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“Theory is when we know everything but nothing works.
Praxis is when everything works but we do not know why.
We always end up by combining theory with praxis:
nothing works and we do not know why.”

Albert Einstein (maybe)






Abstract

The Permanent Magnet Synchronous Motor (PMSM) has been adopted since
the 1980s, mainly in low and medium power high-accuracy servo drives, thanks to
its high power density. Moreover, the possibility of using powerful digital
controllers has allowed to exploit its inherent accuracy in torque production. In the
recent years, industry has shown a renewed interest in this class of machines,
mainly related to the higher efficiency achievable with respect to other kinds of
motor. In fact, following an increasing trend in the energy cost, the higher initial
cost represented by the purchase and installation of a PMSM with respect to
typical solutions (e.g. induction and DC) has started to be covered by the lifetime
consumption. This, together with the improved environmental consciousness,
opened the way to new applications, characterized by lower accuracy and slower
dynamics, where different requirements are set, like lower production and
maintenance costs, higher reliability, energy-optimized control and wider speed
ranges. Among these applications, industrial ones are maybe the most relevant (e.g.
fans and pumps), while emerging ones are electric and hybrid vehicles and home
appliances. The impact of the adoption of these machines could be very important
in the future, as most of the electrical energy consumption at present is represented
by relatively low-efficiency motors, and even few percentage units of increased
efficiency would lead to huge savings.

This thesis describes the work in the years 2010-2012, during the PhD course
at the Electric Drives Laboratory of the University of Udine. The topics studied
are mainly two, both regarding the digital control of electric drives for Permanent
Magnet Synchronous Motors (PMSMs): the sensorless control and the flux-
weakening control. Although the two topics have been an object of the research in
electric drives for many years, and a strong development has started from that
research, still many issues are open, and the industrial need for higher
performances and efficiency of these drives keeps posing interesting challenges to

researchers worldwide.



ABSTRACT

“Sensorless control” is the name under which the motor control techniques
aiming at the avoiding the use of mechanical sensors usually adopted. For the case
of PMSM, different techniques have been considered, and some improvements have
been proposed both to the analytical approach and to the techniques adopted.

Different flux-weakening control feedback schemes have been compared, and a
proposal for the non-linearity compensation of the loop dynamics has been
proposed for a class of these, mainly applicable to Interior-PMSM.

A perspective on the practical implementation issues has been kept all over
the work, favoring simpler schemes with the less possible parameter dependence, in
order to avoid the need for extensive off-line tests on the single machine.
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Chapter 1

Introduction

Permanent Magnet Synchronous Motors (PMSMs) have been adopted, since
the 1980s, in precision servo systems or applications characterized by high dynamic
requirements. Although their principle of operation was known since decades before,
it was only with the discovery of rare-earth magnetic materials (in the 1980s) and
the introduction of relatively low-cost digital controllers and power electronic
devices, that the use of PMSMs started to be quite common in the automation
industry. They are known for their inherent high-efficiency, high-accuracy torque
characteristics and high power/torque density with respect to other motor classes.
Their relatively high production cost is one of the reasons that have historically
limited their diffusion. One other reason can be identified in the fact they need
more complex controllers, even for achieving a very basic motion control. More
specifically, beyond the algorithms complexity, the Permanent Magnet (PM) axis
position information is needed, which represents an important issue. Since the
added cost and reduced reliability related to the use of a position sensor, research
on the so-called “sensorless control” has been carried on with the aim of operating
synchronous motors without any mechanical sensors.

In the last years many factors, energy cost increase, availability of powerful
controllers and environmental consciousness among them, have renewed the
industry and academic research interest on PMSMs. Besides their mature
application to machine automation applications, some other fields, for which
PMSMs were not considered in the past, are now emerging. Home appliances are
an excellent example: in some cases, while the requirements regarding dynamic and
accuracy performances are usually not very high, the cost, efficiency and power
density targets have become very stringent. Since many devices are nowadays
being equipped with an electronic controller, this makes it possible to integrate the

motor control, reducing the associated cost. Moreover, it has been demonstrated
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that, especially for large power machines, the initial cost for a motor purchase and
installation is only a small part of the overall lifetime cost, being energy
consumption and maintenance the largest components. This rather important
change in the cost perspective allows more sophisticated and expensive solutions to
be applied, in order to achieve reduced power losses and lower maintenance
requirements (which calls for a higher reliability).

Another quite recent trend related to environmental reasons and energy cost
increase is the demand of renewable energy production, where an important role is
played by wind power generators. Also in this case, the highest power density and
efficiency is achieved by means of PMSMs.

The Automotive traction is one of the fields where perhaps the most
important innovation massively involving PMSMs electric drives is happening.
Although some hybrid and electrical solutions have been in the market since the
1990s, the technology (which also covers many other technical fields) is only now
reaching a maturity point that will make it possible for this kind vehicles to be
present on the mass market. Also in this case, the capability to achieve high power
density and efficiency is a key factor, since the need to accommodate the system in
constrained spaces, to reduce the vehicle inertia and to manage the stored energy
in the best way possible. Besides the possible future developments, the PMSM is
already adopted in some conventional internal combustion powered vehicles, with
the function of Integrated Starter Alternator (ISA).

Many of the new applications of the PMSM have in common the requirements
of a relatively large operating speed range. This is especially true for electric and
hybrid powertrain and some home appliances. Some peculiar issues arise, where
low supply voltage is available (e.g. in battery operated drives) or in the case
particularly high speeds must be reached. Proper techniques, which go under the
name of “flux-weakening” or “field-weakening” control, need to be adopted, and
depending on the method different dynamical and steady-state performances can
be achieved in terms of maximum torque vs. speed, control response times, current

ripples or efficiency.
From the control point of view, many interesting research topics are still open.

In this thesis, most of the work has been devoted to some techniques for sensorless
control of PMSMs, and to the high-speed operation, where *flux-weakening”

10
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methods must be adopted to overcome the issues related to the phase voltage
limitation imposed by the limited supply voltage.

1.1 Efficiency regulation and

demand

Recently, the increasing cost of energy and the consciousness of environmental
problems related energy production have driven both market and regulatory
authorities in the direction of improving the systems efficiency. In particular, the
electric area is a good candidate for energy consumption reduction for many
reasons. As a first aspect, a large portion of the whole energy demand is due to
conversion into electric energy, since its easy transportation and versatility. It is
worth noting that, in average, the present efficiency in the production and delivery
of electric energy is quite low (nearly 40%). This makes losses reduction in electric
energy utilization a key factor, since the multiplication ratio that causes energy
need at the source. Moreover, the high levels of efficiency already achievable by
proper electric design and manufacturing and the opportunities of improvement
due to the fast technological development let us forecast the reach of further
important efficiency goals for the future. The exploitation of renewable energy is
also becoming an important factor in the reduction of air pollution, greenhouse
gases and dependence on fossil sources.

Motion generation from electrical energy is a very important application,
looking at the energy volumes involved. For example, according to a study from
the US Department of Energy [1], more than half of the electrical energy consumed
in the United States is used by electric motors. In particular, motors convert nearly
70% of all electric energy industrial demand, with industry using 20% of the total
amount. Hence, efficiency in electrical to mechanical energy conversion, especially
in the industrial field, has a wvery important impact, and could result in
considerable environmental advantages and economical savings. For these reasons,

USA and the European Union have recently enforced new regulations for new

11
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motor installations of medium to high-power, which set higher minimum efficiency
levels and define efficiency classes. Also from the user point of view, the energy
cost associated to the operation of a medium-power motor during a single year is
usually many times greater than its initial purchase price. This arguments justify
the research efforts aiming at reducing power losses, even at the expense of more
sophisticated or expensive motors and driving devices.

One of the technological and economic factors that, quantitatively, will
probably have the largest impact on energy consumption in the near future is the
electrification of transportation, that is slowly starting in these years. In fact the
energy consumption for transportation represents around 20% of the global world
primary energy demand and, moreover, it must be noticed that, internal
combustion engines, largely the most common powertrain have peak thermal
efficiency levels that reach (for optimized two-stroke large ship Diesel engines)
about 50%, while land transportation engines have much lower efficiency. The
strong dependence on speed and load operating conditions, the idle losses and the
exclusively dissipative braking lead to much worse results, on a typical drive cycle.
After a quite long marginal history of electric and hybrid cars, in 1997 Toyota, a
major Japanese car manufacturer, introduced to the market the Prius model, a
modern hybrid gasoline-electric car. The relatively large success of this car is
probably opening the way to a massive introduction of electric and hybrid models
in the near future, and has already stimulated an important research in the fields
involved in the development of these cars. From the point of view of potentialities,
besides the very high difference in efficiency (both peak and at the various
operating conditions), the absence of idle losses and the bidirectional conversion
capability (regenerative braking) offered by electric powertrain are out of reach for
combustion engines, thus electrification of transportation could lead to large energy
savings.

Maybe the most important obstacle to the improvements in energy efficiency
is represented by the investments needed for the installation of new plants and
devices and the substitution of inefficient existing ones. As mentioned, the
increasing cost of energy and technological development is rapidly reducing return
times for large power. For lower power applications, the efficiency demand is
related both to economic and environmental reasons, where the second ones are

recently becoming a market driving factor (especially in consumer goods).

12
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In this scenario, the importance of electric motors and of their control
techniques is evident, since they are involved in many of the energy optimization
or generation innovations that are taking place. Since the inherent advantages in
energetic efficiency and power density offered by PMSMs, an increment in their
diffusion can be expected in the near future. In fact, despite their higher initial cost,
if the whole lifetime power consumption (motor lifetime is about 20 years on
average) and maintenance is taken into account, which represents typically the
largest part of the expenses associated to a large electrical motor, in some
applications the adoption of PMSMs can be convenient with respect to the
induction competitor. As an example, in a study published on the IEEE Industry
Applications Magazine ([2]), the energy costs for the operation of a cooling tower
fan (about 30 kW motor power) were compared between the case of a classical
gearbox-coupled induction motor and an innovative PMSM direct-drive solution.
The results, shown in Table 1.1, demonstrated that annual savings can be

consistent even for non-continuous duty.

Table 1.1. Cooling tower fan drive case study, annual energy cost savings [US$]
adopting direct-drive PMSM with respect to gearbox-coupled line-start induction

motor.

Full vs. half speed duty-cycle

Application Hours/day

100% - 0% | 75% - 25% | 50% - 50%
Petrochemical 24 3,154 2,488 1,822
Hospital 18 2,365 1,866 1,367
University 12 1,577 1,244 911

13
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Fig. 1.1. Industrial cooling towers in a power plant.

According to the report [3], both in Industrial and Tertiary sectors fans,
pumps and compressors (see Fig. 1.1) are by far the main electrical loads,
accounting for 62% and 66% of the motor electricity consumption, respectively.
Since these applications usually have low dynamics and low accuracy requirements,
PMSMs could be profitably adopted also with simple sensorless control techniques,
while nowadays the largest majority of these applications are covered by induction
motors. The sure advantages of asynchronous motors (line-start capability among
them) could however become less important since the increasing cost of energy and
the decreasing cost of power converters and controllers. In fact, both pumps and
fans usually represent a peculiar load, which make it possible to achieve large
power savings if operation on larger duty-cycle at intermediate speeds is imposed
instead of shorter running periods at high speeds.

In medium-low power civil applications such as HVAC (Heat, Ventilation, Air
Conditioning), the particular characteristics of the load (from the thermo-
dynamical point of view) make it particularly convenient to vary the operating
speed in a continuous manner (rather than operating in on-off), thus the use of
Adjustable Speed Drives (ASD) cannot be avoided. In this case, the switch to PM
brushless motors has already happened in the past years, demonstrating that these

cost-effective, efficient and reliable solutions can be widely adopted in industry.

14
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1.2 Classification of the most

common electric motors

Among the many electric motor working principles and geometries, few of
them have dominated the scene till now. Some classes of motors, despite being
built in large numbers, have a very limited application field. This is for example
the case of some very small power synchronous motors like single-phase AC
synchronous motors and other timing motors, like those used in electro-mechanical
energy meters. In this work, the focus will be of course on Permanent Magnet
Synchronous Motors, but introducing their main “competitors” can be useful to
understand the importance of some aspects like efficiency, accuracy and control
complexity.

1.2.1 Induction motors

Induction motors are the actual workhorse of industry, converting
approximately 70-80% of all electrical energy to mechanical. Their structure is
quite simple, their manufacturing relies on commonly available materials (copper,
steel, aluminum), and their diffusion has led to a deep engineering effort through
many years of production. However, only in the last decades magnetic and thermal
Finite Element Method (FEM) simulations helped the design improvement.

Their large success is due to the capability of operation from a fixed-frequency
and fixed-voltage line. In fact, three phase motors are able to be started and kept
at a quite accurate speed by just connecting them to the grid line, since they tend
to rotate in synchronism with the supply voltage, showing a self-regulating
characteristic in speed (i.e. null torque at synchronism speed and negative slope in
its neighborhood).

On the other hand, induction motors, with respect to their competitors (i.e.
PM brushless motors) show poorer dynamic performances and efficiency, and
achieving an accurate control of their speed or position is more difficult than with

DC or PMSM motors, since the impossibility to exactly know the rotor field.

15
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Variable speed drives for induction motors have been commercially available since
the 1970s, and also sensorless control is nowadays a mature technology, but the
research on some topics, like dynamic response improvement and operation at very

low-speed is still active.

1.2.2 DC motors

Direct Current motors have been widely used in those applications where
variable speed, high power density operation is needed, or in those where only DC
sources are available (e.g. battery powered). DC motors can be classified in two
major classes, depending on the kind of stator field excitation, which can be either
from a permanent magnet or winding. Usually, low-power DC motors are provided
with magnet excitation, while large size ones rely on a field generating winding,
since manufacturing and cost issues related to large permanent magnets. The first
class provides relatively high power density and efficiency, while the second offer a
second degree of freedom for regulation.

They allow an easy control, since steady-state speed is in first approximation
determined by armature supply voltage, and torque is proportional to field and
armature current. The major disadvantage of DC motors is the need for a slip ring,
which also acts as a commutator, supplying the correct winding depending on
position. The commonly used devices for slip ring connection, called brushes, are
subject to wear (causing added reliability issues and maintenance costs), produce
sparks and dust, besides causing quite important friction and vibrations, which

deteriorate the motion performances of the motor.

1.2.3 Synchronous motors

Among the synchronous motors, different classes can be distinguished for
construction and torque generation principle. While PMSMs and wound rotor
synchronous machines (typically used as generators) rely on the interaction
between flux provided by the rotor and (by means of a permanent magnet or

16
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orientated winding) and stator current, torque in Synchronous Reluctance Motors
(SRMs) is due to the presence of minimum reluctance paths in the rotor, and the
rotor field is provided by stator windings only. However, some motors, like
[PMSMs, can resemble both the rotor characteristics of the PMSM and SRM, and
thus can produce torque according to both the two operation principles.

Permanent Magnet Synchronous Motors (PMSMs) are a wide class of
machines, mainly known as “brushless motors”, although this term hardly
describes their peculiarities. In fact, besides the absence of brushes, which is also
common to AC induction and reluctance machines, the presence of permanent
magnets in the rotor is the main difference with respect to other brushless
machines. Although in this work sinusoidal flux-linkage is considered, other shapes
of the field can be obtained, e.g. in the case of Brush-Less DC (BLDC) motors,
where a trapezoidal back-EMF is considered, thus allowing, ideally, a constant
torque to be obtained by driving piecewise constant currents in the stator windings.
These machines have wide use in low-demanding applications, where torque ripple
and dynamical performances are not critical. However, modeling of these machines
usually is conducted by using similar analytical tools as for the case of sinusoidal
machines. It is also worth mentioning that the very common hybrid stepper motors
can be, under some approximations, considered as two-phase PMSMs, and can
represent for some applications a viable low-cost alternative.

With respect to induction and variable reluctance motors, the use of
permanent magnets allows to obtain rotor induced flux-linkage on the stator
avoiding the losses associated with additional currents for rotor flux generation.
This simple peculiarity is fundamental, since it determines the higher efficiency and
power density achievable by this kind of motors, especially with respect to
induction ones. Motors offering combinations of reluctance torque and PM torque
(Interior Permanent Magnet Synchronous Motors, IPMSMs or PM-Assisted
Synchronous Reluctance Motors, PMASR) can achieve even higher torque
densities at high efficiency levels.

Another important characteristic of PMSMs is that since rotor field is due to
the rotor mounted PMs (mechanically bound in fixed positions), PM flux can be
accurately known from the mechanical rotor position. For sinusoidal PMSMs (i.e.
those in which flux-linkage is sinusoidally distributed), this means that, if the rotor
magnetic axis angular position is correctly known, the generated torque is
proportional to the orthogonal component of the current vector, and so an accurate

17
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torque control can be achieved. For this reason, PMSMs have been used since the
80s (when rare-earth magnets were discovered) in low-power automation
applications where high precision is required, and especially for position servo

control.

The use of permanent magnets in the construction of electrical machines
brings the following advantages:

e The field excitation requires no power absorption from the supply, thus
eliminating the related losses

e A higher power (and torque) density can be achieved with respect to
electromagnetic excitation machines, leading to better dynamic performances

e  Simplified construction
e Reduced maintenance

The increased power density represents a double advantage, which needs to be
pointed out. On one side, some space-constrained applications require the use of
mechanical transmission or gear when adopting a larger motor, such as an
asynchronous one. It is also worth noting that, to achieve a high peak efficiency
(like for the new IEC energy efficient and premium efficiency classes), induction
motor usually needs larger size with respect to a normal efficiency one, then the
large ratio between the volume of a classical induction motor and that of a PMSM
of the same power is further increased. A second advantage is of course the
reduction in the quantity of material used, both for magnetic steel and conductive
metal (copper and aluminum) and the reduced weight, although the production
cost of a PMSM is generally higher due to the use of the expensive permanent
magnet materials.

Moreover, since the very low rotor losses (ideally null, but induced currents
and hysteresis dissipation exists) heat transfer from the rotor to ambient does not
need to be high, making it possible to avoid ventilation, and fully enclosing the
motor structure. This allows operation in heavily contaminated (dust, moisture,
chemical agents) or dangerous (explosion risk) environments and a longer lifetime.
Also these factors can be important in the choice of a motor for a certain

application, since it may reduce costs associated with maintenance and replacing.

18
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However, the utilization of PMSMs encounters many difficulties, mainly
related to the usually higher initial cost and more complex control. In particular,
the possibility of straight line-start of asynchronous motors, although with
extremely high electrical, thermal and mechanical stresses, together with relatively
poor efficiency, will probably make the induction motor be the most common

machine in a long future, even if on a decreasing trend.

Moreover, PMSM have an important advantage from the thermal point of
view, with respect to induction and DC motors. In fact, stator generated heat can
be easily dissipated to the free air, while rotor path to ambient is quite resistive.
Since their negligible rotor losses, there is no need for forced ventilation, and
smaller dimensions can be achieved. This is compatible with the fact that some
permanent magnet materials must be protected from chemical agents, thus PMSM
are usually packed in a dust and water resistant enclosure.

1.3 Contribution of this work

Although the Permanent Magnet Synchronous Motor has been an important
topic in the electric drives research during the last decades, from the control point
of view, many interesting topics are still open. The work described in this thesis
has been devoted to two main topics, both representing important aspects of
PMSM control. As a contribution towards a wide adoption of sensorless PMSM
drives, different techniques for position and speed estimation have been studied,
resulting in some original analytical characterization and improvement proposals.
The other main topic, which is more important for particular applications where
wide operating speed ranges are required (for example in washing machines and
electrical traction drives), relates to the operation of IPMSMs at very-high speed,
where “flux-weakening” techniques must be applied to overcome the issues related
to the phase voltage limitation imposed by the limited inverter supply capability.

