 2

Gain error in phase C

. (G, -1,
0
2| (G, -1,
T, |=.7| ————
3 2
s ~3(G, -1,
L 2 il

One of the issues is to estimate accurately the actual residuals (r, andr,;) with the algebraic

estimator variables ( f, and f).
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Offset fault

In the following figures, simulation results are presented with an offset fault type Ai=-1A
inserted in phase B (Figure 4.5), in phase C (Figure 4.6) and in phase A (Figure 4.7)
respectively for different operating points. The fault on the B-phase sensor fault stands for a no
load condition (very low current magnitude) with a value of the phase current at 1.6A in steady
state. At fault appearance, one can see for a B-phase sensor fault that the estimator’s outputs

converge to f, = 0.4 and fz = -0.72.

For a C-phase sensor fault and in load condition (20% of the nominal current), in steady state,
fo=10.4 and f3 = 0.72. Lastly, for the A-phase sensor fault, we operate at 1/3 of the nominal

current. We notice that only the oo component of the estimator is affected with f, = -0.9.
By setting thresholds values for f;, f, the sensor fault detection can be done.

The following step is the isolation which is achieved using the sign of the fault variables and

the threshold test result.

For all the three cases, the fault estimator is robust to the current transients during the start.

That can be seen as an ability to distinguish a phase current fault from a torque variation.
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Figure 4.5 Offset Fault Simulation in phase B Figure 4.6 Offset Fault Simulation in phase C
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Figure 4.7 Offset Fault Simulation in phase A

To set a good threshold level, we are interested by the variation in healthy mode of f,,

magnitude with the mechanical speed shown in Figure 4.8.
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Figure 4.8 Residuals estimation in the (0,p) reference frame
The previous simulation results have shown that the fault estimator accuracy is invariant

because the same offset in the current measurement for different operating points has led to the
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same estimated values. The comparison to the actual residuals TurTs with an offset A; =-1 for

each phase gives:

e for B and C phase sensor fault ;

|| =0.4082,

f.|=04 and

Irs|=0.707,

f ﬁ‘ =0.72; the estimation error is nearly 2%.

¢ For a A phase sensor fault ;

Ir,|=0.816,

fa| = 0.85 with an estimation error nearly 4%.

Gain fault

The case of a gain sensor fault is now studied. The expressions of the residuals are now:

{fa} - |:C(‘)S(9) — sin(ﬁ)}{xl} G - 1){(:?)5(0) — sin(ﬁ)}{xl} “46)
f 5 sin() cos(@) || x, sin(d) cos(@) || x,

2m

{f”’} = (G, - 1){))1'" } where G; is the sensor gain.

Then (4.5) holds for the current sensor gain fault dynamic estimation. In the simulation results

(Figures 4.9, 4.10 and 4.11), the gain fault (with G; = 1.6) is introduced for 1.8s from t =Is.
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Figure 4.9 Gain Sensor Fault (phase B)
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According to Table 4.1 with G;=1.6 and to the operating cases listed above, we have:
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|r,|=4.8,r, =0 and |f,|=44,

f ﬁ‘ =0.2 for the A phase sensor fault,

|’”a| =041, f ﬁ‘ =0.62 for the B phase sensor fault

rs|=0.72 and | £, =0.38,

|’”a| =1.38, fﬁ‘ =2.18 for the C phase sensor fault.

rs|=2.37 and |, =1.34,

The estimated residuals are in the same ranges than the actual ones with a maximal error of

14%.

However, because the residuals f, and fp are sinusoidal for a gain sensor fault, one may
compute their magnitude to detect the A-phase sensor fault (Figure 4.11). For the remaining

phases, the sign of the product f,*fz is sufficient to enable the detection.

The complete FDI structure implemented in the control unit is presented in Figure 4.12.
Enable_Fault_A, Enable_Fault_B and Enable_Fault_C are three logic signals which raise a

flag when a sensor fault occurs in the corresponding phase.

jd‘_ref
i ] Vd‘q_ref
O, Speed 9| Current Inverse
Controller I Controller Park
g_mes —
Id_mes
Park

FDI Structure

| Enable_Fauit_A Ja

! Algebraic Sensor|
[ Enable_Fautt B Fault [ |FaultEstimation
i Isolation |
Enable_Fault_C Threshold .

L

Figure 4.12 Fault Estimator based FDI Scheme
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4.2.1.2 Experimental Results in FDI scheme

For these experimental tests, the faults are introduced by multiplying the output of the sensor

by a constant (gain error) or by adding a constant to the output (offset).