About the model-based techniques for isotropic motors (i.e. where

anisotropy-based estimation is not possible), a project for the development of a
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sensorless strategy for general-purpose PMSM industrial drives has been carried
out. Some analytical tools for the tuning of the estimation process have been
obtained, together with a proposal on the improvement of robustness at low-speed,
where in normal conditions the control fails. Also, an injection-based technique
valid for isotropic motors has been proposed, for both initial position detection and
tracking.

For the control of motors characterized by a salient rotor, the well-known
techniques involving sinusoidal signal injection have been studied, and an original
technique, which avoids the demodulation carrier phase tuning issue has been
proposed. Moreover, a detailed analytical description and a preliminary
implementation of a technique relying only on the PWM ripple excitation has been
presented, which takes advantage of the adoption of simple Rogowsky coils for

current derivative sensing.

After this introduction, Chapter 2 briefly introduces the PMSM two-phase
model (in both the stationary and synchronous reference frames) and the
fundamentals of vector control, where the main symbols will also be defined.

Chapters 3 and 4 describe the activity in the sensorless field, dividing the two
chapters according to the two main classes of techniques, i.e. model-based and
injction-based methods. In the first of the two, the development of a sensorless
strategy for a general-purpose Surface Mount-PMSM industrial drive will be
described, where a back-EMF observer in the stationary reference frame has been
adopted for position and speed estimation. A simple approach to the modeling of
the estimation process will be exploited, obtaining a full analytical description of
the dynamics involved. Moreover, a stabilization technique based on the injection
of a constant direct-axis current will be analyzed, and the overall performances of
the system tested on the hardware of a commercial drive. In the fourth chapter,
the study of injection-based methods will lead to the original contributions that
have been proposed, namely an alternative demodulation exploiting the Discrete
Fourier Transform principle, a PWM excitation technique making use of Rogowsky
coils and, finally, a novel injection-based technique suitable for the control of
isotropic machines at very low-speed and stand-still.

In Chapter 5 a few state-of-art algorithms for flux-weakening control of
Interior-PMSM drives have been compared. The advantages of the techniques

relying on the synchronous current frame, in terms of performances and
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implementation, will be demonstrated. For this class of methods, a novel
theoretical investigation will be presented, allowing to develop a simple approach
for voltage command regulation on-line gain adaptation. The experimental results,
obtained on a prototype motor drive for washing machines, will demonstrate the
feasibility of the method and the related improvements.

The work described in this thesis has been mainly developed within the
Electric Drives Laboratory of the University of Udine (EDLab Udine), during the
three years of the PhD course in Industrial and Information Engineering. The
laboratory is part of a network that comprises other two groups, and works in a
close partnership with the Electric Drives Laboratory of the University of Padova
(EDLab Padova). While the motivation of some of the work just came from the
emerging results of state-of-art research, part of the work has been carried out in
the frame of partnerships with external companies, which allowed to maintain a
perspective on the possible fields of application of the research, and on the
implementation issues, costs and robustness associated to the different techniques.
For this reason, as a choice towards the applicability and robustness of the results,
the simpler methods have been favored against more complex ones, especially
where a good dynamical characterization was not available, they required large
implementation resources or were based on data from extensive off-line testing of
the single machine.

As almost all of the research results, the small original contribution coming
from this work leaves important issues open. However, it is hopefully going to be

useful for further study and development.

1.4 List of publications

Several parts of the work reported in this thesis have been presented in
international conferences and journals, together with marginal contributions on

different topics. Hereafter these publications are listed in a chronological order.
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Chapter 2
PMSM model and control

While the DC motors dominated the field of servo drives for decades, at the
end of the 1960s, K. Hasse introduced the field oriented control of AC motor.
Based on the theory developed by R.H. Park in the early 1930s, it was pointed out
that in theory the induction motor could be controlled in the same way as the DC
motor. Further developments of this method, together with the important leaps
ahead made by the semiconductor industry (both power and digital devices) made
it possible for PMSM servo drives to be present on the market in the 1980s. With
the establishment of digitally controlled architectures and the decreasing cost of
computing power, abstraction from the simple machine could be achieved, allowing
many sophisticated control techniques to be implemented also in standard drives
and reaching high levels of accuracy and dynamic responses with easy
commissioning procedures.

In the model of an electric drive, two subsystems can be identified, an
electrical and a mechanical one. The equations linking the two subsystems are the
electromagnetic torque expression and the position and speed dependent induced
voltages (back-EMF). The expression “motor control”, regardless of the considered
class of motor, driving devices and control schemes, indicates a set of techniques
aiming at obtaining a desired mechanical behavior from the motor by providing
the proper electrical inputs at its electrical terminals.

For all electrical rotating machines, torque is obtained as an interaction
between current and magnetic flux. In particular, in the ideal model of the PMSM,
torque can be expressed as a function of currents and rotor position only (besides
constant parameters), then allowing to control torque production by means of
current control. Based on torque control, speed and/or position can be easily
controlled, unless very peculiar mechanical loads are applied. In the majority of

cases, in fact, a simple first order (inertia-damping) model describes the mechanical
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subsystem, which makes the dynamic behavior of load versus input torque very
straightforward.

2.1 PMSM model

This brief recall to the model of synchronous machines, and in particular to
Permanent Magnet Synchronous Motors (PMSMs), will be functional to the
comprehension of the rest of this thesis, also helping in the definition of the most
used symbols. The ideal model is considered, which allows an easy analytical study,
while in most of the cases non-idealities will be seen as model disturbance.

An electric motor is a machine able to perform a power conversion from
electrical to mechanical, and vice versa. While the term “motor” is commonly used
for indicating generically such a machine, more properly operation can be
distinguished, depending on the energy flow direction, between motoring operation
and generating, which are from electrical to mechanical or reversed, respectively.
An identical machine is usually called a generator or a motor depending on which
is the main operating condition in its application.

The system dynamics point of view will be often adopted. A mechanical and
an electrical subsystem, which are physically linked each other, will be sometimes
separately considered, when this is allowed by the kind of study to be done. In
particular, in the electrical subsystem the motor has to be often considered
together with its supply connection, while on the mechanical side the load must be
taken into account, since at least the rotor inertia and viscous friction are present.

The far most common motor construction is represented by three-phase
topologies, although some exceptions exist, like single-phase and two-phase motors
in low-power applications, and multi-phase ones, proposed for fault-tolerant
systems. Apart from single-phase systems, two-phase and multi-phase machines
can be mapped into the same model used for three-phase motors, making it
possible to take advantage of the same modeling and control techniques. An
interesting case is represented by the widely used hybrid stepper motors, which can

be modeled as two-phase PMSMs.
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Where not otherwise noted, the anisotropic rotor model will be adopted, where
inductances seen from the motor phases depend on the rotor position. Usually, this
means that the permanent magnet axis shows lower inductance than in its
electrically orthogonal direction. The model is, of course, also valid for isotropic
rotor machines, provided that inductances on the two axes are set equal, and in
this case can be greatly simplified.

negative d-axis

g-axis

d-axis

d-axis flux path
— g-axis Hux path
[ permanent magnets

Fig. 2.1. Example of a four-pole IPMSM cross section.

2.1.1 Two-phase representation of the three-
phase PMSM

Although the three-phase model of the machine can be studied, an important
innovation in the theory of AC machines was the introduction of two-phase models
for the three-phase systems [4],[5], which result in very convenient sets of equations.
Two main representations have been developed, in the stationary and in the

synchronous reference frame; the first being a simple transformation to orthogonal
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coordinates, while the second reveals the deep relation between the rotor position

and the phase of sinusoidal electrical quantities in a synchronous machine. The

construction of the model exploits the fact that the three phase voltages and

currents, for a non-connected neutral system, are not linearly independent, since

their sum is null. The most obvious transformation is towards an equivalent

system consisting of two orthogonal phases. In this short recall of the ideal PMSM

model, that will be used where no additional hypothesis or non-ideal aspects are

introduced, the considered machine has the following characteristics:

28

Magnetic saturation phenomena are negligible;

The permanent magnets are supposed to have constant total flux amplitude,

and a linear demagnetization curve;

Magnet flux-linkage, stator phase windings distribution and resulting self and
mutual inductances are sinusoidally distributed according to the angle
variation, but their behavior is modeled by means of ideally concentrated
windings;

The stator phases are identical, symmetrically positioned and wye connected,
so that the available terminals corresponds to each of the three windings, and

a neutral connection is not present (so that homopolar current cannot flow);

The interesting frequencies are sufficiently low, so that wavelengths and
penetration depths are in the winding conductors are not subject to skin effect,

then inductance and resistance are not dependent on frequency;

The iron losses due to hysteresis and parasite currents are negligible, so rotor

induced currents are considered null;

The time constants associated with the mechanical system are much larger

than the electrical ones;

System parameters are considered to be constant, thus neglecting their

dependence on the operating conditions (e.g. temperature).
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Fig. 2.2. Schematic representation of the three-phase PMSM.

An anisotropic rotor motor is considered, since it has a more complex model;
the isotropic rotor PMSM will be considered as a special case, and a simplified
model will be used where more convenient. The reduction from the three-phase
system (Fig. 2.2) to the equivalent two-phase one is performed by applying the
Clarke transformation [4], named after E. Clarke. A generic electrical quantity x,
defined for each phase, is represented in a vector form and transformed in a

two-element variable by calculating;:
x 1 - 1/ 2 - 1/ 2 | [Xa
a
a [XB] 0 / 2 = / 2 X,

As above mentioned, the common mode component has been neglected, since
the sum of phase currents and phase-to-phase voltages is null (thus it has no
influence on the three motor phases). The transform has an easy geometric
explanation, as it represents the contribution of each of the three phases a,b,c
(placed at 0, Zn/ 3,4”/3, respectively) on two orthogonal axes @ and B (placed at
0 and 7'[/27 respectively). An illustration of the two-phase stationary reference
frame model is shown in Fig. 2.3. voltage equation in these axes, in the Laplace

domain, has the form

ts =[] = [+ 5[5 21)
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Where Vg 5 and I, g are the voltage and current vector, respectively, and Ry is
the stator phase resistance. The flux derivative terms sd4,545 can be divided into
the contribution of self and mutual inductances and of the permanent magnet flux-
linkage. Flux linkage consists of current induced flux, expressed by means of an
inductance matrix (which depends on the rotor position), and permanent magnet
flux (having magnitude A4 ), projected on the two axes:

A= [)la] _ [LE +Lycos20,,  —Lpsin26.,, [la] [cos Gme]
Laf — /1/; - mg

—L,sin26,,, Ly + Lycos 26| |1s sin 6, (2.2)

where Ly is the average inductance seen from the stator phases, and L, is the
amplitude of the sinusoidal variation of stator inductance.

Fig. 2.3. Schematic representation of the PMSM model in the two-phase stationary

reference frame.

The mechanical-electrical rotor position 8,,, is an angle representing the
electrically equivalent position of rotor magnetic axis (South to North direction)
with respect to the first winding axis (@, which corresponds to the first motor
physical phase). Since the number of motor pole pairs can be higher than one, the
magnetic model is periodic in a fraction of the mechanical angle, then mechanical-
electrical equivalent position 6,,, and speed w,,, are defined, with respect to their

mechanical counterparts 6, and w,,, as

Ome = PP Oy , We = PP Wiy (2'3)
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where pp represents the number of pole pairs. The voltage equation (2.1) can

now be expressed as

[KZ] = Rg [5;] + SLap [5;] + Wmelmyg _Cf)lsneize] (2.4)
after defining the stationary frame inductance matrix
Laﬁ _ [LE ELA .cos 26, —L,sin20,,, (2.5)
—L,sin 20,,, Ly + L,cos 20,
and the back Electro-Motive Force (back-EMF') vector
Bes = [£] = omettma | orp™ 20

It is worth noticing that, for the particular case of the isotropic rotor machine
(i.e. an ideal SM-PMSM, where saturation induced saliency is not present), the
model can be written in a very compact and useful form, thanks to the
simplification of the inductance matrix Lyg (since Ly = 0). Vectors can also be
substituted by complex variables, i.e. for a generic variable X among the ones

previously defined:
Xap = Xo +JXp (2.7)
obtaining
Vap = Rslyp + sLsslyp + Egp (2.8)

where the synchronous phase inductance is Lgg £ Ly. The back-EMF variable
can be expressed as a complex exponential quantity:

E.p = j(‘)meAmgejgme (2.9)
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Fig. 2.4. Schematic representation of the PMSM model in the synchronous

reference frame.

By means of the Park transformation, which was introduced by R. H. Park in
1929, [5], allowing the study of synchronous machines behavior in a way similar to
the DC motor, a two-phase model in the synchronous reference frame is obtained.
In this case, the motor is represented by two windings (direct, d and quadrature, q)
rotating with the rotor. The direct-axis is set as aligned with the rotor magnetic
axis. This model has many advantages, since the quantities related to torque
generation are more easily studied in this domain, and steady-state variables

assume constant values. The voltage equation in matrix form becomes

> wme] Ad] (2.10)

_[Va] _ , [la
Vaq = I/;I] = Rs Iq] + [—a)me s 14,

The terms wmpmedq and —wpe4, are called axes cross-coupling.

The flux-linkage expression now becomes

Aaq = Aq] - [ 0 Ly + LA] [Iq] i [ 0 ] (21

The absence of mutual terms and variable terms in the inductance matrix
shows how the two phases dynamically see only a constant self-inductance. The

inductance values can be defined as direct-axis and quadrature-axis inductance
Lg2Ly—Lsy, L2 Ly+ 1L, (2.12)

Equation (2.10) can be then rewritten in the more explicit form
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_[Val_ ,, [la SLq Wmelq] [la 0
2l U et 1 v | o A P B

The term wp,eApgy represents the permanent magnet induced voltage, then, in

analogy to the stationary reference frame equations, a back-EMF can be defined as:

E Ed]—[ 0 2.14
=44 |E, |~ |0meldmg (2.14)

The dependence on rotor position has been eliminated, or, in other terms,
moved into the calculation of the d, q terms from the actual stationary reference
phase values, which is a simple coordinates transformation (backward rotation of

eme):

Val [ €0SOme  SinOpe][Va
[V;;] B [—Sin Ome cOS Gme] [VB] (2.15)
Iy]  [cosOnme  SinBpe][la
Iq] - [—sin Ome COS Hme] [Iﬂ] (2.16)

Also in this case, complex notation can be useful. In fact, rotation matrix
translates in an exponential, which is very simple to deal with for derivation and
integration. In the case Ly = 0 (isotropic rotor) the voltage equation (2.13)

becomes:
Vag = Rslgq + (s + jwme) Lsslgq + jomeAmg (2.17)
and obviously

Ey = j(‘)meAmg (2.18)

2.1.2 Electro-mechanical model

As mentioned, the electrical motor can be seen as bidirectional energy
converter, and is therefore equipped with two power ports, the electrical and the

mechanical one. The electrical part model has been introduced in 2.1.1 while, in
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the present paragraph, the comprehensive electro-mechanical model will be recalled,
describing the motor torque production characteristic.

In the previous voltage equations (2.4),(2.8),(2.13),(2.17), the dependence on
speed and position represents the effect of the mechanical sub-model on the
electrical one. The corresponding can be found in the relation of torque generated
by the motor and phase currents. Electro-magnetic torque can in fact be expressed
as the cross product of current and flux vector:

o)< ] 215

=5Pp X Iy (2.19)

By substituting the expressions of flux, the more common torque expression,
based on the synchronous reference frame, can be obtained

T, pr[ ] [] =[pp Ay 1y + (La — Lg)1al,] (2.20)

In this equation, two contributions can be recognized, which result from
different principles: the torque related to the interaction between rotor permanent
magnet flux and stator current, and the reluctance torque, which implies only
stator-generated field.

The mechanical system is not limited to the motor, but the load coupled to
the rotor shaft is also modeled. This is normally represented by a first order
inertia-friction passive system and a generic braking torque T; (independent

source), which can represent any other kind of load:
Te - TL
w =
me B+s]

(2.21)

2.2 Typical drive architecture

The impressive improvements in semiconductors technology (both in power
and logic devices, cost and performances), starting from the 1980s allowed the

implementation and commercialization of drives controlled according to principles
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developed in the previous years, including vector control. In particular, the
increased availability of powerful microprocessors allowed more complex algorithms
to be adopted, achieving reliable and accurate sensorless vector control. In this
scenario, the induction motor was the main target, since its wide utilization,
relatively low cost and high reliability.

. position
grid motor
transducer .~
r?g;vir diode DC-bus 3-phase pr][as;a
o——p| rectifier IGBT outputs O
1 inverter ~ H
Oo—p p— ) H
|
O----- > 4“: % !
]
3-phase |
v current motor |
switching sensing :
commands 1
voltage :
sensing - i
Digital '
0 ;
|
|

external controller
I’0 SVl EEEE R R

Fig. 2.5. Typical architecture of an electric drive.

The vast majority of three-phase electric drives share a similar hardware
architecture, which is depicted in Fig. 2.5. The scheme comprises a DC power
supply (usually a grid connected diode rectifier), which supplies a three-phase
power inverter (usually consisting of six Insulated Gate Bipolar Thyristors, IGBTS,
or Metal-Oxide Semiconductor Field Effect Transistors, MOSFETSs), Fig. 2.6, by
means of the DC-bus, i.e. a capacitor bank filtering the rectified voltage. In some
cases, a controlled DC source is present or, in high-power applications, a
bidirectional rectifier (Active Front-End, AFE) is adopted. In fact, during motor
braking, the DC-bus is charged and, in the case of an unidirectional supply from
the grid, a dissipation device must also be present in order to avoid the DC-bus
overvoltage.

The control algorithms for the specific kind of motor are usually implemented

as software on a digital microcontroller (firmware), where inverter switching
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commands are generated, aiming at controlling the motor to follow a desired
torque, speed or position behavior. The measurements that are available to the
controller comprise usually at least two of the three phase currents and the DC bus
voltage, although speed, position and other sensors can also be present. Acquisition
of the measurements is performed by means of analog to digital converters (ADC
or A/D converters) or other interfaces dedicated to peculiar measurements (as for
the case of incremental encoders for position sensing), after a proper signal
conditioning. Insulation between the controller and the power sections is required
for reliability or safety reasons, also because of the presence of external user
interfaces or input/output (I/O) connections to other devices, which provide the
communication of commands, parameter settings or feedback from the controller to
external supervising units.

.
e

e————o outputs
PWM switching commands

Fig. 2.6. Typical three-phase inverter configuration.

Of course, the elimination of non-necessary hardware is desirable, even at the
cost of some loss in robustness and performances, since it allows to reduce
production, installation and maintenance costs. It is worth noticing that, among
the various connections described, some of them are critical for several reasons.
Depending on the power rating and application field, the physical distance between
the controller, power stage and motor can substantially vary. In particular, small
power dedicated drives (as those found in home appliances and HVAC) controller

and power stage are often integrated into the motor case, while in large power
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drives (fitted in large electrical cabinets) the connections can be quite long,
especially for the motor phase wires and mechanical sensors.

2.3 Vector control

For most of the cases studied in this thesis, a rotor speed control will be
considered. The term “control” or “regulation” is usually meant as feed-back loop
control, in which the controlled variable is measured (or estimated) and compared
to a reference value. On the basis of the control error, the controller or regulator
rule generates a proper value for the input to the plant, in order to drive the
output to reproduce the reference input with a certain bandwidth. In many cases,
the dynamic behavior of each state-variable is mainly linked to a single input or
state-variable. For this reason, one of the common schemes adopted for the control
of plants of dynamics order higher than one (i.e. having more than one pole in the
plant’s transfer function) consists of concentric feed-back loops, each regulating one
state variable. In the case of speed control of an electric drive, in addition to the
speed loop, usually a torque or torque-related current inner control is implemented,
thus simplifying the speed regulator task. One of the most common, if not the
most common, control topology of this kind is based on a vector representation of
electrical quantities, and is thus called vector control. In particular, the relation
between currents and flux-linkage on one side and torque on the other is exploited
to control the generation of the torque as required by the speed controller.