As for the simulation an offset of -1A is inserted experimentally in real time operation in the C
phase measured current at t=1.1826 s. This fault represents 16% of the phase current
magnitude at steady state. Figure 4.13 shows experimental results of the differential algebraic
fault estimator in the fixed frame with a threshold set at 0.3. Despite the ripples and the noises,

the estimation errors are acceptable:

Ir,|=042(f,)=04

Ir,|=0.707.( f,)=0.72

05 :;-?5‘5 i

04 I L L i L
0 3

t(s)

Figure 4.13 Residuals estimation in the (a,p) reference frame (experimentation)
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Figure 4.14 Flags for enabling offset detection

At the sensor fault appearance (t = 1.1826s), f, and f3 increase and become superior to 0.3.
Moreover, f, and fz have the same sign. According to the fault isolation process, a phase C
current sensor fault is diagnosed with a detection time duration At=0.085s (Figure 4.14). As
expected, we notice an accentuation of the ripples after the fault in the g axis currents, which

have no impact on the motor speed (Figure 4.15).
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Figure 4.15 Mechanical Speed and g-axis current

The same offset representing a 12% error at steady state in the A current sensor is inserted at t=

1.205s (0.5 A). With the noise, the offset is barely visible (Figure 4.16) and the expected errors

are (|r,| =0.408,

rﬂ‘ =0). The fault estimation is good with the results in Figure 4.17| fa| =0.48,

[£5]=0.

134



Chapter IV: Diagnosis of Phase Currents and DC link voltage sensors

la

T
offset

!
i
l
|

H { H MH\ \

1““

04 I I I I I
0 1 2 3 4 5 6

t(s)
Figure 4.16 Residuals estimation in the (a,f) reference frame

The detection of the A-phase current sensor fault is done after 0.11s (Figure 4.17). This case is
interesting because the fault doesn’t have an immediate and significant impact on the torque
and the speed but one can however think about the usefulness of detecting this kind of small
(incipient) fault. In fact, the g axis current slightly increases during the fault (Figure 4.18)
therefore increasing the joule losses and eventually the temperature. In the long term, this fault

if undetected can lead to failure.
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Figure 4.18 Mechanical Speed and g-axis current
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From these two experimental tests, there is a situation that needs to be carefully studied.

Indeed, the level of the sensor fault compensated by the control is unspecified.

Generally, the regulators reject disturbances like sensor errors with variable performances. For
e.g., a RST controller has a better disturbance rejection than a PI controller [Gan2009]. And so,
defining this rate of error compensation of the control could be very helpful to design efficient

sensor fault detection level and avoid diagnosing faults without important effects.

The results of a gain sensor error (in phase B at t=2.23s) are displayed in Figure 4.19 with

G;=1.6.
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Figure 4.19 Residuals estimation in the (a,f) reference frame
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Figure 4.20 Electrical Speed and g-axis current

Speed variation and g-axis current variation during the sensor fault are shown in Figure 4.20.
The sign of fz * f, being negative in Figure 4.19, a flag could be raised for B-phase sensor but

due to the threshold setting and the detection rules, the fault is undetectable (Figure 4.21).
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Figure 4.21 Flags for enabling gain fault detection

Partial Conclusion

The algebraic approach of nonlinear diagnosis has been used to detect and isolate current
sensor fault in a Permanent Magnet Synchronous Machine (PMSM) drive. The approach is
based on a differential algebraic estimation of the faults dynamics in the stationary reference
frame. The cases of an offset sensor fault and a gain sensor fault have been studied and a
complete FDI structure has been proposed. More experiments are required to tune efficiently
the fault detector for all the operating points. However simulation and experimental results

have shown the effectiveness of the method.
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4.2.2 Current vector analysis for Fault Detection and

Diagnosis
4.2.2.1 Current residuals analysis in the (d,q) frame

Signal processing methods have been successfully applied for the diagnosis of current sensors
but suffer from a lack of information for fault identification. The main idea comes from the

analysis of the behavior of the d,q currents in presence of sensor fault.

For this purpose, a detection scheme based on the analysis of the currents waveform in the
rotating (d,q) frame is synthesized. It uses only the phase currents, the position/speed to

detect and isolate the faulty current sensor.

The waveform analysis of the currents in the rotating frame is now detailed. We first give the

equations of the currents in the natural frame (a, b, c¢) and in the (d,q) frame in healthy mode:

1 1 1
i,, =1Isin(6) - NG NG NG .
. 2 27T 27 )
ib,h = I sin(6@ —2?7[) s tan | T g cosé COS(Q—?) COS(Q'F?) I, 4.7)
.q,h . . 27 . 27T iC
i, =1 sin(0+2?ﬁ) —sin @ —Sln(ﬁ—?) —s1n(49+?)

The lower script 4 stands for the variables in healthy mode. Then, the sensor fault is modeled

considering two cases: offset and gain fault.

A- Offset

by =1, + AL, T, =10, + AL, i, =i ,+Ai, where Ai,, Ai, and Ai. are the offset in phase A,

B and C respectively. i, ipm and i, are the measured currents in phase A, B and C.
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Let us assume an offset in phase A, the d,q currents become:

iy, = \/g(ia cos(@) + Ai, cos(8) +1i, cos(d — 2—7[) +1i.cos(6 + 2—7[))
3 3 3 4.8)

Ly = \E(_ia sin(@) — Ai, sin(8) — i, sin(d — 2?7[) —i_sin(@ + 2—37[))

If we compute the residuals I, =i,, —I,6 and [ =i  —I_,
51 q q, m

2 we have the following

dm

expressions:

i = \/2 cos(@)Ai,
3
7= —\E sin(6)Ai,

Analogously, the same calculation is performed for B and C phases. Finally, it yields:

PhaseB PhaseC
-~ 2 20r -~ |2 2
i, =,|]=cos(@——)Ai i, =,|]—cos(@+—)Ai
d 3 ( 3 ) b , d 3 ( 3 ) ¢ (49)
- 2. 2T .. |~ 2 . 27 .
I, == 3 sin(@ —?)Azb L, =— 3 sin(6 + ?)Alc

As it can be noticed in these expressions, when an offset arises in one of the three phase

current sensors, a sinusoidal component at the electrical frequency 7,, is added to the
continuous d,q currents in steady state. Moreover the amplitude of the residuals is
proportional to the fault amplitude.

~

If we define 0,.; such as &

re.

i
. =arctan(——) and @, =z¢9m = @, the comparison to the
[ 1

electrical position 8 allows the isolation and the comparison to the electrical frequency gives

the fault type.

PhaseA PhaseB PhaseC

Hres = 0 em_ = _2i Hm = 0+2l
3 3
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B- Gain Sensor fault

We assume that the measured currents are written as:

i,, =G,Isin@,i,, =G,Isin(8 —2?7[) ,i, =G.Isin(8 + 2?7[) where G,, G, and G, are the
sensors’ gains on phase A, B and C respectively. In healthy mode, G,= G, = G, = 1.

If we assume a gain fault in sensor A, the (d,q) currents are:

iy, = \/%(ia cos(d) +1i, cos(8 — 2?7[) +1i, cos(@+ 2?7[)) + \/%(Ga —1)Isin(20)

(4.10)
i, = \E (=i, sin(8) —i, sin(6 - 2?”) i sin(@+ 2?”)) - \E (G, —DI(1+cos(26))
Computing the residuals Z, =i,,—l,,and Z{ =i,,—1,,, we obtain:
> 1 .
i, = \/g(G” —1)Isin(26)
(4.11)

<

= —\/%(Ga —1DI(1+cos(28))

Analogously, the same calculation is performed for B and C phases and yields to:
PhaseB PhaseC
i = \E(Gb ~1)Isin(26 —4—3”) ’ i = \E(GC —1)7sin(26 +4?”)
ZI = —\/%(Gb —1)I(1+cos(26 — 4771-)) Z{ = —\/%(Gc —1)I(1+cos(26 + 4?ﬂ-))
At fault occurrence, a sinusoidal component at twice the electrical frequency appears in the

(d,q) currents with an amplitude proportional to the fault amplitude. The fault type is

d
identified with the computation of the estimated frequency (@, =d—0m =2®) and the
t

~

i
isolation is based on the estimated angle computation using arctan(——=-) .
Iy

The methodology is finally summarized in Figure 4.22.
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Figure 4.22 Current residual analysis for current sensor fault diagnosis

To achieve the first step (find a sinusoidal component), if we recall that in healthy steady
state, currents in the (d,q) reference frame are DC components, a high pass filter could be
used to remove the DC part. However, this idea is not well suited because in a variable speed
drive, the filter design is more tedious as it would be necessary to have a variable cutoff
frequency. Another method is to compute the difference between the (d,q) currents and their

respective mean values computed in a time finite window.

For a fault current sensor, the sinusoidal component appears at single or twice the

fundamental frequency depending whether it is an offset or a gain fault respectively.

Therefore, by applying a rotation e ’” to the single frequency of the sinusoidal component,

we can discriminate the fault type.

In the following the simulation and the experimental results of this method are presented.

143



Chapter IV: Diagnosis of Phase Currents and DC link voltage sensors

4.2.2.2 Simulation Results

An offset of 1A is inserted at t=1.2s in the B-phase sensor. Figure 4.23 shows the variation of

dq currents at the fault apparition.
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Figure 4.23 Current sensor fault detection with a waveform analysis in B-phase
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We see in Figure 4.23a an additional sinusoidal component at the fault apparition in the (dq)
currents waveforms. This is the information on which the fault detection and diagnosis is
based on. In fact the advantage of this method is its ability to distinguish a sensor gain fault
from a sensor offset fault thanks to the frequency of this additive component. The isolation is

highlighted with the flags in Figure 4.24.