I; Reg
1 2 + 1744 Vv
) O ) ) d a a
T current X - K; dg PWM 5 ?
e reference I axes modulation
generator . d 1 q Reg decoupling . N + ?
inverted Eq.(2.20) |Iq + I : Vq af V/; ,| inverter c
Iy Iy I,
dg /1%
la ab e i)
Wine Hme
Lo
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Fig. 2.7. Torque control loop.

lg;q Reg

ligg + i Vijg | 1 lajg
RS + SLd/q

layq

Fig. 2.8. Simplified current control loop dynamics (considering exact decoupling
and ideal inverter behavior).

The most common approach to torque control of the PMSM is the vector
control, which refers to the synchronous quantities, i.e. those defined in the dq
synchronous reference frame. Although some different proposals are present (the
most common one being Direct Torque Control, DTC, also called Direct Self
Control, DSC, [6]), Field Oriented Control is almost a standard in this field. Its
operating principle, introduced by K. Hasse and F. Blaschke, [7], exactly follows
the Park transformation model (introduced in 2.1.1), in which the direct axis is
linked to the rotor permanent magnet axis (South to North direction). It is worth
noticing that position signal is needed not only for speed measurement, but also in
order to achieve proper torque regulation. In fact, from (2.20) it can be easily seen
that, once the angular position of the rotor magnetic axis is known, torque can be
simply obtained from the d, g currents and the motor physical parameters of rotor
magnet flux A,,, and inductances Lg, L. This means that a proper current control,
operated on the synchronous reference frame components, enables torque control
(Fig. 2.7). Moreover, the motor phases electrical dynamics results in a simpler
plant with respect to the case of the stationary frame, in which model is
sinusoidally varying with rotor position. Also, thanks to the Park transformation, a
transposition in the frequency domain is done, so that the signals at the rotation
frequency in the stationary reference frame are moved to null frequency in the
synchronous one. This is an important advantage, since the widely adopted
Proportional-Integral regulator (PI regulator) ensures null DC error. Current
control is then actually achieved by imposing to the inverter proper logic

commands. The voltage vector reference can be simply obtained from the current
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regulators outputs, but usually dynamics is linearized by summing the expected
value of the coupling terms (wyeLq4l, and a)me(LdId + Amg) terms in the voltage
equations), which results in the ideal equivalent scheme shown in Fig. 2.8. The
translation of vector voltage request into Pulse Width Modulation (PWM) duty-
cycles for the inverter switches is called “modulation”. The actual PWM signal is
then generated by a dedicated peripheral, whose input duty-cycles are updated at
regular intervals (each control period or half period). Many techniques can be
found on this topic, one of the most common ones is Space Vector - PWM (SV-
PWM), where possible inverter configurations are mapped as vectors (Fig. 2.9).
The application duty-cycles of the two vectors adjacent to the reference one
correspond to their projections on the same vector directions. It is worth
mentioning that output voltage is usually not measured, but only deduced from
the imposed voltages (which result in PWM duty-cycles) and from the voltage
measurement on the inverter DC bus (which is the inverter supply). Unfortunately,
this information is not accurate, since it is distorted by the non-ideal behavior of
the inverter. One of the most significant is due to the fact that simultaneous
commutation on the inverter switches on the same leg cannot be applied (high
probability to result in a leg short circuit), so turn-on delays (dead-times) must be
introduced in the PWM pattern. This means that, for each inverter phase, during
the time between the two commanded transitions, voltage will be clamped by one
of the two leg free-wheeling diodes, depending on the current direction. Many

techniques for the compensation of this effect have been developed, [8]-[10].

ﬁlk
Vo1o Vi1o
Vag
Vo11 V100 .
Vooo, V111 a
V001 VlOl

Fig. 2.9. Inverter modulation in the space vector representation.
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When the speed regulator output needs to be actuated, of course different
current vectors could result in the same output torque, thus they can be considered
completely equivalent from the speed control point of view. Efficiency
maximization and electrical limits impose the adoption of some current
characteristics in the dq current plane with respect to others. With reference to the
graph in Fig. 2.10, which is drawn for steady-state, all points laying inside the
current magnitude limit circle (related to thermal limits) are admissible at
low-speed (i.e. when inverter voltage maximum capability is not reached), and all
points on the hyperbolas result is the same torque. However, it can be easily seen
that, for each torque value, on point ensures the minimum current vector

magnitude, and is said to lie on the Maximum Torque Per Ampere curve (MTPA).

L7,

p

\

{/\

+

Current limit

—MTPA

—Voltage limit at base speed

—— Voltage limit at reference speed
Maximum torque hyperbole

--------- Control trajectory limits

Generic current vector

Fig. 2.10. Control trajectories and limit loci in the I vs. I, plane.

If Joule dissipation is considered the main portion of losses, operation on the
MTPA curve results in a minimum losses strategy, and also allows to fully exploit
the torque producing capability of the motor. MTPA can be analytically obtained

by finding the minimum of current amplitude for a given torque, while using the
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phase angle as the independent variable. This results in a simple expression
representing the curve:

Apmyg Az

T a(la—Ly) (16(Le -

I, + Iz (2.2)
Lq)
In the case of non-salient PMSM, i.e. where Ly = Lg, the reluctance torque is

not present, thus torque expression becomes proportional to the g-axis current:
Te = Kr I (2.3)

having defined Ky = prAmg, which is a parameter usually found on the

nameplate of PMSM for servo applications. Only the g-axis current is involved to
actual torque control (being proportional to it), while the d-axis current, normally
regulated at null value, at high-speed is used for the reduction of the flux-linkage
(“flux-weakening” control), to reduce the necessary voltage magnitude. Similar
considerations can be applied to the case of the anisotropic motor (normally for
IPMSM, in which saliency is intentionally designed), even if, in this case, torque
depends on both the current components, and then a more complex algorithm is
needed for translating the speed controller request into a vector current reference.
Obviously, the relation between current vector value and torque is entirely
dependent on the motor magnetic parameters, which are subject to dispersion
(statistically among the same production model) and variation due to the
operating conditions (saturation, temperature influence). To overcome the possible
mismatches between the analytically found MTPA curve and the actual maximum
torque curve, the usual techniques are based on off-line extensive or limited
measurements on the machine. However, the need for off-line measurements and
their incorporation into the drive controller represents an additional cost and can
be impractical in some applications. A viable alternative to these issues has been
proposed in [11], where an on-line tracking method for the MTPA trajectory, is
presented. While the first version of the algorithm relied on mechanical vibration
sensing as a consequence of a current injection, further developments were
introduced in [12], [13], where only electrical measurements are involved (exploiting
active power calculation). The on-line obtained data can be periodically acquired

and stored when in steady-state conditions, and then used also during transient
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operation. The described topology is depicted in Fig. 2.11, where a mechanical
transducer is adopted for position and speed sensing.
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Fig. 2.11. Typical PMSM drive speed control topology.
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Fig. 2.12. Typical scheme for the speed vector control of a sensored PMSM drive.

The typical FOC scheme for a sensored PMSM drive is represented in Fig.
2.12. The Current Reference Generator block provides direct and quadrature
current values so that, from the motor knowledge, the resulting torque reaches the
reference value coming from the speed regulator. Direct and quadrature currents

are then regulated by means of two separate feed-back paths, while the axes
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decoupling sums the cross voltage components linear with speed (see (2.13)),
simplifying the plant for the synchronous current control, which ideally results in
an inductive impedance. An additional feed-back path is drawn, involving voltage
vector magnitude for flux-weakening. This has a role only at high-speed, where
voltage reaches the inverter maximum capability, and a proper modification of the
current references (with respect to the MTPA trajectory) is needed to reduce the
total flux-linkage (and then voltage) amplitude. More details will be reported in
Chapter 5, where some issues and proposals related to this kind of control will be
studied.

From the dynamical point of view, the system under study consists of a SM-
PMSM, its mechanical load, the inverter hardware supplying motor phases and the
control algorithm. For the sake of a simple analytical and practical description, in
the complete electro-mechanical system different interacting subsystems can be
identified, distinguishing between the controller, the electrical subsystem and the
mechanical one. The various subsystems act on different time domains: the motor
and mechanical load are clearly continuous-time, the control algorithm is updated
at discrete time intervals, while the inverter can be considered both continuous or
discrete-time, depending on the purpose of the model.

In this work, the common SV-PWM will be considered. PWM can be seen as
a technique aiming at approximating a voltage level by means of the average value
of a square-wave signal. Since the square-wave is characterized by constant
frequency (same as the control update) and its duty-cycle is set at the start of each
period, the inverter can be conveniently considered as a discrete-time system
having PWM period as the sampling time. Of course, this is a simple model which
only considers the averaged voltage output in an ideal condition, completely
neglecting other factors like the unavoidable dead-time effects, DC bus fluctuations
and discretization of the duty-cycle value, which can be considered as noise sources.
While the last two usually have low influence, as it will be shown hereafter dead-
time is very important during operation at low voltage (which normally
corresponds to low speed), having a detrimental effect on sensorless capabilities,
thus a compensation technique is usually adopted in order to mitigate its effects.

Besides the inverter modeling, the interactions between a discrete-time and a
continuous-time system need to be dealt with. As for most of the digitally
controlled systems, if the sampling frequency has been chosen properly (i.e. the

sampling period is sufficiently shorter than the smallest time constant in the
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controlled continuous-time system), a continuous-time model of the entire system
can be adopted. Although this is an approximation, it allows to use much simpler
analytical tools and to easily design the various regulation gains in the widely
adopted terms of bandwidth and damping, which also goes in the direction of an
easier commissioning and fine-tuning of the drive. In many cases, the effect of
sampling and inverter delay can be neglected, in others they will be simply
represented by a first-order approximation (low-pass filter).

2.4 Sensorless control

As seen in 2.3, the need for position and speed sensing in the vector control of
PMSM electric drives, both for feedback purposes and FOC limits their
applicability in some areas. In some cases this is due to the added cost (e.g.
consumer devices), while in others the reduced reliability of the sensor itself or of
its connection to the controller are the most important reasons for eliminating the
use of mechanical sensors (e.g. in industrial plants).

It is worth noticing that electrical sensors, that in an industrial drive (for
vector control) are usually a DC bus voltage measurement and current transducers
on two of the three phases, cannot be avoided, but have lower cost and higher
reliability than mechanical sensors. Another important difference is the fact that,
while the former can be easily fitted into the inverter (physically near the
controller), the last must be mechanically coupled to the rotor, which in some cases
(especially for large power machines) means that quite long cables must be
deployed between motor and inverter controller stage. This signal connections,
differently from the phase supply cables, consist of many conductors (mechanically
weak and relatively difficult to connect) that bring electrically weak signals,
resulting in a higher fault probability of the entire system.
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Fig. 2.13. Typical scheme for the speed vector control of a sensorless PMSM drive.

In some peculiar cases, safety issues require both sensored and sensorless
redundance, while in others the use of the same drive hardware for different motors
prevents from the use of mechanical sensors (e.g. aerospace).

The most common solution for controlling adjustable speed drives without
mechanical sensors is the adoption of induction motors, which can be easily
controlled by means of the so-called “V/f” control, where (as a first approximation)
three-phase supply frequency is set equal to the reference value and voltage is
proportional to it. Since this is an open-loop approach, depending on the motor
characteristics a certain steady-state accuracy can be achieved, relying on the self-
regulating behavior of the induction machine and on the fact that full torque is
reached for small frequency slip values. In applications where speed accuracy and
dynamics requirements are not high (as in the driving of fans), or the purpose is to
slowly regulate, by varying motor speed, a different quantity (e.g. flow or pressure
at a pump output), this can be a good solution. Besides the poor regulation
performances, the main disadvantages are usually related to the low efficiency of
the motor (or to the cost for achieving a good efficiency machine), while the most
important advantages are reliability and simplicity. However, this kind of control
leads to insufficient performances for many applications, and so a great effort has
been done in research. Most of the techniques developed to overcome the poor
performances of sensorless V/f fall under the category of vector control and,

beyond the superior dynamical performances, they also allow to estimate with
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better accuracy the mechanical rotor speed in order to perform closed-loop speed
regulation.

The simplest techniques adopted for PMSMs, called sensorless BLDC
(Brushless-DC) for the analogy with a mechanical commutator, switch motor
currents at 120 degrees intervals, supplying two motor phases and sensing the
back-EMF on the third at each sector. This technique is still widespread for very
low-cost applications (e.g. small fans or compressors) where high efficiency is
required or the adoption of brushes is not allowed. These methods have poor
performances at low-speed and often show heavy torque ripple, due to the square-
shaped currents. Since the first approaches to the sensorless control of PM motors,
important developments have been done, in particular with the adoption of model-
based estimation and signal injection techniques applied to vector control. Since
the recent strong interest in efficiency improvement (following the energy cost
increase and environmental consciousness) and the expansion of some new fields of
application (e.g. electric and hybrid vehicles), sensorless control of PM motors is
establishing as an effective technology, as has already happened for induction
motors.

It is important to notice that, when FOC is adopted, the position of rotor or
stator flux needs to be known also for torque control, since correct orientation of
current vector has to be performed. To overcome the disadvantages related to the
mechanical sensors, a constant effort has been devoted by research towards the
development of controllers replacing measurement with estimation, resulting in the
so-called “sensorless” control. Sensorless control capabilities can be quite impressive:
state-of-art systems (especially for PMSMs) can achieve steady-state accuracies in
the order of less than a mechanical degree in position and few rpm in speed [14]-
[16], based on these few electrical measurements and quite accurate model
parameters of the machine. This is possible thanks to the accuracy in the machine
construction, which makes it possible to use it indirectly as a sensor. This concept
is referred to as “self-sensing”, which is an alternative (and more clear) term for
“sensorless”. However, in this work the “sensorless” will be used, since it is far
more widely used, both in past literature and as a present commercially known
feature.

The decrease in the cost of processing power of modern digital microcontrollers
has allowed to introduce sophisticated sensorless techniques aiming at reaching
similar performances with respect to their sensored counterparts, usually
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estimating rather than measuring the mechanical quantities from the
measurements and model knowledge of the electrical dynamic subsystem. Many
years of research have led to a large variety of schemes, but they can be mainly
divided between those relying on the fundamental (torque production aimed)
electrical quantities and those involving special signals superimposed to the system
with the only purpose of position and speed estimation.

2.4.1 Classification of the most common position

and speed estimation methods

Since the development of digital controlled motor drives, many techniques
have been developed and implemented with the aim of controlling speed without
the use of a mechanical sensor. Despite the large variety of methods and of their
names (which sometimes can be misleading), they fall into few categories, if
classified according to their operating principle. Model-based techniques exploit the
knowledge of the dynamic behavior of the electro-mechanical system to deduce in
some way the mechanical quantities related to the rotor (speed and/or position)
from the measured or imposed -electrical quantities, just considering the
fundamental signals needed for torque generation. The other large class of
techniques can be identified as injection-based, meaning that peculiar electrical
signals are imposed to the motor just for the purpose of estimation, ideally being
not involved in the production of torque. These two approaches have strongly
different application areas and operation characteristics, but in some cases share a
common ground.

Almost all of the model-based methods for speed and position detection rely
on the PM flux or back-EMF estimation, since these are directly linked to the
rotor. These can be detected under any current condition (thus allowing detection
under the normal control), but require a minimum back-EMF voltage level to be
present, which means a certain minimum speed. The injection methods, on the
other hand, usually exploit inductance dependence on the rotor position (magnetic

anisotropy), which can be designed (e.g. in IPM motors) or present as a secondary-
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order effect. Estimation requires in this case a current variation to be generated, in
order to make the inductance visible from the motor phases terminals.

It is worth remembering that, apart from some peculiar cases, the
development of sensorless control is constrained by the fact that additional costs or
devices must be avoided in the hardware, with respect to a typical sensored drive.
The hardware of a classical three-phase drive (by far the most common topology)
relies on few electrical measurements, which consist of current transducers on two
of the three phases and a DC bus sensing.

Both classes of methods suffer from an ambiguity issue about the polarity
detection. In the case of anisotropy, the sinusoidal model of a salient motor
(Lg # Lg) shows that rotor angle information can be extracted from the inductance
map, but an ambiguity about the direction is present (since, according to the ideal
model, the rotor is magnetically symmetrical). In this case, a simple alignment
procedure (forcing constant current) or detection of higher order magnetic
harmonics (related to saturation) is needed in order to perform control. On the
other hand, PM-based techniques exploit induced voltage from the PM flux on the
motor phases. Besides the fact that this quantity is null at stand-still, an additional
issue is related to the confusion between rotation direction and rotor orientation
(permanent magnet North vs. South pole). This means that a discontinuity must
be introduced in the control, so that speed and position estimates based on back-
EMF or PM flux are not used for control across null speed, where injection
methods or some form of open-loop control must be adopted.

Depending on the application, this can be acceptable or not. In simple
applications, initial alignment through forcing of a constant current is sufficient,
while in some cases, where uncontrolled movement must be avoided, these issues
can be overcome by exploiting some secondary effects (not included in the usual
ideal model). One example is the exploitation of the second harmonic behavior in
injection-based techniques, which reflects magnetic saturation and then the
direction of the permanent magnet field [17], [18].
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Chapter 3

Model-based sensorless control

Sensorless control of non-salient PM synchronous motors is typically based on
back-EMF or PM flux linkage estimation in the stationary or synchronous
reference frame, although many variants are present, which include the use of
linear ([19]-[24]), nonlinear ([25]-[27]), Kalman filtering ([22], [28]) and phase-
locked loop processing ([29]). Almost all of the model-based methods for speed and
position detection rely on the PM flux or back-EMF estimation, since these are
directly linked to the rotor, and can be detected also at null current. The injection
methods, on the other hand, usually exploit inductance dependence on the rotor
position (magnetic anisotropy), which can be designed (e.g. in TPM motors) or
present as a secondary-order effect.

Both classes of methods suffer from an ambiguity issue about the polarity
detection. In the case of anisotropy, the sinusoidal model of a salient motor
(Lq # Lq) shows that rotor angle information can be extracted from the inductance
map, but an ambiguity about the direction is present (since, according to the ideal
model, the rotor is magnetically symmetrical). In this case, a simple alignment
procedure (forcing constant current) or detection of higher order magnetic
harmonics (related to saturation) is needed in order to perform control. On the
other hand, PM-based techniques exploit induced voltage from the PM flux on the
motor phases. Besides the fact that this quantity is null at null speed, an
additional issue is related to the confusion between rotation direction and rotor
orientation (North vs. South pole). This means that a discontinuity must be
introduced in the control, so that speed and position estimates based on back-EMF
or PM flux are not used for control across null speed, where some form of open-

loop control is used, or injection-based estimation methods are adopted.

50



MODEL-BASED SENSORLESS CONTROL

3.1 Industrial general-purpose

sensorless drive for SM-
PMSM

One of the projects carried out during the PhD course, which was supported
by a private company, consisted in the development of a sensorless control strategy
for SM-PMSM, to be implemented on a general-purpose industrial drive. The
company was already present on the market with a sensored PMSM drive, which
had to be used as a platform for the new algorithm. The target applications could
have been mainly pumps, fans, compressors and some machinery (conveyors,
extrusion), or any cases where low-accuracy speed or torque control is required.
Also, since in these applications normal operating cycle comprises only short
periods at low-speed, and relatively low and slowly-varying load torque is present
at startup, an open-loop starting procedure can be acceptable, so that the
development had to be focused on the medium-high speed control.