Flag Phase A
1 —
0.5
0 L L 1 1 1 1
1 15 2 25 3 35 4
Flag Phase B
1 —
0.5+
0 Il L L 1 1 1
1 15 2 25 3 35 4
Flag Phase C
1 —
0.5
0 i
1 15 2 25 3 35 4

1)
Figure 4.24 Flags in simulation for an offset

The case of a gain sensor fault is studied in Figure 4.25a with a gain error inserted at t=2.01s
with G, = 1.6. The additional sinusoidal component frequency is estimated (see last plot in

figure 4.25b). It clearly indicates a gain sensor fault type.
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Figure 4.25 Current sensor fault detection with a waveform analysis in C-phase (simulation)
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The fault isolation is confirmed in figure 4.26 with the flags.
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4.2.2.3 Experimental results

The experimental results plotted in Figures 4.27a show the behavior of the fault detection
method with an offset Ai=1A injected at t=2.83s in phase B. This fault injected represents

around a 16% error at steady state (the current magnitude is 5SA).

]
=
ar|
i3
L
]
n
|
1o
1

: A

A
b b N O N & O
. T

t(s) ‘f(S)

a) b)
Figure 4.27 B Sensor Fault Detection

The sinusoidal residual estimated frequency is equal to the electrical frequency during the
sensor fault as expected (Figure 4.27b). The fault detection is confirmed in Figure 4.28 with
the flag raising at t=2.93s. The detection time duration At = 0.01s. However, in absence of

~

faults, Iy is not null and a threshold needs to be settled and two cases are possible. If the

chosen threshold is too high, we could potentially have a misdetection of certain faults.
Otherwise if the chosen threshold is too small, in the diagram of the Figure 4.22, we could

validate the step of fault detection but the process would stop at the frequency test.
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Figure 4.28 Flags of B Sensor Fault Detection (offset)

Now we are interested by the detection time. At each calculation sample #, an average value

N
of i4, current is computed as follows: <i, >(z,) =%Zi 4 (& —kT,)where T, is the sampling
k=1

period. Then qu residual is calculated: qu =i, (t,)—<i, >(z,) . For the experimental tests, we

have set N =500.

The case of a gain sensor fault is now studied in the following figures. The experimental
results plotted in Figure 4.29a show the behavior of the detection method with a gain sensor

error G,=1.6 injected at time t=2.3s in phase A. A sinusoidal component 7, , is superimposed

to the continuous d,g currents at twice the electrical frequency (@,

es

=2w) as shown in Figure

4.29b, last plot). The detection time duration is At = 0.012s (Figure 4.30).
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Figure 4.29 Experimental results of Phase A Gain Sensor Fault Detection
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Figure 4.30 Flags of phase A Sensor Fault Detection
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In the following the case of a current sensor outage (B-phase) is illustrated.
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Figure 4.31 Current and Speed in case of current sensor outage
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Figure 4.32 Phase shift between A and C phases at B sensor outage
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At t=3.436s the current sensor output of the B phase is forced to zero as displayed in the
upper left plot of Figure 4.31. As a consequence, it appears a phase displacement of 60°

between i, and i. (Figure 4.32: AT=0.005s with @, =209.4rad/s). Under these conditions, the

system efficiency is reduced and oscillations at twice the fundamental frequency appear in the

d,q currents (Figure 4.31).
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Figure 4.33 FDI in case of current sensor outage

The fault is detected and isolated in two periods (At; = 0.01s) despite the closed-loop action
(Figure 4.33).

Partial Conclusion

The current sensor fault detection based on a waveform analysis has a high ability for fault
detection. This method also exhibits a good capability for fault identification and isolation
thanks to the estimated electrical frequency and angle. Finally, it is robust thanks to the use of

a nonparametric approach independent of the machine electrical model.

As we have proposed two methods, we are interested in comparing their performances in

terms of detection time duration and current level for the same operating points.
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Naturally, for a relevant comparison, the tests should be performed in the whole torque /
speed plane. However, due to time constraints, we choose to do it in the operating point given
in Figure 4.34 with an offset of -0.8 A (corresponding to a 60% error) inserted at t=3.045s in
Phase C.
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Figure 4.34 Offset in phase C current sensor

The current vector analysis in the rotating frame is first applied to evaluate its detection

capability. The results are presented in Figure 4.35.
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Figure 4.35 Current vector analysis for Fault Detection and Isolation

The same data are used with the algebraic estimator for fault diagnosis. The results are

presented in figure 4.36.
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Figure 4.36 Algebraic estimator for Fault Detection and Isolation

We have two detection durations: At; = 0.01s for the dg method (Figure 4.35) and At, =

0.047s for the algebraic method (Figure 4.36). The main result is the fact that the waveform

analysis method has a better detection time than the algebraic approach of diagnosis.
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4.3 Observer for the DC link voltage

Actually, when the DC voltage sensor fails, the output of the Current Control Loop is
modified and the PWM signal increases or decreases (positive offset/gain or negative
offset/gain) to maintain the requested torque/speed. This may affect the energy management
and also reduce the acceleration capabilities. To avoid these undesirable consequences on the
performances or possibly on the security, a virtual redundancy should be implemented to
monitor the sensor. Then we are interested by the estimation of the DC link voltage using the
phase currents and the duty cycles. Firstly, the Kirchhoff law at the capacitor output is
written. Then, using the voltage equation at the machine gates, a second-order system is

defined according to Figure 4.37.

dU 3
dC —_ _ . . _ .
=Ipc/pc ~lpciacilpciac = leaj ) 4.12)
=1

i=C

The A-phase voltage can be written as:v, = qU . where the «; are the three half bridge

control signals and i; the phase currents. i is the output current of the DC source.

DC/DC
'iDC nc iDC‘ AC
iy J
+
- C—— ["n’c
Inverter

Figure 4.37 Supply of the inverter by the DC voltage bus

The dynamic of the DC link voltage and the A-phase current can be written in a state space

model as follows with e, the A-phase emf:

v, . } . .
d =lpc/pc ~ O, — O, — A5l
h (4.13)
L, d“ =—Ri +v,—e,=—Ri +aU, +pwsinb
t
From this, the observer is synthesized:
du, 1 . s . . A
7(1( = E(ZDC/DC — i, — 0l — i )+ M (i, 1)
- 4.14)
di,

1 PR . .o
:L—(—Rsia +U, o —¢wsin@)+M,(i, —1i,)

a

dt
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Phase current estimation is used to correct the DC-link voltage estimation and compensate

model uncertainties. The tuning of M; and M, must be done according to the stability
criterion. We first define the estimation error: & =i, —i,,& =Up. —U p.. Then the dynamic

of the estimation error is given by:

F __R £ +ﬁ82 -M,¢, =—(&+M2)€1 +ﬁ,92
La La La La (4 15)

. Q a,
.szzzlgl—Ml.sl:(E‘—Ml).s1

Assuming the following Lyapunov function: V = %(6‘12 +&)>0,V=¢¢ +&,¢,

. R
V=—(f:+Mz)ef +€182(%a)+€1€z(%—M1)

R {1 (4.16)
V=AT MG +E8(G(+0)=M)

a a

Choosing Mlzal(%+%)yields to V:—(f‘ +K,)el <0 if M,>0.So V<0 and the

a a

closed loop system is then asymptotically stable with M, = ¢, (LL +%),M ,>0.

a

Figure 4.38 shows the experimental results of the nonlinear observer. We notify that for the

following tests, the system is controlled in open-loop.
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Figure 4.38 DC link voltage estimation
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The estimation error is around 1.5%. The observer is then evaluated at the same operating
point during a sensor fault. An abrupt offset of 20 V representing 10% of the real value is
introduced at t=2.83 s. As displayed in figure 4.39, the estimation error increases significantly

enabling the fault detection.

In the same time, the amplitude of the measured currents (lower plot in figure 4.39) decreases
significantly. This is due to the fact that by over-measuring the DC voltage, the current
control loops generate higher duty cycles for the reference speed trajectory.
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Figure 4.39 DC link voltage estimation during a sensor fault

Consequently, setting a threshold at /0 V, which means that an error of 5% on the nominal
voltage is tolerated, a DC voltage sensor fault is detected in Figure 4.40 with a detection time

duration At=0.058s.
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Figure 4.40 DC voltage sensor flag

At this level, the Fault Detection is not fully achieved. As said in Chapter 3, it is necessary
to have at least three measurements of the same information. In our case, we only have a DC
link voltage measurement and its estimation. So, another source is requested for a complete
Fault Detection. Facing the difficulty of designing a second observer for the DC voltage, we
could use the results of the current sensors FDI. Indeed, we know that the root cause of
estimation error comes from the validity of the inputs data. In our case, the inputs are the
control signals and the phase current measurements.

So, to prevent false alarms, we can combine the flags of the current sensor FD with the DC
voltage sensor flag. Doing so, we will avoid enabling a DC voltage sensor FD during a phase
current sensor outage.