The new control had to be built on the basis of a commercially available drive,
keeping unchanged hardware and part of software (signal sampling, PWM
generation, parameters identification, architecture), which had been developed for
the sensored control. The drive had to be able to control any generic SM-PMSM
(commercially identified as “brushless AC motor”, and usually available for
automation applications) matched to the inverter power capability. The same
controller board had to be used for different motor sizes, running the same
firmware (except for some data related to the inverter size). These requirements
related to the general-purpose nature of the controller, had an important impact on
the choice of the techniques to be adopted. In particular, any method involving off-
line measurement with equipment other than that already present on a normal
electric drive had to be discarded. Moreover, the only parameters that had to be
inserted at the commissioning stage had to be the ones present on the motor
nameplate, namely nominal values of voltage, current, speed or frequency, number
of poles and, since the particular class of motors targeted, torque constant. This

meant that, for the other necessary parameters, the values obtained by means of
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the initial estimation procedure (stand-still or very low-speed rotation) had to be
used.

An important effort has been devoted to the study of the dynamical properties
of the sensorless algorithm and to the development of tuning criterions, with the
aim of making the commissioning operation as simple as possible for the operator,
while obtaining acceptable performances over a vast range of motors. This implied
both analytical and experimental work to be done in order to characterize the
various factors influencing dynamical and steady-state operation (sections 3.2 and
3.3, also presented in [29]). Besides the novel analytical approach adopted, as a
result of this work simple formulas for the estimation process gains as a function of
required bandwidth and damping factor have been obtained.

Moreover, some hints on the implementation of self-diagnostics solutions have
been studied, especially for startup and low-speed operation, which are certainly
the most critical conditions. In fact, for the possible applications of the considered
drive, it is very important to ensure reliability and to detect any control faults
(which cannot be totally prevented, since the heavy influence of random variables
such as load fluctuations and other “noise” sources, including in this case
parametric variations), and signal or report it to a supervisor device if needed.

Finally, the dramatic improvement in the low-speed control robustness and
accuracy at low-speed obtained by adding a constant direct-axis current, which
was previously adopted in other works and also in a commercial drive, but not
analytically described, has been analyzed in detail from the dynamical point of
view ([30]).

The experimental tests that will be described in this chapter have been
performed on a test bench comprising two similar PM motors driven by two 5.5
kW general-purpose industrial drives, the one under test and one acting as a

braking load (see section A.1).

3.2 Adopted estimation algorithm

As seen in 3.1, many different and sometimes very sophisticated sensorless
algorithms for PMSM control have been developed and studied in the last decades.
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Among these, many techniques introduce important implementation issues, or need
a specific knowledge about the motor to be controlled, since they require heavy
offline parameter identification. Some show poor performances and could need
much work to become reliable or their principle of operation suffers from poor
analytical explanation (based on second order effects). Since all these
considerations, the focus was concentrated on quite simple and proven methods,
with a particular focus on their reliability, parameter dependence and dynamical
characterization, so that a good method for automatic gain tuning could be
implemented with confidence for a large range of motors, and stability could be
ensured with a good confidence.

Taking into account that the project involved a generic surface mount motor,
the methods exploiting anisotropy were discarded, although they have been applied
to this class of machines, as also reported in many papers in literature. In fact, in
these cases, the estimation relies on what is formally an unwanted parasitic
characteristic (due to the permanent magnet flux induced saturation) and,
typically, shows a strong variability with the operating conditions (currents in
particular). This last factor leads to the necessity of a previous knowledge on the
motor characteristics (which requires off-line testing) to achieve a good control
while, in some cases, can make it impossible to estimate position and speed. A
further step could be the implementation of algorithms for the automatic detection
and exploitation of anisotropy, but of course this was outside the scope of this
project.

A first distinction among estimation techniques is the formal difference
between estimators and observers, which can be both adopted for the purpose of
position and speed estimation. Both algorithms act on the basis of model and
measurements, aiming at obtaining an estimate of a wvariable which is not
measured (or has a noise affected measurement). Estimators act by simply
exploiting the dynamical system equations, and explicitly obtaining the term
needed. Observers, on the other hand, are basically a virtual copy of the model,
which is fed with the same inputs as the real one. The state estimation is then
corrected by using the comparison between measured and estimated outputs, in a
feed-back fashion. In the case of sensorless, according to some methods estimators
are adopted to obtain stator flux from integration of the non-resistive voltage, or
back-EMF is deduced by simply subtracting the resistive and inductive voltage
drops from the phase supply. These techniques, although very simple, are usually
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affected by calculation-related issues, thus requiring particular attention when
applied. In the case of integration, any unavoidable measurement or actuation
offset will result in estimate drift, while derivative operation exalts the always
present high-frequency noise. For these reasons, observers are widely adopted, since
the measurement-based feedback allows to reduce the impact of non-idealities, at
the cost of a usually higher computational cost and possible stability issues.
Moreover, the feedback gains allow to design a proper filtering action on the
estimates, while providing consistent outputs at steady-state, once stability is
ensured.

Another major classification among the various estimation algorithms based
on PM flux or back-EMF can be done on the basis of their reference frame of
operation, either synchronous or stationary. While, for stationary frame
model-based observers or estimators, electrical and mechanical subsystems can be
separately treated, the intrinsic nature of the synchronous ones leads to a deep
coupling between the two sets of equations. In fact, since measured electrical
quantities come from the real-world stationary frame (transposition from two to
three coordinates is a pure algebraic matter), transformation to the synchronous
axes involves the knowledge of the rotor position, or its hypothetical value.
Moreover, the phase equations contain terms proportional to speed, which indeed
is not known, but needs to be estimated by the same scheme. This translates into
indirect loops, which are not easy to be modeled and often overlooked. The choice
of a stationary reference frame back-EMF based algorithm is motivated by the
possibility to separately analyze and design the various observer parts, also
maintaining electrical subsystem observation under any condition, included zero
speed.

An important disadvantage of the stationary reference frame observer is that,
since sinusoidal signals are involved, the back-EMF estimation at steady-state
depends on the rotation speed, and it will be demonstrated in 3.3.1 that the
behavior can be represented by a second-order low-pass filter. In the case heavy
estimation noise (which is the limitation factor for bandwidth increase) imposes a
relatively low bandwidth, the estimated back-EMFs can suffer from a non-
negligible phase lag, which corresponds to a position error, which is only relevant
at high-speed. Since, in this case, the high level of the back-EMF signal ensures
reliable speed estimation, thanks to the modified algorithm proposed in [19], null
phase-lag can be obtained with the use of a speed dependent term. However, the
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application of this improvement has been shown experimentally to be detrimental
for the control robustness at low-speed, so mixed approaches, where both the basic
and the speed-compensated version of the observer are used could be a solution,
and could represent one of the future developments of the present estimation
algorithm.

The back-EMF observation is of course just one of the possible approaches to
model-based speed and position estimation. Among the many methods that have
been proposed, linear observers have been preferred for their intrinsic robustness,
simplicity (also from the implementation point of view), and easiness of analysis
(which also leads to simple gain setting procedures). Moreover, as can be seen from
the voltage equations (2.8)(2.17), valid for an isotropic rotor PMSM, the observed
system equations only involve two parameters, namely the stator resistance and
inductance. Some different observers also require the use of the PM flux magnitude
parameter, which makes the estimation sensitive to the accuracy of one more
parameter. The observation of flux, although widely adopted, suffers heavily from
any current measurement or voltage actuation offset, since these contributions
result (as a result of integration) in an estimation drift. Many techniques have been
proposed for the elimination of offset effects, but they increase complexity and

decrease robustness.

3.2.1 Analytical description of the position and
speed estimation process

Since an isotropic motor model is considered, it is convenient to make use of a
simplified notation, using a complex notation instead of a vector one (matrices for
inductance are not needed). This leads to an interesting compact notation that, in
the Laplace domain, allows to obtain a dynamical characterization of position and
speed estimation based on back-EMF observation, by means of a straightforward
linearization.

The electrical subsystem can be described by the equation in the stationary

reference frame
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U(xﬁ = RsIaB + SLssIaﬁ + Eaﬁ (3.1)
or, in the synchronous axes,

qu — RSqu + SLSqu +jwmeLSqu + Edq (32)

The coupling between mechanical and electrical subsystems is described by the
back-EMF definition (for sinusoidally distributed flux-linkage)

or
Edq =0 +j(‘)me/1mg (3.4)

As already mentioned, the notation adopted for electrical quantities is complex,
where the orthogonal components of a generical quantity X are represented as
Xop = Xo +jXp in the stationary reference frame and Xg, = X4 + jX, for the
synchronous one. The derivative operator d/ de 1s expressed by the Laplace
operator s.

A dynamic equation of the back-EMF is also necessary. If motor electrical
speed Wy, is considered as constant, motor back-EMF dynamics can be
approximated by:

SEO(B =j(l)meEaB (35)

Estimation of motor back-EMF can be therefore carried out by the extension
of a classical Luenberger linear observer of motor currents, which can be built by

considering the model (3.1) and using measured currents as feedback values, i.e.:

Siaﬁ = Liss (U:;,’ﬂ_RS,idﬁ - Eaﬁ’) + Kl(IaB - iaﬂ) (3.6)

SEqp = j@meEap + Ky(Iapg — Tap) (3.7)

where K; and K, are (real) gains, 7a3 and E ap are current and back-EMF
estimates respectively. The term (parameter) @, can be set equal to the
estimated electrical speed or kept null. This choice affects the steady-state error
and leads to a different small-signal position and speed estimation transfer

functions. The two operating modes (i.e. the substitution @,,, = @pye OF Bpye = 0)
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show different robustness and noise propagation behavior. As a first approximation,
it is simple to guess that the choice @, = Wy, is critical and suffers from noise
and dynamic instability. The observer dynamics described by (3.6) and (3.7) is in
this last case non-linear due to the presence of angular speed, but can be
approximated to a linear system, considering that speed is relatively slowly varying.
However, this simplification is critical because transient conditions are difficult to
analyze, since an implicit feedback loop takes place due to the dependence of @y,
on the back-EMF' estimates, which again depends on the estimated speed, in this
case. Preferring stability and robustness, the solution adopts the @,,, = 0 solution,
which can also be fully analytically characterized. The resulting position estimation
error is discussed in 3.3.1.
The block diagram of the estimation system is shown in Fig. 3.1.
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Fig. 3.1. Position and speed estimation block diagram.

The reference voltage vector Ug,g is considered as a measured value, so
considering an ideal inverter able to accurately reproduce reference to the output
(Ugp = Ugp). However, non-idealities (dead-time, switch devices voltage drop)
affect actual stator voltage and could lead to wrong estimates, as it will be shown
hereafter. Although ideally not necessary, the presence of a high-pass filtering
action on the estimated back-EMF components (before speed and position
extraction) is needed to remove any DC component that could affect the reliability
of position and speed estimation. This filtering, as will be shown in 3.3.4, introduce
a position estimation error. Its influence is however usually negligible since its pole
frequency is very low with respect to the lowest operation electrical frequency
(corresponding to the lowest speed). Thus, distortion is non-negligible only at very
low-speed (where they are not useful for position and speed estimation due to the

low amplitude).
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The motor electrical model (3.1) can be written in a state space model
(explicitly expressing the current derivative):

1
slyp = L_SS(U“"’ =Ryl 5 — Eup) (3.8)

Then, algebraic manipulation of this last equation together with the observer
updates (3.5)-(3.7) it is possible to obtain the transfer function linking the
estimated and actual back-EMFs. The first step consists in the subtraction of (3.8)
and (3.6), which leads to

. ~(Eap — Eop)
I1,—1,,= 3.9
ap @B T gL+ R, + Ky Lgs (39)

The substitution of last obtained result (I —76,[;) in the back-EMF
estimation update (3.7)

- U —(Eap — Eap)
SEqp = jOmeEop + K> Lo, + R, + KyL, (3.1)

and extraction of the estimation transfer function yields:

E‘aﬁ (S) _ _Kz
EaB (S _jame)(SLss + Rs + KlLss) - KZ

(3.10)

Further manipulation of (3.10) allows the calculation of transfer function as
the sum of separate real and imaginary contributions on a common real
denominator, having with R(s) £ Re {?Lﬁ} and 7(s) £ Im {?Lﬁ} :

ap ap
Eup
(s)
E.p
_ —K; [S(SLSS + Rs + KlLss) B Kz] — ] Kzame(SLss + Rs + KlLss)
[S(SLss + Rs + KlLss) - K2]2+[5me (SLss + Rs + KlLss)]2
= R(s) +jI(s)

(3.11)

Since the back-EMF can be expressed as

Eup = ApgWme(—Sin Oy, + j cos 6,,) (3.12)
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instantaneous estimation of the position estimation can be obtained as the
argument angle of the estimated back-EMF vector:

Ome = tan™ (— @) (3.13)
Eg

If this model is adopted for the rotor position extraction starting from the
observed back-EMF and the transfer function (3.11) is considered, the estimation
path model shown in Fig. 3.2 can be simply obtained.

To obtain a characterization of the position and speed estimation process
(from the estimated back-EMF), a small-signal approximation around steady-state
rotor position value 0, is applied. The transfer function linking the actual and
estimated angular position can be calculated through linearization of the
arctangent function, leading to two separate contributions on the estimated angle,

due to the real and imaginary parts of E apB> €.

-~

Ome = (2 [tan‘l <_Fa>] Za
Ome OE, Eg P Ome
5 —E'a E‘B (3.14)
¥ E tan_l( EB )] . me
Ome=0me

The estimated components of the back-EMF can be expressed by means of the

real and imaginary parts of the transfer function (3.11), i.e.:
Eop =E, +jEs = (R(SE, — I(5)Ep) + Jj(I(s)E, + R(s)Ep) (3.15)
that, after substitution in (3.14), leads to

’gme —

gme
I PO (R&Ea-1)Eg) | [, 1 (~Ea _ ‘
3B, [tan (E"g )”9 Ome + dEg tan 26 )1l (3.16)

me=0me
(I()Eq+R(s)Eg)

Gme

The corresponding estimation path model is shown in Fig. 3.3.

The derivative terms can be calculated as follows:

—C0S Ome

e Gl L =
— [tan™t (== = ——me :
9By B )llg o, Amgwme (3.17)
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- [tan‘l < — a)” = —Sin Ome
£ £ Ome=0me Amgwme
. Eﬂi
> =AW SIN() R(s) ") E,
> j (S) A A
(Ome 1 | Gne Ly _1(—9{) e (me
o= = tan™ [ — » S —>
S —»(X y
> I(s)
+ ~
> g W08 () » R(s) > Eg
Eg
Fig. 3.2. Estimation path model (non-linear system).
E, Eel o _ (-
=g e €08 O, » R(s) ——»@—» — [tan~H{ — ||
' oF, E,
(me 1 e j(S) ty éne Cll\)me
o— — — 5 |
S +A
1(s)
Ly =\, w,,,5in © R(s) / tan”! i
mg®me me Eﬁ S > E“ﬂ agﬁ an Eﬁ

Fig. 3.3. Estimation path model (small-signal linearized system).

while the back-EMF terms E, and Eg can be substituted by their small-signal

gain with respect to 6,

8 ) J0E 0E -sin@
me _ _~° "me, .‘R(S)—a —.7(5) B 4+ ————me,
0. a6 a0,
me Amg®Wme melg —p melg —p AmgWme
me=0Ome me=Ome (318)
0E, 655
I(s) o + R(s) >
me 0 me=0me M 0me=0me

By considering the simple derivatives
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dE
69—"‘ = —C0S Ope Welimg

M 0me=0me (3 19)
aEB . .
FT = —SiN O Wmelimg

Ome=6me

expression (3.18) can be expanded

bme _ [— c0S Ope Wmedimg * R(S) + SiN Ope Winelpmg - 7(5)] -

eme
(—;;Z?;":) + [ €05 Opne WimeAmg - I(S) = SIN O Welmg = R(S)] -
(— SinOme\ _ (3.20)
AmgWme N
c0s? O, * R(s) — sin 0,,, cos O, -
I(s) + cos Oy, sin B, -I(s) + sin? O,,, - R(s)

obtaining, as expected, a transfer function having null imaginary part and no
dependence on the position, which has the form of a second-order low-pass filter:

me 1

Hme 1+s (%) — 52 LSS/K2 (3.21)
2

The dynamics can thus be described by means of natural frequency and
damping factor:

K, Rs—KqL
K2 L sS W,
2K,

(3.22)

These parameters can be used to design observer’s gains as a function of
desired closed-loop bandwidth, this last being a function of natural frequency and
damping factor themselves. At the observer gains tuning, a constant ratio (more
than unity, of course, e.g. 3 times or more) rule between required speed control
bandwidth and observer crossing frequency can be adopted, together with a proper
damping factor (e.g. Butterworth or unity).

Although analytical description of the observer dynamics has been already
obtained [24], this approach can give a contribution to simplification and
understanding of the design of the observer’s gains, since the easier manipulation of
the classical frequency response expression, with respect to the previously used

eigenvalues. Moreover, differently from previous work on this method for position

61

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



MODEL-BASED SENSORLESS CONTROL

and speed estimation, in this case the actual dynamics of position and speed
information contained in the observed back-EMF is studied, rather than just the
observed back-EMF itself. This is possible thanks to the complex representation of
the electrical quantities and their estimated counterparts (which greatly simplifies
calculation and notation), and by the application of small-signal linearization to
the ideal position and speed extraction process (based on the arctangent
calculation). In the following sections, a simple analysis of some non-idealities

effects is obtained by means of the same approach.

3.2.2 PLL for position and speed extraction

A first approach to position estimation can be the use of an inverse
trigonometric function directly from the back-EMF space vector (e.g. arctangent
function), while speed can be obtained as a derivative of position angle. Although
this method has been used in many cases, resulting estimation noise represents an
important issue. Low-pass filtering can be applied to speed estimate, while position
filtering is quite critical, due to the dependence on speed and steady-state error
introduced. An efficient alternative is the adoption of a quadrature phase-locked
loop (Q-PLL or simply PLL, Fig. 3.4), [31], which has widespread use in many
fields as a means for extracting phase and/or frequency from a sinusoidal signal
affected by noise or distortion.
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(‘A)"le
E, = —w,,A,,sinf
“ mec "9 me >@ Plreg .
A + 7]
err 1 me
Ep = wipe Mg COS O K» S
9 me R +
o '|2<_|
A
COS [«
sin |«

Fig. 3.4. Block diagram of the quadrature PLL.

As it will be shown hereafter, Quadrature-PLL can be seen as a band-pass
filter which is tuned on the present estimated frequency, thus following variations
around the steady-state with a certain constant bandwidth. From a different point
of view, Q-PLL is a closed-loop algorithm able to track, with a certain bandwidth,
the phase and frequency of a complex exponential signal, which in the case of
sensorless position and speed estimation is the back-EMF:

Eop = Epp = jwmeling(SinOme — j €S Ope) = jwmelmy e7%me (3.23)

giving a filtered estimation for the electrical position and speed, with null
steady-state error.

As depicted in Fig. 3.5, a simple linearized model can be obtained, which is
valid in the neighborhood of the steady-state condition (i.e. around null error
point). The scheme can also be seen as an observer of part of the mechanical
system which describes the relation between speed and position (S 0, = Wpe)- It
can be intuitively guessed that, since a double integrator is present in the loop,
both speed and position estimates will track the observed quantities with null error

at steady-state. The error signal feeding the PI regulator is:
err = —Eg sin 0o + E5c050,,, (3.24)

that can be written as
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err = —Wpmelmg €OS O Sin Opme + WmeAmg SIN O COS Oppe =
‘ R (3.25)
= Wmeldmg sm(@me — Hme)
The Q-PLL open-loop transfer function can be expressed as
1 1+ 7p5\1 ‘
GPLLOL (s) = (‘)meAngegPLL(S) = wmeAmg (KPPLL —>_ (3.26)
s TpuS /S

where Regp;,,(s) is the PI regulator transfer function and Kp,, ,Tpy,, are its

proportional gain and time constant.