Another way is to use an additional correction state using B-phase current in equation
(4.14). Then, the DC voltage will be estimated with a correction step involving two phase
currents sensors. However, it will transform the initial system into a four order system and

then increases the algorithmic cost.

The last step of the fault tolerant control is the reconfiguration of the strategy. For a DC
link voltage sensor fault, the nonlinear observer could take over to ensure continuity of the

operation.
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4.4 Conclusion

This chapter was dedicated to the development of current and DC-link voltage sensors fault
detection and isolation in the powertrain of an electric vehicle. For the currents, two methods
have been presented to detect and isolate current sensor fault. The first one is based on a

differential algebraic estimation of the faults dynamics in the stationary reference frame.

Because the method is parametric, the robustness issues against motor parameter variations
should be addressed. However this estimator is a dynamic system and therefore its
performances (convergence rate, estimated residuals) are useful means for maintenance and
prognosis. The first experimental results are promising and further studies on the threshold

setting must enhance the detection capability.

The second one is based on the current waveform analysis of the currents in the (d,q)
synchronous rotating reference frame. This non-parametric method is more straightforward as
it is based on variables already available in the control loops. Due to its structure, this method
is more robust to false alarms. However there is also a threshold issue particularly due to
environmental perturbations. The first experimental results are very promising and the

detection time duration is shorter than the first method’s one.

Finally, for the DC-link voltage sensor, an observer has been developed and experimentally
evaluated. The first results are encouraging as the estimated value can be used for monitoring

purposes and eventually as a redundant sensor for fault tolerant purposes.
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Conclusions and Perspectives

The main objective of this thesis focused on the development of a controller tolerant to sensor
faults in electrical drives used in the automobile. With growing concern of car manufacturers
to increase the reliability, it is necessary to develop real time strategies for fault detection,

fault isolation and reconfiguration to ensure a safe continuity of operation.

The cases of the mechanical sensor (for electrical machine rotor position measurement), phase
currents and DC bus voltage sensors have been studied and the feasibility of the developed
solutions has been evaluated experimentally on a laboratory test bench based on a Permanent

Magnet Synchronous Machine (PMSM).
The first chapter has allowed recalling the context of electrical drives in automotive systems.

A state of the art of different diagnostic methods has been presented. The first remark was
that the control circuit (control laws and sensors) has the highest failure rate in an energy

conversion chain.

In the second chapter, the emphasis was made on the description of the original flexible drive
topology designed for the traction and the battery charging. In charging mode, the use of
machine windings as inductive filters for the AC / DC converter is one of its features. For the
elements of the test bed, a CPU (DS 1006) and a FPGA board (DS 5203) are used for the
implementation of the control loops. The general structure of the converter is composed of 3

independent H-bridges.

After the description of the test bed, we’ve modeled the system for control purposes in
traction mode. The implementation of the currents and speed controllers on these devices
allowed us to validate the design process based on successive steps of simulation and

experimental tests.

Chapter 3 was devoted to the implementation of a position sensor fault tolerant control. First,
the different position / speed estimators are studied and their advantages / drawbacks listed. A
new estimator based on a differential algebraic approach has been designed and validated
experimentally. Then, based on accuracy and implementation criteria, it has been compared to
the existing methods. The main advantage of this new estimator is its low computational cost

and its good accuracy at low speed, speed range in which traditional methods (Kalman filter
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and observer based on EMF) are generally ineffective. Finally, a fault tolerant control with a
reconfiguration provided by the algebraic estimator is made and its validity is tested through
experimental induced sensor fault. The case of a bias in the measurement and a complete
sensor outage are processed. Moreover, the need to use two estimators for the detection and

isolation is demonstrated experimentally through a test in adverse operating condition.

In Chapter 4, the phase currents sensors and the DC bus voltage sensor are diagnosed. In this
chapter, we’ve only performed fault detection and isolation. The reconfiguration has not been

addressed.

Two methods have been developed for the fault detection and diagnosis of current sensors: an
algebraic fault estimator and an analysis of the in the (d,q) reference frame. The isolation step

is of great importance because of the use of three phase current sensors.

Thus the two methods are implemented and validated experimentally through fault injections
in real time, with an emphasis on the time required for detection. Three fault types are tested:
a bias measurement, a gain error and a complete loss of a current sensor. Then, an evaluation
on the same operating point has shown that the method based on current waveforms analysis

may have a better detection time than the one based on an algebraic approach.

For the DC-link voltage sensor, an observer based on control signals of the inverter and phase

currents allowed monitoring the DC voltage.
At the end of this work, several perspectives can be envisaged:

- In Chapter 3, a dead time compensation of the inverter could improve the accuracy of
position estimators at low speed. Also, the experimental validation should be extended to the
entire torque / speed plane to evaluate the performance of algebraic estimator at very high
speed. Reconfiguration possibilities for a fault appearing at high torque in a saturated state are

also to be studied.