Plreg

4
“ |
Y

Fig. 3.5. Equivalent linearized scheme for the quadrature PLL.

Using one of the simplest approximated approaches to stability analysis, the
transition frequency must be set to lying in the region after the regulator zero, so
having 20 dB/dec slope. The open-loop unity gain match frequency corresponds to
the closed-loop bandwidth:

wr = Kp, , OmelAmg (3.27)

which depends on the speed value. Considering the continuous-time domain,
there is no upper limit to the bandwidth, while a lower boundary is set by the

approximated condition:
KPPLmeeAmg > 1/TPLL (3.28)

Since the worst case for satisfying this last condition is the lowest operating

speed, one must ensure
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1

K > 3.29
FruL wmemin/lmg TpLL ( )

If sampling is taken into account, of course a bandwidth must be limited at a
fraction of the sampling frequency. This is usually not a restrictive condition, since
maximum speed control bandwidth is orders of magnitude lower than sampling
frequency.

From a theoretical point-of-view, the loop gain should be adapted to the
varying frequency condition of the motor in order to maintain the same bandwidth
of PLL. Normalization could be done by scaling gain either with the vector
amplitude or with the estimated speed, but in both cases compensation is critical
to be done on-line (as it introduces an inherent feed-back loop having a quite
complex dynamic behavior), and would lead to very limited benefits. In fact, the
signal-to-noise ratio increases almost linearly with speed, due to the growth in the
back-EMF vector amplitude. This leads to the possibility to widen the position and
speed estimation bandwidth, given a constant noise level. Moreover, if a high-pass
filter is introduced on the estimated back-EMFs, aiming at improving robustness
against measurement and actuation offsets, the estimation bandwidth is limited by
the filter pole, thus naturally increasing with speed. These points lead to state that
a gain normalization is not needed, as it would limit the bandwidth at the worst
case possible (low-speed operation), which has been experimentally proven. An
intermediate approach could be the application of an upper saturated
normalization factor, so that constant dynamics is obtained at low-speed, while at
speeds over a certain threshold bandwidth is improved.

While simulations did not point out severe issues related to normalization,
experimental implementation showed a robustness degradation. A quite obvious
explanation for this can be found by considering that the speed value used for
division is indeed an estimate, which in turn depends on the PLL behavior. This
means that an intrinsic feedback loop is built, by linking scaling of the PLL inputs
and speed estimate output. A simple and effective solution to this issue is the use
of estimated back-EMF magnitude as the scaling factor, which avoids the
undesired feedback loop. However, this normalization technique adds further noise
to the PLL input, as a result of the nonlinear mixing of back-EMF estimates and
their magnitude. For this reason, a modified vector magnitude calculation is

introduced, which is based on a synchronous frame filtering, as in Fig. 3.6.
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Supposing a small speed estimation error, the magnitude of fundamental
components is maintained, while higher order harmonics are filtered out.

D

me
O
v Ea
> «f | LPF Scaling
N factor

>/ de—pr |— 1
A C’I\ Y
E, +
O » X »
R v to
Eg + PLL
O » X >

Fig. 3.6. Back-EMF estimates magnitude normalization for constant-bandwidth
PLL.

An important aspect about position and speed extraction from the back-EMF
is the polarity vs. speed ambiguity issue. In fact, back-EMF contain the angle
exponential term multiplied by speed, which results in a sign inversion between
positive and negative speed.

JWmeAmg €7%me = —jwno Ay, €7 OmeE™ (3.30)

Unfortunately, the same waveforms are obtained for negative speed or phase
opposition (+m difference), which means that the difference between these two
conditions is not obhservable. A proper startup procedure must take this into
account, avoiding the utilization of speed and position estimates around zero speed,
and forcing rotation in a known direction by means of an open-loop procedure. If
speed sign is reliably known, Q-PLL input signals can be taken as straight or

reversed, achieving correct estimation.
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3.3 Steady-state estimation error

analysis

In an actual drive system, non-ideal elements in the measurement (currents
and DC-bus voltage) and actuation (three-phase inverter), together with the
uncertainty about the motor electrical parameters, can represent different
estimation error sources. Excluding motor model non-idealities, the main causes of

steady-state position estimation error can be recognized:
e  estimation phase lag due to observer’s response;

e current measurement and voltage actuation offsets;
e  parameters uncertainty;

e  phase advance due to high-pass filtering.

Speed estimation error can be easily obtained from the position one, since the
simple derivative relation linking the two quantities. The synchronous nature of
the machine makes constant speed estimation error unlikely to occur, except for
the case of estimation and control loss (“phase loss”, as it will be called in 3.6.1)
which, however, cannot be correctly considered as a steady-state condition.

In this section, the effects of the various estimation error sources listed above
will be described analytically. In the cases of the observer’s response lag and
high-pass filter advance this analysis can be used for compensation, while in the
other cases the results can be used for worst-case determination, on the basis of

parameters accuracy and system current or voltage offsets.

3.3.1 Estimation phase lag due to observer’s

respomnse

The response of the closed-loop estimation transfer function (3.21) directly

provides the steady-state phase delay of the observer:
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_

~ = Eaﬁ
Hme - Hme = LEO(B - LEa[g = —LE—
ap

_ L{ _KZ } (331)
(jwme _jame)(]’wmel‘ss + Rs + KlLss) - KZ

It can be pointed out that, in the case @y, = Wy (as at steady-state the
estimated speed @, is always equal to the actual one w,,) and no error in
measurement or in the parameters are considered, the position estimation error is
zero. This can be intuitively demonstrated by considering model (3.7), leading to
null current estimation error. Therefore the estimated back-EMF in (3.6) has to be

equal to the actual one.

3.3.2 Current measurement and voltage

actuation offsets

The back-EMF observer is fed with current and voltage measurements. Very
often, voltage measurements are replaced by reference voltages outputs of current
controllers, due to difficulties in measuring actual PWM modulated voltages. Both
current and voltage signals are normally affected by noise, distortion (linear or
non-linear), gain mismatching between different channels and offsets, caused by the
measuring circuitry or inverter’s non-ideal behavior. In particular, voltage accuracy
is heavily affected by dead-times and non-ideal behavior of the power switches,
which usually need to be compensated with the aim of reducing the equivalent
voltage disturbance, [8], [32], [33]. In this work, the combination of two non-ideal
cases is considered, in which voltage actuation and/or current measurement offsets
are present. The common cases of voltage or current gain non-ideality (gain
different from specified value or unbalanced between sensors) will not be addressed.

It is supposed in the following that offsets are experienced both in current

measurements and voltage actuation, i.e.:

Iaﬁ = Ia’ﬁact + Al y Uaﬁ = U“Bact + AU (332)
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where the subscript act is introduced to identify the actual values and AI and
AU represent the measuring offsets as complex constants (which can map any
combination of offset values found in a two-phase sensor based measurement).

The response of the back-EMF observer is calculated in those cases in order to
understand its sensitivity.

Equation (3.1) can be rewritten as

1

Slaﬁact = L_ss [Uaﬁact - Rslaﬂact - Eaﬁ]

(3.33)

Substitution of (3.32) into (3.33) and considering sinusoidal conditions for
stator currents, leads to

AU+R Al
LSS

. 1
](‘)melaﬁ = Les [Uaﬁ - Rslaﬁ - Eaﬂ] - (3.34)

where the derivative of the current offset AI has been considered null
(constant offset).
The difference between (3.34) and (3.6) is then calculated:

J Ome (I“ﬂ - iaﬁ) = Liss [_Rs(IaB - iaﬁ) - (Ea,li’ - Eaﬁ)] - AUZ:SAI B

Kl(laﬁ - iaﬁ)

If the second set of equations of the observer, ie. (3.7), is rewritten when

(3.35)

considering sinusoidal conditions for stator currents

7 Erx (s—j@Dme)
(TIap —Top) = BK—Z (3.36)

and then substituted into (3.35), the following expression is obtained:

Eop(s—j@dme) 1 Eop(s—j@me) = AU+RAI
u:_[_Rsu_(EaB_Eaﬁ)]_—s_

0
J @me K; Lgs _ K; Lgs
Eqp (s—jBme)

K;

(3.37)
K,

The estimated back-EMF is supposed to be decomposed into AC and DC

components, i.e.

—

EaB = Ea,BAC + E“BDC (3.38)

Substitution into (3.37) and after some manipulation, the expression of the

back-EMF estimation error is obtained:
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—~

JWmeLsstRs+KiLss

Eaﬁ - Ea[)’AC - E“BDC = [j(wme - CF‘\)’me)Eoc,[i‘AC] K, +
P~ T JjwmeLss+Rs+KqLss (339)
](‘)meEa[}DC K, - (AU + RSAI)

Two different cases are now considered, i.e. the speed value @,,, entering in
second set of equations of the observer, ie. (3.7), is zero or equal to the actual
speed wp,, (at steady-state). As previously stated these two conditions correspond
to two different variants of the back-EMF observer. It is important to notice that,
since wy,e is not measured, but estimated, the condition @,,, = Wy, is actually an
approximation, which is however valid at steady-state (coherently with the kind of
analysis) and a correct estimation has been already achieved.

Case W, =0

Equation (3.39) can be rewritten as

™ T . T jwmelss+Rs+K;Lss
Eaﬁ - EaﬂAC - EaBDC = _](‘)meEaBAC - K, == — (AU + R.AI) (3.40)

Therefore the DC component of the estimated back-EMF has to be equal to
the last term of the previous equation, i.e.:

—~

Eup, . = (AU + R,AI) (3.41)

and the overall estimation error can be calculated as

jwmel‘ss + Rs + KlLss

_j(‘)me Eaﬁ

-~ K,
E,; —E_ ;= - — (AU + R Al
wi = FBap = L T R A KL, AU RAD
J@me K, (3.42)
E.p -
= E—aﬁ Eaﬁ - EaBDC

which is the sum of the previously calculated steady-state error (3.31) in the
case of null offset and the offset-related component (3.41).
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Case W = Wipe

Equation (3.39) can be rewritten as

T k) JwmeLsstRs+KiLss

Eaﬁ - EaﬂAC - E“BDC = —ja)meEaﬁDC K, - (AU + RSAI) (343)

As the right side of previous equation is a DC component, is has to be equal
to the last term E B pe of the left side, leading to:

£ _ AU+R Al
aBpc 1+]-wmejwmeLss;:s+K1Lss (344)

and the overall estimation error can be calculated as

-~ = —(AU+R;AI)
Eaﬁ - Eaﬁ = _EaﬁDC = Jwmelss+Rs+K1Lss (345)

K>

1+jwm

which represents a DC term, confirming the previous supposition.

By taking into account the position and speed estimation extraction method
applied, it can be pointed out that, for both @,,, choices, the DC component
causes an harmonic error at the electrical frequency. In fact, considering a PLL
processing, at steady-state a small offset causes a sinusoidal component on the

phase error calculation (i.e. complex cross-product):

—

err = E,p x e/fme = (EaB+EaBDC) e/Ome = j |E‘aBDC| sin8,,, (3.46)

However, a similar result is obtained if an inverse trigonometric function is
adopted for obtaining the position estimate from a DC-offset affected back-EMF
signal.

3.3.3 Parameters uncertainty
The back-EMF estimation error will be calculated in the case the knowledge of

both synchronous inductance and resistance are uncertain. When sinusoidal steady-
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state conditions are considered (i.e. S = jwy,,), the model of the observer and of
the motor can be rewritten:

. =~ 1 PPS P -
](‘)melaﬁ = Tos (Uaﬁ _Rsla/? - Ea[)’) + Kl(laﬁ - Ia[?) (3.47)
JomeEag = j@meEqp + Ko(Iup — Top) (3.48)
. 1
Jomelap = L_”(Uaﬁ ~Rslop — Eqp) (3.49)

where R, and Ly are the estimated values of stator resistance and
synchronous inductance adopted in the observer, that are supposed to be in general
different from the actual values.
Also in this case the two conditions @, =0 and @,,, = Wy Wil be
considered. In the following equations, the parametric errors will be defined as
ALy 2L, —Ls , ARy 2 R, — R, (3.50)

Case W, =0

Substitution of current estimation error I,5 — T4 from (3.48) into (3.47) and
subtraction of the obtained equation from motor model (3.49), allows the

calculation of the following expression for the back-EMF estimation error:

. j Lss+Rs+K4L .
_meeEa,U]wme 35;25+ 1 SS*’aB(ARs"'meeALss)

jomeLss+Rs+K1Lss (351)
e Ky

Eu—Epp=

1—jwm

One can notice that a steady-state error is present also in the case no
uncertainty on motor parameters are considered, i.e. both AR, and AL are zero.
That error is due to the phase lag of the observer at the considered angular

frequency Wy, as discussed in a previous section.

Case Wype = Wipe
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Calculation of the difference between (3.49) and (3.47), with I,z —I,p =0
(this last coming directly from (3.48) at steady-state and @, = Wpe) leads to

= ALgg
Ea[)’ - EaB = I(xﬂARS +

(=Relap = Eap + Uap) (3.52)

LSS

The last term is jwmelqp (from (3.49)), hence:
Eaﬁ - Eaﬁ = (4R, + ALssjwme)Iaﬁ (3-53)

Considering that the position estimation error is independent from rotor
position itself and under the following hypothesis (corresponding vector diagram is
sketched in Fig. 3.7):

e current control is at steady-state (Iyq = I34);

e position estimation error is low enough (the estimated synchronous reference
frame dg is close to the actual one dq);

e control below the base speed is considered (no flux-weakening condition, i.e.
I; =0, 1; = |[Ip| = Ipp = jI;e/%me = jI,e/%me);

Rotor position estimation error is calculated for 6,,, =0 (Eqp =j |EaB|7

I.p :jllaBD as follows:

Hme - éme = LEO.’[,? - L’E‘a’ﬁ = T[/Z - L[Ea’ﬁ - (Ea’B - E‘aﬁ)]

=tan~! wmeALssUaBl = tan-1ALSS|I“5| (3.54)
wme/lmg - ARS|ICKB| Amg
B
q=q
E(xﬁ = Ea{ﬁ’ n d
o J¥  — 7 je Amgaﬁ -
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Fig. 3.7. Back-EMF and currents vector diagram at steady-state.

One can notice that the position estimation error is null when motor
parameters are accurately known or (theoretically) at no load, which is consistent
with the result obtained in the previous error analysis for the case where no
parametric errors were present.

Indeed only phase estimation errors have been considered in this analysis,
completely neglecting the amplitude of the estimated back-EMF. In [24] it is
demonstrated that, when parameters deviations are considered, the estimated
back-EMF amplitude could become zero even at relatively high values of motor
speed. This means that, under those conditions, the signal-to-noise ratio of the
estimates could be very low and then prevent reliable sensorless operations.

3.3.4 Phase advance due to high-pass filtering

The presence of a high-pass filtering action on the estimated back-EMF
components (before speed and position extraction, see Fig. 3.1) could be needed to
remove any DC component that could affect the reliability of position and speed
estimation. The high-pass filtering action provides a phase advance, especially at
low speed values. This advance can be easily calculated by considering the filter

pole wypg, ie.:
s . —1(/W
HPFp(s) = o = LHPFp(jop,) = T/, —tan ' (“me/y ) (3.55)

It is worth mentioning that, differently from the typical case of flux observer
based methods, where a voltage integration drift arises, the back-EMF observer is
not subject to this issue, both for the nature of the variable observed (which is not
the integral of measured variables) and thanks to the current feedback. In this case,
the high-pass filtering is just used to remove the possible DC components
introduced by measurement or actuation offsets (described in 3.3.2). For this
reason, pole frequencies as low as 0.1 Hz can be adopted in the control of a motor

having 200 Hz nominal frequency (from experimental testing), meaning that
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negligible phase errors are introduced even at the lowest operating speeds
(~75rpmor 5 Hz).

3.4 Observer dynamics simulation

results

Reliability of the proposed analysis has been verified by comparing the results
of a complete electro-mechanical dynamical model simulation of the drive system,
including sampled-time control and PWM modulation, and the analytical models
discussed in the previous sections. Simulations have been carried out principally
with the aim of verifying the correctness of the theoretical work on the dynamics
and error sources identification. The observer and PLL gains choice have been
analytically proven to be acceptable, then confirmed by simulation and tuned
empirically, since the system noise plays a very relevant role in the estimation
performances (practically limiting the usable bandwidth), and a noise model is very
difficult to obtain. The observer with @,,, = 0 has been considered in this results.

In Fig. 3.8 a comparison among actual, estimated and theoretical estimated
back-EMFs and rotor electrical positions is shown with the observer off-line (i.e.
estimates are not fed back to motor control, which is bases on measured position
and speed). The aim of this test is to obtain a validation of the developed
analytical models, i.e. the linearized version of (3.11) and (3.20), both in steady-
state (200 rpm) and in transient speed conditions (200 to 1000 rpm). The actual
and the estimated variables are those coming from the dynamical simulation,
implementing a complete model of motor, discrete-time controller and observer.
The theoretical estimated variables are calculated on-line by dynamically feeding
the analytical transfer functions with the actual variables (i.e. either back-EMFs or
rotor position). It is shown that an optimal match is obtained, confirming the

reliability of the theoretical analysis.

6]

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



MODEL-BASED SENSORLESS CONTROL

1200
1o AN
 w !f
T 80
2
T 400
TZ 200
T
—— Measured speed
-200

0 02 04 06 08 1 12 14 18 18 2

100

Z g

=

= AAAAANN

o VVVVVVVH — Actual back-EMF o

T &0 Estimated back-EMFs a

2 i — Theoretical estimated back-EMFE o
10y 02 04 06 08 1 12 14 16 18 2
100 : : ‘ :

o AT "l”!‘ |]||.|.nm“”.n.u|n|||||.|.|m“h
fhl

|
EI RVAAVALV I VAR VAA VIR VARV, M h i " ” i Actual back-EIF 3
{5 { l —— Estimated back-EMFs 3
—— Theoretical estimated back-EME 3

-100 T T T
02 04 06 08 1 1.2 14 16 18 2

back-EME [V]
>l
>
=
bl
>

3 FETTATTARNRATI Y

el. position [rad]
Lo
T ———
T—
P —
...
e
———
—

:2 ] ! ; ! ; ! / | i |]1|| —Measured position

Estimated position
—— Theoretical estimated position

| T
4
0 02 04 0.6 08 1 12 14 16 18 2

t[sl

3 P EHAHHE L

Fig. 3.8. Comparison among actual, dynamical estimated and theoretical
(linearized) estimated back-EMFs and rotor position (simulation) at different

steady-state speeds and during transients.

The aim of Fig. 3.9 is to verify the rotor position estimation errors as a
function of rotor speed and synchronous inductance variations during full sensorless

operations. The drive is started-up till 200 rpm with the correct value of the
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synchronous inductance used in the observer. The rotor position estimation error is
both due to the presence of the high-pass filter in the estimation chain and due to
the phase response of the back-EMF transfer function at the considered frequency.
The speed reference is then increased up to 1000 rpm. Estimation error is
therefore raising. At time t = 1.5 s a variation of +2mH in the synchronous
inductance (the value inside the observer) is simulated, resulting in an variation of
estimation error of about 42 deg, being in good agreement with the theoretical

analysis, (3.54).
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Fig. 3.10. PLL operations during a fast transient (simulation).