- In Chapter 4, we should extend the comparison of the developed methods. Indeed, the
methods should be tested and compared for different current magnitudes. Fault
reconfiguration for the current sensors should also be performed. Although the post-fault
reconfiguration solution for a loss of a phase current sensor is trivial when using three

sensors, the implementation can be subject to some constraints related to the switching
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strategies. Furthermore, it would be interesting to investigate the case where only two sensors

are available, that is to say to control the electric drive with only one sensor after a fault.

- Finally, inverter’s faults (open & short circuit) could be investigated for a more complete
FTC of the electrical drive. From the control point of view, a good starting point would be to

use the similarity between an open circuit and current sensor fault with a null gain.

The case of incipient faults should also be addressed with a judicious combination of model-
based and data-driven based formulations. It will enhance the detection capability and open

the way to prognosis.
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Annex

Annex 1
3H bridge . Adjustable
DC Bus In\.!ertefJ Synchronous  Induction Spejed Drive
0 0 Machine Machine
L - Q WA
| J = | LA Grid
W
DC Voltage i ‘ ‘
measurement | Phase Currents!
S I measurements |
........................................................ |’ . N i Resistors
Speed T 2 Control Unit |
Reference R ' Posion |
! measurement i

Experimental Test Bench

Asynchronous machine: 5KW, 230/400V, 17 A,

Synchronous machine:

Series Coupling

- Output peak power of 15kW between 3000 and 12000 rpm

- Permanent output power of 10kW between 3000 and 12000 rpm
- Output torque of 29 N.m between 0 and 3300 rpm

- Forced air cooling, ambient temperature inferior to 55° C

- An efficiency superior to 92% over a wide torque/speed range

- DC Link Voltage: 900V + 20V

- Neutral AC Voltage per phase: 560 V

- AC Current, RMS Value: 15A

- Maximal neutral AC Voltage (at 12720 rpm) : 1850 V
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Annex 2

va ia d ia d ia ea (0)
v, [=R i, +[Lss<0>]g {b +w@[Lu<e>] z}, +| ¢,(8) (1)
v, i, i, i, e (0)

Where [Va’Vb’VC]T stands for the stator voltages, [iu,ih,ic]T the stator phase currents, R; the
stator winding resistance, ¢, the flux produced by the magnets and [Lg(0)] the stator

inductance matrix and is function of the electrical position § for salient machines. ® is the

angular velocity measured in electrical radians per second.

M1,1 Ml,z M1,3
L @)= M2,1 M2,2 M2,3 ) (2a)
M3,1 Ms,z M3,3

Moy =L b Ly o820 (m =1 220 + L, cos(4(0~ (m =1 20)

M = Lo Lo COS(Z(Q_%HZ?”)) +L,,,cos(4(8 _Ln—Zz?yz'))

'mnQ ‘mi
2

(2b)

Lo 1s the mutual inductance. L, Ly4, Lz and Ly, represent the effects of magnetic

saliency.
e, (0)
Considering harmonics 1, 3, 5 and 7, the electromagnetic force can be written | e, (8) |as:
e (0)

e,(0) =g, [sin(0) +k,,sin(30+ @)+
kemf5 sin(56 +¢5) + kemf7 sin(76 + ¢,,)]
e, (0)=wy, [sin(8— 2?”) + K, 810(3(6 - 27”) +@;)+

3)
. 2 . 2
ks SIN(3(6 —?”) +G5)+ Ky Sin(7(O _Tﬂ) +6,)]

e (0)= a)¢m[sin(0+2?ﬂ)+k ; sin(3(l9+2?ﬂ) +¢,)+

emf

. 2z . 2z
keme sin(5(6 + ?) + ¢15) + kemf7 sin(7(6 + ?) + ¢17 )]
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Then, the projection of three phase quantities onto two fixed axes (a,f) is done using

Concordia matrix Coyy:

!
J2
1

[con]=\E

1

NG

cos(z?”) cos(4—ﬂ-)

1

NG

3

The rotation matrix P(6) needed for the projection in the rotor frame is expressed as follows:

1 0 0
[P(®)]=]0 cos(@) sin(8)
0 -—sin(@) cos(0)

Applying Concordia transformation and the Rotation to (1) gives:

Vi I, I, I, e, (&)
v | =R i |+l @L < POV i ||+ aP@lC, (L @lc. T PO i, | +] e, 0|
v, I, i, I, e, (0)

Considering that the emf in the three phased frame is given by (3) with ¢, =7,¢, =7,¢,, =0

being characteristics of SOFRACI topology, the emf in the rotating frame is given by:

¢,(0) = &, 3k, sin(30)
e,(0) =g, \E (s = Kppy7)SIN(66)

e,(6) = o, \E (14 (ks + K ) COS(66))
(5)
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Annex 3

Abacus for the response time of tr.,,.@,in function of the damping m
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Annex 4

We compare the characteristics of the estimators (EKF and the algebraic estimator) used in
sensorless mode. Using the same operating point, we compute theirs speed errors and the

associated errors for the d,¢g currents control.
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Test in sensorless control with EKF
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Test in sensorless control with algebraic estimator
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Annex 5

Position Measurement in the Control System

F— e e e e e e e e e e e e e e e m === - = — -
I : |
Processing dSPACE
| DSP 1
| M= e, |
L U o
e = - H ——————————————————— -
: Power Signal Hardware :
| LSupply Conditioning Interface |
e o o e e e . - =
- ———e——————— H_ ___________________ -
: |
I Incremental Encoder Electrical Drive :
I Position Measurement Level I

Generally, signals from sensors cannot be directly sent to DSP because the level of voltage
output differs with possibilities of input gate of DSP. So a signal conditioning using a
hardware interface is necessary to allow a good connection between the sensor and the DSP.

Then, a processing block transforms the conditioned rectangular signals in mechanical radians

position.
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Résumé

La disponibilité de certains capteurs est indispensable pour le contrdle des machines électriques dans
une application automobile. Pour pallier une défaillance de ces capteurs, des stratégies sont mises en
place pour assurer une continuité de fonctionnement ou un arrét sir. Dans le cas de la machine
synchrone, les capteurs les plus critiques sont: le capteur de position/vitesse, les capteurs de courant et
le capteur de bus de tension continue. C'est dans ce contexte que 1'on a développé des algorithmes de
commande tolérante aux défauts qui se subdivise en trois parties : détection, isolation et
reconfiguration. Ensuite, la validation expérimentale a eu lieu sur un banc composé d’une machine
synchrone et d’un onduleur congus pour la propulsion d’un véhicule électrique. Cette these est ainsi
organisée en 4 chapitres.

Dans le premier chapitre, les défis liés a 1’utilisation des entrainements électriques dans 1’automobile
ainsi que les principes de commande tolérante aux défauts sont rappelés. Les conséquences majeures
de certains défauts et les solutions actuelles proposées pour annihiler leur impact sont revisitées.

Le chapitre 2 décrit le banc de test avec I’application visée. Le systeme est une architecture novatrice
réalisant les fonctions de traction, de régénération et de charge pour un véhicule électrique. Apres la
modélisation et la simulation de la machine synchrone et son onduleur associé, la commande de
I’entrainement électrique est implémentée en temps réel a I’aide de Matlab/dSPACE. Des tests
expérimentaux sur le contrdle du couple sont effectués pour illustrer la loi de commande.

Le chapitre 3 traite de la commande tolérante a un défaut du capteur mécanique de position. Les
différents estimateurs de position/vitesse sont étudiés et leurs avantages/inconvénients listés. Ensuite,
un nouvel estimateur basé sur une approche d’algebre différentiel a été concu et validé
expérimentalement. Ensuite, sur des critéres de précision et de facilité d’implémentation, il est
comparé aux méthodes existantes. Le principal avantage de ce nouvel estimateur est son faible cofit
algorithmique et sa bonne précision en basse vitesse, plage de vitesse dans laquelle les méthodes
traditionnelles (Filtre de Kalman et Observateur basé sur la FEM) sont généralement peu efficaces.
Finalement, une commande tolérante aux défauts avec une reconfiguration assurée par 1’estimateur
algébrique est effectuée et sa validité est testée avec des défauts provoqués expérimentalement.

Le chapitre 4 est dédié au diagnostic des capteurs de courants de phase et du bus de tension continu.
Dans ce chapitre, nous n’effectuons que la détection des défauts et leur isolation, les problématiques
de reconfiguration n’étant pas étudiées. Deux méthodes ont été développées pour les capteurs de
courant : une approche basée sur du traitement de signal et une approche algébrique de diagnostic.
L’étape d’isolation revét une grande importance du fait de I’ utilisation de 3 capteurs pour les courants.

Ainsi les deux méthodes sont implémentées et comparées expérimentalement a travers des injections
de défauts en temps réel, avec un accent mis sur le temps nécessaire a la détection. Pour le capteur de
bus de tension continue, un observateur construit a partir des signaux de commande de 1’onduleur et
des courants de phase a permis la surveillance de la mesure de tension continue.

Mots clés : Commande sans capteur, Diagnostic, Observateurs, Capteurs, Machine synchrone
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