3.5 Experimental results

A general purpose industrial drive has been considered for the experimental
investigation (Fig. A.1 and Table A.1). Both speed and torque transient and
steady-state conditions have been considered. Estimation errors will be measured
and used to validate the theoretical analysis.
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The results of a first test are shown in Fig. 3.11 and refer to a transient speed
condition from 500 to 2500 rpm under half the rated load torque. Differently
from simulation tests, ramp speed reference has been considered instead of a step.
Actual and estimated speed (this last being the feedback of the speed controller)
are shown in the first subplot, confirming good tracking performance and reduced
estimation delay. In the second subplot actual and estimated position are reported,
while the position estimation error is shown in the third subplot. One can notice
the reduced value of the estimation error and its dependency with speed, as
discussed in the theoretical analysis. The absolute values of estimation errors are
not comparable as a different set of parameters has been adopted in the
experimental investigations due to the presence of hard measurements noise. A
similar test is reported in Fig. 3.12 showing that sensorless operation is possible
even at very low values of speed (but not zero). Although it is not shown, same
synchronous inductance variation considered in simulation (see Fig. 3.9) has been

tested, experiencing same position estimation error deviation.
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Fig. 3.13. Observer and PLL speed tracking capabilities under

fast speed transient (experimental, observer is off-line).
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Fig. 3.14. Sensorless startup from stand-still, ramp control and braking to zero,
33% rated load (experimental).

In Fig. 3.13 fast speed transient condition is considered. The response of the
estimated back-EMFs (first subplot), actual and estimated speed (second subplot)
and position (third subplot) are shown. The motor is controlled with sensor
feedback, therefore a transient from standstill is possible, also to understand the
behavior of the observer in the very low speed range. Estimated back-EMF is the
output of the observer, that feeds the PLL and provides the estimated position and
(after a low-pass filtering) the estimated speed. The position response of this test is
directly comparable to the one shown in Fig. 3.10, showing the fast and accurate
dynamics of the PLL.

Finally in Fig. 3.14 sensorless operation for a startup from standstill, ramp up,
and braking. Start-up from stand-still and very low-speed operation has been
achieved by means of an open-loop control, consisting in the generation of a large
current vector, rotating at the reference speed. Actual and estimated position

experience displaying problems due to decimation of the acquired samples.
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3.6 Sensorless drive management

and supervision

During the last part in the development of the sensorless drive control, some
important aspects other than the essential estimation issue have been dealt. In
particular, the necessary open-loop startup and management of the transition to
closed-loop, the stabilization of speed control at low-speed, some alternative speed
estimation techniques for control fault detection and an initial position detection to
improve startup robustness have been studied.

In fact, attention to the reliability (robustness) of control also under the worst
load conditions is an important factor in the actual usability of the drive.
Experimental tests pointed out that startup at high loads or load disturbance
withstanding at low speed are the most demanding conditions. While open-loop
startup is, obviously, very prone to the random initial position and load, control at
low-speed is also critical, since a sudden load increase can cause speed to decrease
to values where insufficient back-EMF amplitude is present (leading to low SNR
on the speed estimation). This situation can easily cause control loss (stall) and
needs to be managed with particular care. As a minimum reliability requirement, it
must be possible to detect stall, to prevent it from persisting and to signal a fault
event to an operator or supervising system. Even if fault detection and managing
was out of the scope of the project, some signal processing schemes that will enable
malfunction recognition were developed, mainly based on alternative speed
measurements, avoiding the use of the PLL block. In fact, experimental tests
showed that most fault conditions cause a large speed control error (difference
between reference and estimated value), so this signal can also be used for a simple
fault detection, which is normally implemented in commercial drives (speed
reference lost threshold comparison). However, in some fault cases, in the presence
of an estimated speed value stably near reference, actual speed revealed that
control was lost and PLL was locked to an incorrect value. This condition can
occur when speed oscillations at frequencies above the estimation bandwidth build

up as a consequence of control loss.
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In particular, in some cases, following a transient where a large estimation
error has occurred, estimated speed can remain at a high value (over the minimum
open-loop operating mode threshold) while actual speed is nearly zero, with rotor
oscillation. The closed-loop control would not be possible in these conditions but,
since a low-speed is not detected, the operating mode is not switched to open-loop,
thus the rotor can stall permanently. A reason for this behavior can be found in
the particular position and speed estimate extraction process, involving a PLL
which, under large “slip” conditions, detects a high-frequency error correction
signal having null average, thus does not allow estimation tracking, leaving the
speed estimate locked (since the high-frequency error is simply filtered out).

The quantities that have been exploited for an indirect speed estimation are
the back-EMF vector magnitude and active electrical power, since they are
constantly available or easily obtainable. The use of a stationary frame back-EMF
observer has, from this point of view, an advantage over its synchronous
counterpart, i.e. the possibility to maintain observation under any speed condition,
since the electrical subsystem is current controlled (based on measurements) and
thus will not diverge. This means that, at least, an acceptable estimation of the

back-EMF amplitude can be performed also at null or low-speed.

3.6.1 Startup and low-speed control mode and

optimization

Startup from stand-still is a critical condition, as already seen. In fact,
depending on the noise level of speed estimation, control under a certain speed can
result in a very oscillatory speed behavior, also showing very low stiffness to load
variations. Although the influence of noise can be reduced by the technique
described in 3.7, extending the control range to a lower speed, a different control
algorithm must be applied for startup.

Besides startup, a different critical condition is represented by the effect of
sudden load changes during control at the low speed range limit, which can cause
the control to enter a region where speed and position estimation becomes

prohibitive. Deteriorated position estimation results in lower torque capability, and
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mechanical load and friction tend to brake the rotor down to zero speed, thus
estimation and control is normally lost.

A proper managing of the different control conditions is needed, guaranteeing
correct switch from one mode to the other. In the implementation, the main
control modes are open-loop and closed-loop speed control. When control is
enabled, back-EMF observer is always updated, since the current control prevents
divergence of the estimates. For the PLL, instead, the probability of divergence is
much higher, in the case of a low SNR on its inputs.

In the open-loop mode, a constant magnitude current vector is imposed, while
position is obtained as integration of the reference speed. If a proper current value
and acceleration is imposed (depending on load braking torque and inertia), the
rotor can be accelerated and steady-state average speed equal to the reference one
can be obtained (although strong oscillations can be present). This common
technique is also known as “I/f”, which recalls the more famous open-loop
approach to induction motor control (V/f), even if in this case a constant vector
magnitude is applied, instead of a constant ratio with frequency. The
implementation of this control mode integration inside a normal vector control
scheme is quite straightforward, i.e. imposing a constant d-axis current and using a
fictitious position (as above explained) for axes transformations.

Despite the simplicity of this control scheme, various aspects need to be taken
into account to ensure proper operation, especially at the switching between the
two control modes. In Fig. 3.15 the behavior that the main control variables and
mode flags follow is represented. The graph is symmetrical for positive or negative
speed, and the most important variable is the control mode, which is switched
according to an hysteresis that is applied to the speed estimation and reference.
The condition for passing to the closed-loop is more restrictive, requiring both
reference and estimated speed to assume values above the maximum open-loop
control threshold (AND condition), while the change to open-loop control is
determined by either reference or estimate going under the minimum closed-loop
control threshold (OR condition). The reason behind this logic is preventing
control loss until possible, and relying on open-loop at low-speed as a safe mode.
Unfortunately, open-loop can be considered as a safe mode only when slip speed
(the difference between stator current rotation speed and rotor speed) is limited
and load is sufficiently low. Thus the maximum open-loop control threshold must
be set as low as possible, still guaranteeing proper startup.
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Obviously, an analytical way for determining the two thresholds is not
available, since it is related to the noise level affecting estimates (which has both
deterministic and random sources). However, an interesting approach is the one
proposed in [34], where the inverter dead-times are considered as the main
back-EMF estimation noise source. Following this assumption, the speed and
position estimates are used for control when the back-EMF magnitude is higher
than that of the dead-time distortion voltage, thus the condition for reliably
adopting the closed-loop control based on back-EMF estimation becomes:

TDT
wmeAmg = T Vbe (3.56)
SwW

where Tpr and Ty, are the inverter dead-time and PWM switching period length.

As already mentioned, following a sudden load increase, recovery of control
from a large undershoot can be problematic in the case speed follows below the
minimum closed-loop control threshold and open-loop control is activated. This
peculiar condition, which has been called “phase loss” in this text, needs a
particular recovery procedure based on open-loop ramp control. In fact, switching
to the open-loop mode causes the current vector to rotate at the reference speed. If
the actual rotor speed is much lower than the reference, the excessive slip can
cause a rotor stall, since low average torque is produced by the rotating current
vector. To overcome this severe problem, a simple transient control strategy has
been implemented. The phase loss condition is detected when a change to the
open-loop mode has occurred due to the estimated speed reaching the minimum
threshold and the reference speed is higher than the maximum open-loop threshold.
This triggers the generation of an open-loop speed ramp (which is used for the
current vector rotation) starting from the estimated speed sampled at the control
mode change instant and rising at constant rate up to the reference speed. At the
end of the ramp, closed-loop control is restored, allowing normal operation. This
simple solution allows the drive control to recover from estimation loss after a
speed decrease not commanded. The ramp slope must be equal or lower than the
slope maximum limit used for the normal control at startup, allowing the load to
be contrasted and position and speed estimation to converge before entering closed-

loop. The phase loss recovery should be an alert event for fault detection, since the
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control could enter an infinite sequence of phase loss recovery attempts, while rotor
is indeed stalling.

Another problematic condition that needs to be considered takes place when a
steep ramp is imposed towards zero speed, starting in closed-loop control operation,
and the reference speed reaches null value while the actual speed is relatively high.
In this case, a non-rotating current vector is imposed, while the kinetic energy
stored in the rotor inertia is quite high. For low resistance mechanical load (i.e.
having low friction coefficient), and a relatively low open-loop current vector
magnitude, multiple oscillations are generated. Examples of this undesired behavior
are reported in Fig. 3.18 and Fig. 3.21. In fact, the phenomenon arises when
excessive ramp slope is selected for reference. However, further study in the
management of control modes could lead to an effective solution.
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Fig. 3.15. Control modes managing and optimization of reactive current and speed

regulator gains for optimization.
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Fig. 3.16. Phase loss recovery control example.

3.6.2 Back-EMF magnitude monitoring for

indirect speed estimation

From equation (3.3), the back-EMF vector magnitude is easily obtained as
|Eaﬁ| = |wme|Amg (3.57)

which is proportional to the absolute value of speed. Actually, the control
algorithm only provides a noisy estimation of the back-EMF, so simply applying
an approach similar to a tachometric dynamo, i.e. calculating speed as
|Eas]

= 3.8
™ (359)

| wmeEaB

would be hardly useful for the purpose of monitoring speed control correctness.

Transformation to the synchronous reference frame brings at least to advantages:
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the possibility to apply a low-pass filter on the estimated back-EMF signals
without any steady-state accuracy loss and an easy way for determining the
rotation direction (Fig. 3.17). In particular, due to the non-linear nature of the
modulus operator, filtering the two components before the magnitude calculation
results in a better noise rejection. If processing is done in the synchronous reference
frame, almost speed-independent behavior can be obtained from the low-pass
filtering, differently from what would be in the stationary axes. As mentioned
above, rotation direction can be obtained considering that steady-state back-EMF
in the dq axes are DC signals, and the g-axis component sign is the speed sign

~_sign(Ey) - |Eaq|

meEdq -

g (3.59)
It is worth pointing out that the actual rotor axis direction is not known, but
only its estimation is available. While a small constant phase error would cause no
effect on this kind of estimation, a variable phase (either a DC speed estimation
error or a large oscillating position error) will lead to oscillating d§-axes signals,
that can be filtered out resulting in a low estimated speed. A large constant
position error (i.e. over m/2) also implies a sign reversal of the estimated speed.
While for the purpose of estimation this is strictly a disadvantage, for
supervision and control fault detection this means that both the conditions of
excessive position error (torque inversion) or speed error can be detected by setting

thresholds on a low-pass filtered @y, £y signal, both considering the gap with
q

respect to the reference speed or, during operation at low speed, an abnormally low
value.

Obviously, accuracy of this estimation is strongly dependent on a good back-
EMF observation and on PM flux magnitude parameter matching (A, ).
Although this second factor is important, it must be considered that a low
accuracy requirement is present, since the estimation is only needed for a fault
monitoring. Moreover, the peak PM flux parameter can usually be obtained from
nameplate, where torque constant is reported (K = %ppAmg), or easily estimated
during steady-state operation at a sufficiently high speed (where control reliability

is very high).
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Fig. 3.17. Speed estimation from estimated back-EMF amplitude.

Experimental results

Some significant tests have been performed to show the potential of this
alternative measurement for control fault detection. In the following tests, the PM
flux value is set to the datasheet value. The estimation shows very good steady-
state accuracy (in the order of few rpm), demonstrating the reliability of the
manufacturer measurements on this parameter.

While the three speed values (estimation from PLL and from back-EMF
magnitude processing, encoder measurement) show good agreement during correct
operation, in the case of control loss (following a steep ramp from stand-still, under
load) the PLL estimation does not properly track speed, while the estimation from
the back-EMF magnitude can detect an incorrect speed. For achieving a correct
detection, proper speed difference and duration time thresholds should be
determined based on statistical information.

In the final part of traces in Fig. 3.18 and Fig. 3.21, an abnormal open-loop
commutation can be seen, which causes a strong and persistent speed oscillation.
This issue has been already reported in 3.6.1. The particularly good speed tracking
that can be obtained by the back-EMF magnitude processing during open-loop
speed control is a very interesting result, that could lead to further development of

an intermediate control mode (keeping some characteristics common to open-loop
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and some from closed-loop), where this speed estimation could be effectively
exploited.

Dati SotScope importati dal file “(to150rpm_0.01s_0%ioad_NO_fault”

i i

100 _> ............................ ....... “|—wor rpm]
— e [Upm]
1% ER A S S ! et | —@meg,, [rom]

—Qme [rpm]
L 1 1 1 1 1 Il
Ewo 02 04 08 o8 1 12 14 16 18 2
t[s]

Fig. 3.18. Speed transient from stand-still to 150 rpm and vice versa, correct

control (no faults).

Dati SoftScope importati dal fie "Dtod 50pm_1s_100%koad_faul”
250
T T

—wor, [rpm]
—pe [rpm]

—_—me Fay [rpm]

— e [rpim]

Fig. 3.19. Speed transient from stand-still to 150 rpm and vice versa, control loss

(fault) not recovered.
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Dati SoRScope importati dal fie "0to150rpm_1s_100%load_fault_ipresa”

—wor, [rpm]
—wme [rpm]

—_—Cme Eay [rpm]

——Ge [rpm]

06

16 18 2

Fig. 3.20. Speed transient from stand-still to 150 rpm,

recovery.

Dati SoftScope importati dal file "Dio500rpm_1s_0%load_NO_fault™
T T

control loss followed by

—wme [rpm]
100 . I
—meg, [rpm]
——Ge [rpm]
200 i i i
0 02 04 06 08 1 12 14 16 8 2
t [s]

Fig. 3.21. Speed transient from stand-still to 500 rpm and vice versa, correct

control (no faults).
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Dati SoftScope importati dal file "010500rpm_0.01s._0%oad_fault”

illhlll}ld[\
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——@meg, [rpm] |

— e [rpm] |

0 02 04 06 08 1 12 14 16 18 2

Fig. 3.22. Speed transient from stand-still to 500 rpm, control loss (fault) not
recovered.

3.7 Control robustness and
accuracy improvement by
constant direct-axis current
injection

As already mentioned the critical issue of all of the sensorless position and
speed estimation methods based on the fundamental quantities (back-EMF, PM
flux-linkage) is the linear dependence of the induced voltage on rotor speed. In fact,
this results in estimated speed and position affected by heavy noise at low speed
(due to estimation noise on back-EMF, e.g. caused by current measurement noise
and distortion from the feeding inverter), which prevents accurate and reliable
closed-loop control. Although open-loop techniques can be adopted, they do not

ensure proper robustness against load torque disturbance and cannot achieve the
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control stability and accuracy required for some applications. Thus, the extension
to the very low-speed control region (e.g. below 5% of the base speed) with full
feedback control is highly desirable.

Using the common torque control (I = 0), at very low-speed the trade-off
between regulation dynamics on one side and robustness or steady-state speed
accuracy on the other often results in poor performance. Reducing control
bandwidth will lead to poor load torque disturbance rejection, and then a sudden
increase in load torque can cause a deceleration out of the reliable estimation speed
region, eventually causing loss of control. It has been shown experimentally that,
given a certain estimation noise level, the superimposition of a positive direct-axis
current component to current reference improves control capabilities, [20], [22]. The
minimum speed limit for closed-loop control can be substantially lowered, and the
speed ripple at low-speed steady-state is also dramatically reduced. While this
effect was already known and reported, an analytical explanation was not available
in literature. Assuming some simplifications (mainly a small position error and an
independent source modeling for noise), identification and characterization of the
principle behind this stabilizing action has been obtained through small-signal
analysis, and the work has been published in [30]. Simulation and experimental
investigations demonstrate the effectiveness of the adopted approach, and show the
advantages resulting from constant direct-axis injection on the sensorless drive
system. Of course, the most important disadvantage can be easily pointed out in
the increased losses produced by the additional current, so this important factor
influences the choice of whether this technique is applicable and which is the

proper value for reactive current.

3.7.1 Analytical description

To obtain an analytical description of the system dynamics, an approximated
approach has been applied to the equations relating torque production and speed
control in the estimated position reference frame. Operation under small position
estimation error and ideal current control is considered. Modeling of a classical
speed control loop with superimposed estimation noise allows to highlight the effect

of an additive direct-axis current component.
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Let I e I be the current control references in the estimated rotor reference
frame (electrical position being 9me), which are provided by a closed-loop speed
control having wy, as the set-point value and a speed feed-back (estimated speed)
@y, If all distortions and noise are modeled as an additive signal n, the estimated
speed can be expressed as

Oy = 0y +1 (3.60)

The generated electromagnetic torque

3
T, = Epp/lmglq (3.61)

is proportional to the actual quadrature component of the stator current,
which can be expressed as a function of the estimated reference frame components
I3 and I, and the rotor position estimation error:

I, =15 5in(Bme — Ome) + 15 c0S(Ope — Ope) (3.62)
A current controller having sufficient bandwidth is considered, leading to:

lag =~ I3, (3.63)

Therefore the torque equation becomes:

3 A ~
Te = 5PPAmg [15 5in(Ome — Ome) + 15 c0S(Opne — Oime) | (3.64)

where pp is the polar pairs number and A, is the flux-linkage amplitude.
If a first-order mechanical system Laplace model is considered, having inertia J

and friction B, the mechanical speed becomes:

Te _TL

Bt (3.65)

Wm (s) =
If a small-signal approach is considered and the load torque is constant or
slowly varying, position estimation error, the electromagnetic torque (3.64) can be

substituted into (3.65), leading to:

3 ~ ~
S PP Amg [15 sin(@me — Bme) +1; cos(Qme — Bme)] (3.66)

om(S) = 552
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Under small position estimation error conditions, linear approximation of the
above expression results in

1
B+s]

3 .
W, (s) = 'Epp/lmg [15(Ome — Ome) + 1] (3.67)

The estimated and actual position can be written as speed integral, i.e.:

1 ~ 1
Ome = pp;wm y Ome = ppgwm (3'68)

while the g-axis current reference is provided by the speed regulator:
5 = Reg(s)(wp, — @) (3.69)

where the regulator transfer function Reg(s) can be defined as the typical
continuous-time proportional-integral:

s K
Reg(s) & Kp + "1/ (3.70)
Substitution of (3.68) and (3.69) into (3.67) leads to:

3
Bts 2PPAms

1
w0, (s) ~ I <@ — ) + Reg () — @m)] (3.71)

It can be highlighted that the last expression is a function of the speed
estimation error, instantaneous speed control error and the direct-current reference.
Recalling the definition of the estimation noise n in (3.60), speed expression

becomes:

1
B +s]

wm(s) =

3 1

(@p = o =)
The closed-loop speed response to the speed reference w,, and to the

estimation disturbance n is therefore:
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1 3 1 3 x 1
=P AmgReg(s) =7 PPAmg |5 Zpp—Reg(s)
W (s) = B+S{23 < * Wi () + L2 1 3g[ds ] “n(s) =
1+B+S]-EppAngeg(s) 1+B+S]-EppAngeg(S) (3 73)
Wwm(s) ¥ wm(s) .
—= W (8) + = -n(s)
W (s) n(s)=0 m n(s) 1y (s)=0

It can be seen that the noise effect (i.e. the sensitivity) on the actual rotor

speed is weighted by the transfer function I3 %pp — Reg(s) and can therefore be

adjusted by selecting the reference direct-axis current I3. If a proper value is
chosen, a damping effect on the estimation noise can be achieved, as it will be
highlighted in the next section.

3.7.2 Simulation results

Reliability of the proposed analysis has been verified by comparing the results
of a complete electro-mechanical dynamical model simulation of the drive system,
including sampled-time control and PWM modulation, and the analytical models
discussed in the previous sections. Simulations have been carried out to verify the
correctness of the analytical method, and to evaluate the expected impact of a d-
axis current on the control stability and accuracy. The observer and PLL gains
choice have been chosen according to the developed analytical investigation
reported in [21]. The observer with @,,, = 0 has been considered in this results.

A simple preliminary analysis for a given speed regulator tuning and three
wm(s)
n(s)
represented. The expected lower influence of the estimation noise on the

transfer function is

different values of I3 is drawn in Fig. 3.23, where

mechanical speed when a non-negligible direct-axis current I} is selected is clearly
visible. It can also be noted that for an arbitrary frequency range, there exist a
minimum of the sensitivity, i.e. the noise has the minimum effect. In the
considered results the value I; = 3 A provides the minimum noise effect in the
frequency range up to about 6 Hz.

In the results of Fig. 3.24 a speed reference w,, = 100 rpm has been
considered with the observer operating off-line, i.e. the motor is controlled with the
measured speed. A noise with a frequency of 1 Hz with 1 rpm amplitude is added
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to the measured speed and the integral of that signal is also added to the measured
rotor position needed for current vector control. Therefore feedback speed and
position entering into the control loop are affected by the injected noise. The
response of the drive to that noise is analyzed as a function of three different
values of current component along the d-axis. The top diagram shows the reference
and actual d-axis current, the bottom one the feedback, actual and reference speed.

I; =04

;=34
P I} =64
. BRI
]
t
]

Froquansy iz

d wm(s)

Fig. 3.23. Speed estimation noise effect on mechanical spee .
) o 9)=0

o|| ——d-axis current (reference) [A]
. d-axis current (measured) [A]
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Fig. 3.24. Speed control noise sensitivity at steady-state (100 rpm) with three
different values of (estimated) d-axis (noise is 1 Hz and 1 rpm).
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The test results confirm the analytical calculations and the results shown in
Fig. 3.23. In fact, without any injection of d-axis current (i.e. the most left part of
the diagram), the injected noise is present on the actual speed, while it is not
present on the feedback speed as the control rejects that disturbance. As the
injected current is increased (i.e. to 3 4 in the middle part of the diagram), the
feedback speed changes, and the actual speed oscillations are reduced. A further
increase of d-axis current will provide worse results and also amplify the effect of
the injected noise (most right part of the diagram).

3.7.3 Experimental results

Experimental results are based on an actual industrial drive system (Fig. A.1
and Table A.1) and confirm the importance of this effect on the control capabilities,
demonstrating the extension of closed-loop control range towards zero, with respect
to conventional techniques.

In the results of Fig. 3.25 and Fig. 3.26 the same test previously discussed in
the simulation section is realized, i.e. Fig. 3.24. The drive system is operated at
constant speed reference w,, = 100 rpm with the measured speed and position as
feedbacks. A noise with a frequency of 1 Hz is added to the measured speed and
the integral of that signal is also added to the measured rotor position needed for
current vector control. The injected noise amplitude is 1rpm and 5rpm in
Fig. 3.25 and Fig. 3.26 respectively. The presence of other system noises (e.g.
effects of dead time, measurement noise and offsets, quantization) requires low-pass
filtering of the actual speed in order to extract only the injected noise component
and understand the effect of the d-axis current injection. The results are
comparable to those in Fig. 3.24, i.e. a proper value of the injected current
provides a reduction of overall noises, while a further increase would amplify the
noise effect.

The results in Fig. 3.27 are referred to sensorless operations in the same speed
condition (100 rpm). The additional current component is obviously performed in
this case along the estimated d-axis and feedback position and speed going into the

controller are the estimates coming out of the observer.
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System noises provide a poor estimation and control in that low-speed
condition and with no injection, leading to large oscillations on the actual speed
(i.e. about 70 rpm peak-to-peak) and almost unstable behavior, as shown in the
most left part of the diagrams. A non-zero value of the additional current, i.e. 3 A,
reduces the noise on the actual as far as on the estimated speed, allowing reliable
sensorless operations. A further increase of the reference current, i.e. 6 A, provides
worse results, as previously discussed.

Fig. 3.28 and Fig. 3.29 further show the effects of two different values of the
injected current at steady-state. For the chosen speed regulator gains, the
conventional technique (0 A d-axis current, Fig. 3.28) shows almost unstable
behavior at 100 rpm, as it can be seen from the large oscillations present, while
speed is controlled within about +3 rpm in the second case, i.e. with 4 A d-axis
current, Fig. 3.29.
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Fig. 3.25. Speed control noise sensitivity at steady-state (100 rpm) with three
different values of (estimated) d-axis (noise is 1 Hz and 1 rpm).
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Fig. 3.26. Speed control noise sensitivity at steady-state (100 rpm) with three
different values of (estimated) d-axis (noise is 1 Hz and 5 rpm).
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Fig. 3.27. Sensorless speed control at steady-state (100 rpm) with three different

values of (estimated) d-axis current.
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Fig. 3.28. Sensorless speed control at steady-state (100 rpm)
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Fig. 3.29. Sensorless speed control at steady-state (100 rpm)

and constant 44 (estimated) d-axis current.
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3.8 Conclusions

A back-EMF based sensorless technique for SPMSM drive systems has been
considered and studied in this chapter. With respect to previous proposals,
normally adopting a state-state representation, the analysis of the observer and the
design of the observer’s gains is developed using complex phase variables in the
Laplace domain, and represents an original feature of this study. Steady-state
errors are calculated from a theoretical point-of-view, including the effects of the
most common non-idealities affecting the drive system (e.g. DC offsets) and
parameters sensitivity. Simulation and experimental characterization of the sensor-
less drive is provided with reference to a general purpose industrial drive, i.e. both
in transient and steady-state conditions and in the whole speed/torque operating
range. Start-up from standstill and braking is handled through a simple but
effective open-loop control.

Since the back-EMF based position and speed estimation is critical at very
low-speeds (due to the low amplitude of back-EMF'), operation of speed control in
this condition can be quite unstable and non-robust. The effect of a constant
direct-axis current component, is shown to be improving accuracy and stability in
the case of noise-affected estimation or measurement, and an analytical explanation
of this phenomenon can be found if considering a linearized model. It has been
proved that a reduction of the estimation noise entering into the control loop is
attainable with a proper choice of the value of the injected current.

Extensive simulation and experimental investigations have been provided to
demonstrate the effectiveness of the adopted approach and the resulting
advantages in an actual drive system, also for a sensored system. In the case of
sensorless control based on a back-EMF observer, reduction of noise sensitivity of
the controller, especially at low-frequency, allows to dramatically reduce speed
oscillations, extending the closed-loop control range at the low-speed. Reliable
operation of the drive is possible even in the case of step rated torque load
insertion and removal. Standard filtering methods would be partially ineffective, as
they will also provide a reduction of the control bandwidth and increase the
possibility to enter into a speed operating range where estimates are very low and

signal to noise ratio is therefore too low for a proper control of the motor.

103

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine






Chapter 4
Injection-based sensorless

estimation

In this chapter, three different position and speed estimation techniques, based
on the exploitation of non-fundamental (i.e. not needed for torque generation)
voltage or current signals will be described. The first two described methods are
suitable for motors featuring an anisotropic rotor.

In the first case, a proposal related to the signal demodulation issues in high-
frequency pulsating carrier injection will be presented, aiming at eliminating the
dependence of the closed-loop estimation gain on the high-frequency carrier. This
novel approach to demodulation was published in [35].

In the second section, excitation resulting from the PWM voltage ripple only
(i.e. avoiding an actual injection) will be considered. The current transient response
introduced by standard (or slightly modified) SV-PWM excitation will be
considered as a means for extracting information on the rotor position, by means of
Rogowsky coil derivative measurements. With respect to the past literature
adopting similar approaches, a more detailed model is considered. The results of
this study, which confirm the feasibility of the approach, but also highlight an
unmodeled effect related to the permanent magnet, have been also presented in
[36].

The last section deals with a technique relying on the back-EMF resulting
from a low-frequency current injection, which can be also adopted for isotropic
motors. This method, also described in [37], represents a viable possibility for

low-performance sensorless startup and low-speed operation of non-salient motors.
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4.1 Introduction to anisotropy

based estimation

The basic principle behind the classical position and speed estimation methods
based on signal injection is the relation between rotor magnetic anisotropy and
position, similarly to what is done in magnetic rotary position sensors (resolvers).
Since the behavior of the rotor iron geometry reflects into stator inductance, a
direct or indirect sensing of the phase inductance results in a position-dependent
quantity. The usual model representing a motor having magnetically salient rotor
is a sinusoidal inductance contribution on the stationary frame inductance matrix,
which is very similar to a rotation matrix. From direct inductance measurements
or inductance-related signals, the rotor position can be easily estimated, extracting
position information and consequently obtaining a speed estimate. Anisotropy-
based estimation was conceived mainly for IPMSMSs, but soon was applied also to
SM-PMSMs, since anisotropy is almost always present also in this case (although
it is usually lower).

Measurement or testing of inductance requires a current variation (non-null
current derivative), which is incompatible with the normal torque control currents.
Moreover, to achieve good exploitation of anisotropy, a constant and recognizable
excitation (i.e. a signal distinguishable from the fundamental) is desired, thus
additional signals must be considered for estimation. In the classical signal
injection based methods, a rotating or pulsating carrier signal is superimposed to
fundamental voltage (persistent carrier based excitation) and demodulation of the
resulting high frequency induced currents is exploited to obtain rotor position
information, [38], [39]. To achieve a sufficient bandwidth of the information carried
by the measured signal, and to avoid the introduction of large disturbance to the
control loop, a high-frequency carrier is preferred, which is the reason for the name
“HF-injection”, which is usually associated with these techniques. In Fig. 4.1, a
scheme representing the principle of operation of the most common techniques is
shown. The figure is only intended to intruduce how injection, motor magnetic
model and signal processing interact in loops, while implementations are usually far
more complex, at least comprising demodulation and filtering blocks. An excitation

voltage signal is injected (depending on the method, direction can be dependent on
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the estimation position or not). The resulting current vector is then compared in
direction to the expected one (based on the estimated rotor position), by means of
what is, in principle, a vector product calculation. The result is proportional to the
sine of twice the angular difference between the estimated and actual rotor position
which, for a small difference, can be approximated to a linear gain. Thus, an error
signal is obtained, that can be used as a correction term in a Luenberger-style
observer (PLL-type scheme).

Estimated
position
feedback
Vector
v cross-
product Position & )
Expected Speed > Wme
current versor >< Luenberger )
- error >
calculation £ signal observer > Ome
|
|
|
stator Motor
current magnetic model | Signal

(dependence |
on 6,,.)

injection

Fig. 4.1. Principle of operation of anisotropy-based methods.

The simpler methods imply sinusoidal flux injection (which is simply
translated into voltage injection, [40]), mainly according to two variants: a
pulsating injection along one of the two estimated rotor axes Fig. 4.2 or a constant
magnitude vector rotating at high frequency Fig. 4.3. The first technique provides
a simpler implementation and some other advantages [41], then is more widely
adopted.

Other techniques have also been adopted, the well-known INFORM method
among them, based on intermittent excitation [42]. In this case, the injection
consists in the application of two separate and opposite test vectors during a null
space voltage vector. More recently, the development of techniques relying on the
PWM voltage ripple only as the injected signal have been proposed, as the one
described in 4.3, that has been presented in [36]. Of course, in these cases more
complex algorithms and measurements need to be implemented, and achieving

high accuracy and dynamical performances is usually more difficult than with
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sinusoidal excitation, due to the spread-spectrum characteristic of the exploited
signal. In particular, oversampling and current derivative sensing have been
introduced in some proposals, in order to overcome the issues introduced by the
particular signal considered for inductance testing,.

Estimator
r—— - - — — — —/— 7 1
.
E - me ,
| Est. rotor sigl;l;?arl Position & Speed |
> frame > Luenberger i)
| processing observer | ne >
L _T |
Position -\ - - - — — — —
error ~
feedback Ome
Est. rotor
frame <
HF injection
BPF / HPF

Fig. 4.2. Principle of operation of pulsating signal injection estimation technique.
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HF injection I A~
| eme
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| position |
| feedback

Fig. 4.3. Principle of operation of rotating signal injection estimation technique.

Despite the many years of research and development on these topics, and the
presence on the market of some drives implementing high-frequency injection based
estimation [43], many issues are still open. An important one can be identified in

the effects of saturation on the anisotropy map of the rotor (i.e. in the relation
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between position and inductance), which is, especially for certain motors, heavily
affected by the operating conditions (current magnitude and phase). In the case of
the Surface Mount PMSM, for example, which is the most diffused rotor
configuration, the anisotropy is mostly saturation-induced, and then the stator
current conditions usually play an important role on anisotropy. Although many
compensation techniques have been developed, which can be adopted for specific
motors, application to general-purpose drives is almost impossible, since extensive
off-line measurements are not available. Also for these reasons, a combined
approach from both the machine design and control point of view is making its
way, in which the sensorless requirements are taken into account from the early
stages of development.

Recently, some methods have been proposed in which the tracking is
performed on high-frequency stator-reflected resistance, in place of the usually
tracked inductance, which is mainly related to the presence of the permanent
magnets and their conductivity, [44]-[47]. Investigation on this field is however
quite new, and measurements on more different rotors would be interesting to

confirm the feasibility on standard Surface Mount PMSMs.

4.2 Demodulation techniques for

pulsating vector HF injection

This section will introduce a novel approach based on Discrete Fourier
Transform (DFT) and a non-conventional reference frame transformation for
pulsating vector high-frequency injection, which was published in [35]. The method
allows a simple and robust non-coherent demodulation, i.e. in which no
information about the carrier phase is needed. In the classically adopted coherent
approaches, in fact, uncertainty about carrier phase reflects in uncertainty in the
demodulated signal amplitude, affecting observer gains and signal-to-noise ratio,
definitively providing a degradation of the performance of the estimator. After an

analytical recall of the reference sensorless algorithm (based on pulsating
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flux/voltage injection), a novel demodulation technique will be introduced and
investigated by means of simulations and experiments, based on a prototype motor
drive for city-scooters.

From a magnetic point of view, IPM motors exhibit a saliency ratio different
from unity, i.e. the direct d-axis inductance is substantially different from the
quadrature g-axis inductance, where the d-axis is usually selected to be aligned
with the PM flux axis. This characteristic is particularly suited for extending the
speed operating region by proper field-weakening control techniques [48] and, also,
it allows the application of some interesting approaches to position and speed
estimation, i.e. high-frequency signal injection techniques, suitable for low-speed
and stand-still sensorless control of the machine, [39], [49], [50]. According to this
approach a high-frequency flux is superimposed to the fundamental one. The
resulting high-frequency current is sine-carrier amplitude-modulated by a function
of the position estimation error. Demodulation of this signal and its closed loop
control to zero provides a mean for the dynamic estimation of the rotor position,
[51]-[54],[55]-[57], [41].

The impact of rotor geometry on sensorless rotor position detection by high
frequency signal injection have been investigated recently, [55], [58]. It has been
found that the effectiveness of the sensorless rotor position detection strongly
depends on the PM rotor geometry.

In this section, a demodulation approach based on Discrete Fourier Transform
(DFT) will be presented. The method allows a simple and robust non-coherent
demodulation, i.e. in which no information about the carrier phase is needed. In
the classically adopted coherent approaches, in fact, uncertainty about carrier
phase reflects in uncertainty in the demodulated signal amplitude (which is
proportional to the sine of the error between real and known phase), thus affecting
observer gains and signal to noise ratio and definitively providing a degradation of
the performance of the dynamical position estimator. Also, square-wave based
demodulation techniques allow only two points per period of the injected signal to
be sampled and their accuracy is similarly dependent on the uncertainty about
carrier phase. The analytical development of the sensorless algorithm including the
demodulation technique is provided. A complete simulation investigation is carried
out aiming at showing the performance of the proposed method, also in comparison
with state-of-the-art approaches. Finally experimental results are presented based
on a prototype motor drive system for city-scooters.
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Fig. 4.4. Drive system scheme.

4.2.1 Sensorless control scheme

The sensorless control scheme considered in this work is shown in Fig. 4.4. Tt
is implemented by a 32-bit fixed-point digital signal controller performing all the
processing needed for rotor position and speed estimation as well as the motor
control algorithms. The current control loops are arranged in the two-phase
synchronously rotating reference frame d-q aligned with the predicted/estimated
rotor flux. Current references are provided by an maximum torque per ampere
(MTPA) reference generator as a function of the required torque reference and
actual (estimated) rotor speed. Proportional and integral regulators are used for
both the current and speed control loops. An adjacent-vector space vector pulse
width modulator (AV-SVPWM) is used to apply the voltage commands. Low-pass
and high-pass filters are used respectively for the acquisition of the fundamental
currents (needed for current control loops) and high-frequency currents (needed for
the speed and position estimator), allowing to improve both control and estimation
performance by enhancing the signal-to-noise ratio of the acquisition chain.

In the actual implementation the high-pass filtering is realized by digitally
programmable switched-capacitance analogical filters, thus obtaining high filtering
performance and allowing to adapt very easily the pass band to the adopted

frequency used for the flux-injection. During system development and testing, a
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steady-state position estimation error being a function of speed has been pointed-
out, which in our experience is due to estimation loop delays (mainly represented
by inverter timing and current sampling). It has been shown that this is linearly
dependent on speed, then a simple compensation has been introduced, whose
coefficient has been tuned empirically.

Further developments of next section will show that an additional component
compensating for cross-saturation effects should be introduced on rotor position
estimation, [59]-[61].

4.2.2 Injection-based estimation method principle

of operation

The technique adopted in this work is similar to the one originally proposed
by Corley and Lorenz for salient-rotor motors, [39]. According to this method, the
direct rotor axis (the direction of permanent magnet field) is being tracked thanks
to an error signal which comes from a superimposed high frequency flux, whose
angular frequency being w;.

The conventional voltage equation of IPM motor in the dq reference frame

synchronous with permanent magnet flux-linkage is considered first, i.e.:
Ug id] d Ad] —Aq]
=R|." |+ + w .
[uq] [lq dt Aq me Ad (4 1)
where [Ua  Uq]T, [la iq]T and [Aq A4]T are respectively the vectors of
stator voltage, current and flux-linkage in the dq rotor oriented synchronous

reference frame aligned with the permanent magnet flux and w, is the electrical

angular speed. Electromagnetic torque is therefore:

3 . .
T, = Epp[/ldlq - Aqld] (4'2)

where pp is the number of pole-pairs.
Let us consider flux-current relationships A,4(i;) and Aq(iq), where mutual

inductance due to cross-saturation effects is ignored. If small (e.g. high-frequency)
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variations around a steady-state operating point are considered, the following
expressions can be written:

[Palia) 1
] =| )=
Aig |l 0 dlq(lq)| tiq

dlq

] (3

where l; and [, are the self differential inductances, [60], and i;4 and i;; are
the current components generating the perturbation around the steady-state point.
Equation (4.3) can be referred to an unknown rotating reference frame dg by

the transformation:

0 i;q

d d

[ ] dq—»dq 0 lq] ' T&ﬁ—»dq ’ [liﬁ ] (44)
where

cos(AB,,.) sin(AB,,.)

Tag-aq = [—sin(AHme) cos(AB,,,) (4.5)

and AB,,, = B,,, — B is the error between the actual (dq) and the unknown
(dg) reference frames.

Inversion of (4.4) allows to calculate current components as a function of flux:

E R i R )
iig |~ "da-da Ll Taasaa” [,

_[(lz+lA)cos(2A9me) 1,5in(206 ) ]_[Aia] (4.6)
gl L 1ysin(2A6,,,) (Iy — 1)cos(2A6,,.)] (2

+1 -1
where Iy = <1 and [, qu.

The injection of an alternating flux space vector along the g-axis only, i.e.:

[A ] = —sm(w t)[ ] (4.7)

will then result in a d-axis current whose amplitude is proportional to the sine

of twice the position error A9:

113

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



INJECTION-BASED SENSORLESS ESTIMATION

i;g = Insin(w;t) - sin(2A6,,,)

. , (4.8)
lig = [lio — Ij1 - c0s(2A0p.)] - sin(w;t)
Vil Vil
where Iy = gy and ho = 5o

The injected voltage needed to provide flux (4.7) can be simply calculated
from (4.1) by neglecting the resistance voltage drop and derivation of (4.7),
yielding:

[vi&] _v, [— Ome/w; sin(w;t) (19)

cos(w;t)

where @, is the (estimated) angular speed of the d§ estimated reference
frame and V; is a proper amplitude. The voltage locus is an ellipse in the estimated
reference plane, [39], [51], [54].

The d-axis current (4.8) caused by injection, once filtered (to eliminate
fundamental components involved in torque production), is a high-frequency sine
carrier, amplitude-modulated by a function of the position error Af,,, and can be
adopted to estimate rotor position 6,,, (by driving this component to zero in
closed-loop fashion as a function of 8, ). Although the dependency from the angle
is sinusoidal, it is normally considered linear (this is almost true when estimation
error is enough small).

Then one needs to demodulate that signal and to feed it into a proper
dynamical system (usually a Luenberger-style observer of the mechanical
subsystem, [53]), providing speed and position estimates. Details about
demodulation process will be provided in a next specific section, where the novel
contribution of this work will be analysed in details and compared to standard

solutions.

4.2.3 Cross-saturation effects

Magnetic coupling between d and q axes leads to the dependence of the flux

of each axis on both currents, i.e.:
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Ad = Ad(id' lq)

o (4.10)
Aq = Aq(iar iq)
Equation (4.3) can therefore be rewritten to take this effect into account:
[azd(id, iq) 02q(ia iq)
0i 0i L [0
) (o[l =l 211 o1
[Alq ] |024,(ia iq) 024(ia iq) lig g1 1iiq (4.11)

dig a1,

and mutual differential inductance 1), is introduced.

By repeating similar calculations to those of the previous section, the
expression of the currents in response to an injected flux in an unknown cffl‘
reference frame can be calculated:

-1

lig la Iy T _/11'& _
llq dq—>dq lM lq dg—-dq Alq =

ldl lalg — 1% (4.12)
) [l; + l,c05(2A0,,,) + 1y sin(2A6,,.) I4sin(2A0,,,) — lycos(249) ] . [Ai& ]
I,sin(2A0,,,) — Ly cos(246,,,) Iy — l,cos(2A0,,,) — lysin(249)| (A

The injection of an alternating flux space vector along the §-axis, i.e. (4.7),
will result in the following components of currents:
Vi
wi(laly — 1)
Vi

0= oL,y e~ 05 (200me) — lsin(@0mo)] i)

Same approach as before can be adopted to estimate actual rotor position 0,,,,

g = [l4,sin(246,,,) — l,cos(2A0,,.)] - sin(w;t)

(4.13)

i.e. by driving the d-axis current component to zero as a function of 6,,,:

0 = lsin(240,,,) — l,cos(246,,,) (4.14)
leading to
1 Iy
ABye = zarctan| ——|. (4.15)
2 Iy
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One can notice that rotor position estimation error is a function of self and
mutual differential inductances, [59].

4.2.4 Coherent demodulation

An important issue is represented by the demodulation, which is typically
done coherently, as shown in the block diagram of Fig. 4.5. In the classical
heterodyning technique, the amplitude modulated signal is first mixed (multiplied)
with a sine wave at the same frequency as the carrier (an arbitrary phase shift ®
may be present). The result is the sum of a signal proportional to the original
modulating one (low frequency) and a component modulated at twice the
frequency. Low-pass filtering the mixer output then allows to recover the desired

information.

sin(w;t + @) 1—' LPF ——

I Plre
L sin(246,,,) E

L liar 2
o~ ap ;H._%—» LPF i >

[ZI =

Fig. 4.5. Block diagram of the coherent demodulation engine and position/speed

estimator.

The loop filter (PI regulator) may be replaced by a more complex estimation
observer, [49].

This implies that the actual phase of superimposed high-frequency signals has
to be known, but this is not true in practical implementations. In fact, if a
telecommunications approach is considered, even if the control system acts like

both transmitter and receiver, inverter and sample timing introduce non negligible
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delays that are hardly analytically predictable. Uncertainty about carrier phase
reflects in uncertainty in the demodulated signal amplitude (which is proportional
to the sine of error between real and known phase), affecting observer gains and
signal to noise ratio. An interesting approach to carrier recovery of the carrier
signal needed for the demodulation process is presented in [50]. A short resume is
presented hereafter.

A more realistic model for the §-axis high frequency current component
(neglecting cross-saturation effects) must then take into account the previous
considerations and could be expressed in the form:

lig = [lio — Ijy - c08(246,,.)] - sin(w;t + P) (4.16)

being @ an unknown phase shift between the injected high frequency voltage
(carrier signal) and the correspondent current. When the position estimation error
is kept constant, that is the estimation procedure is inhibited, the amplitude of the
high-frequency components of that current is constant and could be expressed in
the form:

lig = a-sin(w;t + ®) (4.17)

being a its constant amplitude. The demodulation process must be
synchronous with this current component, that is a suitable strategy for carrier
extraction must be found (® is to be known). One can notice that the quadrature
current component, (4.16) is always present independently from the rotor position
estimation error, as the term I;y is always non-zero, allowing the carrier recovery
process always to be applied.

The basic idea is to implement a simple digital phase locked loop (Fig. 4.6):
the measured §-axis current component is first multiplied by an auxiliary
numerically phase-controlled (®) fixed-frequency (w;) oscillator (NPCO), whose
frequency is equal to that of the injected voltage/flux:

~ 1 ~ ~
Ep =lig cos(wit + cb) = Ea[sin(Za)it + o+ CD) + sin(cb — cb)] (4.18)
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P Reg

) Ep EpLF D
Lig LPF >

cos(w;t + ®)

\ 4

NPCO

A

Fig. 4.6. Digital PLL adopted for carrier recovery.

Then the error signal &4 is passed through a low-pass filter in order to remove
the (double) high-frequency content, thus obtaining the low-frequency error signal:

1 -
Eour =5a" sin(® — @) (4.19)

The actual implementation considers a 4" order 800 Hz cut-off frequency IIR
low-pass filter.

Note that £ is a function of the phase difference between the two input
signals and it is zero when the received carrier and internally generated waves are
exactly matched in phase (and in frequency). When this condition is met, the
corresponding phase shift ® equals the unknown one ® and a correct carrier

recovery is accomplished.

4.2.5 DFT-based demodulation

The use of a digital implementation makes it possible to use more complex
signal processing algorithms. One possible approach is to adopt the Discrete
Fourier Transform (DFT) to identify the amplitude of the modulated signal in
real-time. Although the approach that will be described in the following is actually
based on a DF'T approach, the use of the term DF'T might be confusing, thus some
clarification is needed. Since information on a single harmonic is needed (injection
frequency), the Fourier algorithm will only be used to determine the amplitude of
one frequency component of two different signals. This will result in a
computational effort which is very limited, since it can be considered as the

application of simple FIR (Finite Impulse Response) filtering.
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The advantage represented by this kind of demodulation consists in avoiding
phase recovery algorithms needed to implement a coherent demodulation, since the
DF'T-based algorithm is a simple and robust non-coherent demodulation technique,
i.e. does not need any information about the carrier phase. If a signal contains only
a sine term at a known frequency, calculating the modulus of the complex DFT at
that frequency is equivalent to extracting the amplitude of the wave. Considering
the DFT calculated over a flat running-window (i.e. selecting the last samples at
each time step) of a modulated sine wave, it is known that the modulus term
corresponding to the injection (carrier) frequency f; is the instant amplitude except
for a small phase-lag. It is important to notice that this amplitude is always
positive, so the remaining problem is the determination of sign of the desired signal,
whose accuracy is extremely important for estimation purposes. A simple solution
to this problem can therefore be obtained in making the modulated signal never
change its sign. This can be easily accomplished by the original feature here
introduced, i.e. a new rotor reference frame (e.g. a'q’ frame) which is phase shifted
by —m/4 from the usual one, and processing both direct and quadrature currents.
Both projections on these axes contain a term [;, related to the average inductance,
and a term [;; related to the differential inductance modulated by the rotor

position estimation error, as shown in the following expression:

[ll&l] = Ta’ﬁ—)dq (éme - %) ) iia[{ =
losm( ) + [;;sin (ZAHme + )

sin(w;t) ( ) L cos (2A9me+ ) = wa0)
_VzZ
vz

ljgcos

Llig + Iy sin (246, +5)
sin(w;t)
> — Il — I;;cos (ZAHme + )

As I;; is usually smaller than I;,, both modulation signals maintain their signs
no matter about the estimation error value and/or sign (as in the classical
Amplitude Modulation).

As a consequence, the envelope (given by the DFT modulus) of each one gives

back the modulating signal including an offset:
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|DFTfi<[l:i&’])| ~ |_§Ii0+1i15'l'n (249me+%)| )

Lig’ |§]i0 — I;;cos (ZAgme + g)| (4.21)
glio — I;;sin (ZAeme +g) |
Vz

71“) — I;;cos (2A9me + %)

The difference between the outputs of the two DFT signals neglects this

constant term, giving back the error signal:
|DFTy, (izq)| — [DFT, (i)

™ V2 , T
= \/7/2 Iio — I;;cos (2A9me + Z) - 711-0 + [;;sin (2A9me + Z)

) Vs v

= [;;sin (2A9me + Z) — I;;cos (2A9me + Z)
/s

= cos (Z) - 1;15in(246,,,) = V2I;;5in(246,,,)

This approach is, from the dynamical point of view, equivalent to the classical
heterodyning process followed by a running window averaging (i.e. a filter whose
pulse response has the same shape of the DFT windowing function), but does not
require any information about the carrier phase. To show the dynamic properties
of the considered processing, an intuitive demonstration is provided hereafter for a
generic signal x(t). Before the modulus calculation, the DFT algorithm consists in
the convolution with a filter whose impulse response is the sine-cosine exponential
signal at f; windowed by a rectangular signal. Since the modulus is kept the same
also in the frequency domain, this corresponds to a multiplication between the
Fourier transform of the input signal X(f) and the convolution of the transforms

of the two impulse response functions composing the filter:
|DFTfL_(x)| = |x(¢) * [rect(r) - e/27/7]| (4.23)

Since the Fourier transform of an exponential signal is a Dirac delta function § (in
this case translated by f;) and that of a rectangular one is a sinc, the following

expression can be obtained:

|DFT; ()| = 1X(f) - [sinc(f) = 8(f = I (4.24)
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which represent the processing by a band-pass filter centered on f; and shaped as a
sinc function.
Simulations demonstrate that the best dynamic results can be achieved by using a
window whose length is half a period of the injected sine wave (window duration
equal to 0.5/f; ). The adoption of this technique introduces a weak constraint
when choosing the injected and sampling frequencies, to avoid aliasing
phenomenon.

The overall block diagram of the proposed demodulation engine adopting DFT
is shown in Fig. 4.7.

LPF —

Lint ii&’;
: » DFT [— |- | Plreg

¥ V2l sin(246,,.) I : |1 2
3 . + ] o i
o/ dq M| ppr

ry
P s _
me @),

Fig. 4.7. Block diagram of the non-coherent DFT-based demodulation engine and

w |

A+ a9

position/speed estimator.

From a computational point of view, it is important to notice that, at each
control step, the DFTs of two signals have to be calculated for a single frequency
value. This requires a low number of math operations, (each DFT is a filter whose
order is equal to the window length), if done with pre-calculated coefficients.

A simplification can be applied to the calculation, since the two high-frequency
dq modulated signals are in-phase (because they are a consequence of the same
injected flux):

DFTy (izq)| = |DF Ty, (iza)| = |DF Ty, (izqr — izar) (4.25)

allowing the calculation of complex magnitude once instead of twice. A rough

comparison between the implementation requirements of the proposed
demodulation approach and conventional heterodyne with carrier recovery shows

that the DFT based approach needs about four times the number of cycles, that is
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about 2 us execution time in the considered implementation, which is absolutely
acceptable, as it corresponds to the 2% of the control cycle.

4.2.6 Simulation results

Simulation results are shown in order to demonstrate the system performance
and the proposed DFT-based demodulation process properties. A commercial IPM
synchronous motor has been considered, rating 2 pole pairs, 80 Hz (base electrical
frequency), 50 Arms , 17.11Vrms , Ly = 0.2245mH , L, = 0.8115mH and
R =0.023Q . The simulation takes into account the actual motor drive
implementation, i.e. digital control, inverter, etc.. The injection frequency is chosen
to f; = 1250 Hz.

The first result shown in Fig. 4.8 refers to a standstill operation (with initial
rotor position error equal to 45 electrical degrees) followed by a step variation of
the speed reference from zero to 0.25p.u. (600 rpm) with 2 Nm passive load
torque. Top graph shows reference (black, dashed), measured (blue), estimated
(green) and speed error (red). Bottom graph is related to rotor position estimation
error. Peaks at around time t = 0 on both speed and position estimation errors are
due to the initial rotor position error of /4 imposed in the estimator. It can be
seen that, even with a fast transient slope in speed, the position error has a
maximum value of about 3 (electrical) degrees, and becomes very small after
50ms, when steady-state condition is reached. Looking at the fact that
considerable error is only present during acceleration, it is easy to yield that
estimator phase-lag is the main cause of imprecision. This suggests that a complete
mechanical observer involving commanded torque feed-forward could gain better

dynamical performances, [39], [49].
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Fig. 4.8. Simulation results: 0.25 p.u. speed step response and related position

estimation error.

The performance of the demodulation engine adopting DFT is shown in Fig.
4.9, showing the high-frequency currents i;3: and ;4 (blue traces) and the DFT
modula (red traces). Fig. 4.10 presents again the DFT modula (blue and red traces)
and their difference (green trace, i.e. the error signal v2I;; sin(246,,,) driving the
PI regulator of Fig. 4.7), used to estimate rotor speed and position.

The result demonstrates that a correct and fast position estimation error
signal can be achieved without any knowledge of the demodulating carrier that can
be phase shifted with respect to the modulating one.

In the results of Fig. 4.11 a first step start-up and a speed reversal is
commanded. Top graph shows reference (black, dashed), measured (blue),
estimated (green) and speed error (red). Bottom graph is related to rotor position
estimation error. Even in this case a very low position estimation error is obtained.

Finally in Fig. 4.12 a test case is considered having a initial rotor position
estimation error equal to m/2. As it is clearly visible, the estimated position error
converges to a value being m instead of becoming zero. A simple start-up procedure
has therefore been implemented aiming at verifying that the convergence of the

estimate is toward the right value, [53]. Otherwise a correction to the initial
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estimate is forced driving the error to zero. Then the speed step response is
considered as in other test cases shown previously.

Fig. 4.9. Simulation results: example of the demodulation process by DFT. Vertical
scale: current [0.5 A/div], horizontal scale: time 5 ms/div.
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Fig. 4.10. Simulation results: estimation error calculation by DFT modula
calculation. Vertical scale: current [0.5 A/div], horizontal scale: time 5 ms/div.

o &
b -
AW TG

v

Fig. 4.11. Simulation results: start-up and speed reversal. Vertical scale top: speed
[100 rpm/div], vertical scale bottom: position error [1 deg/div], horizontal
scale: time 50 ms/div.
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Fig. 4.12. Simulation results: start-up with large initial rotor position estimation
error. Vertical scale top: speed [500 rpm/div], vertical scale bottom: position
error [50 deg/div] (zoom is [0.5 deg/div]), horizontal scale: time 50 ms/div.

4.2.7 Experimental results

The described sensorless algorithm has been tested on a prototype drive for an
electric city-scooter, shown in Fig. A.2, comprising the motor described by Table
A.2. The drive system embodies a digital control board based on the Texas
Instruments TMS320F2811 digital signal controller, a MOSFET-based voltage-
source inverter and all the electronics subsystems needed for current and DC-bus
voltage measurements, signalling and communicating with remote human-machine
interface.

The results of Fig. 4.13 and Fig. 4.14 are equivalent to those of Fig. 4.8 and
Fig. 4.9 respectively. The oscillation of the difference between the two components
DFT modulus (i.e. the error signal V2I;; sin(2486,,,) driving the PI regulator of
Fig. 4.7), is probably due to cross-saturation effects or higher-order spatial saliency
harmonics.

Fig. 4.15A comparison between actual and estimated rotor position at 0.1 p.u.
(240 rpm) commanded speed is shown in Fig. 4.15. It can be noticed that
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estimation is rather accurate, but the analysis of the estimation error (purple trace)
shows that cross-saturation provides a periodic influence on estimate, whose
amplitude is less than 10 electrical degrees.

In Fig. 4.16 the step response of sensorless speed control is considered. Actual
(measured) and estimated rotor speed are shown. Measured speed has a
superimposed ripple due to the low-resolution of the position sensor adopted in the
experimental system. Also estimated speed has some oscillations at a frequency
higher that the speed control loop bandwidth (in fact measured speed does not
track those oscillations) and could therefore be easily removed by low-pass filtering.

|if(-i’|

Fig. 4.13. Experimental results: demodulation process by DFT during sensorless
control at steady-state. Vertical scale: current 0.5 A/div; horizontal scale: time 400

ns/div.
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Fig. 4.14. Experimental results: estimation error calculation by DFT modula
during sensorless control. Vertical scale: current 0.5 A/div; horizontal scale: time
400 ps/div.
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Fig. 4.15. Experimental results: actual (yellow) and estimated (blue) rotor position,
rotor position estimation error (purple) during sensorless control. Vertical scale:

position 180 deg/div; position error 17 deg/div; horizontal scale: time 40 ms/div.
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Fig. 4.16. Experimental results: sensorless control step response. Measured (yellow)
and estimated (blue) speed. Vertical scale: position 120 rpm/div; horizontal scale:
time 200 ms/div.

Finally, in Fig. 4.17 speed state-steady conditions are considered at two
different values of load torque. Rotor position, g-axis fundamental current (without
any high-frequency content) and error signal \/f]l-l sin(2486,,,) driving the PI
regulator of the tracking loop (see Fig. 4.7) are shown. The results refer to sensored
control with the estimated angle kept equal to the measured one, thus forcing a
null estimation error. Under this condition the error signal would always be null,
according to the ideal model (4.8). From the results of Fig. 4.17 it is possible to
notice that the estimation correction signal shows periodic oscillations which
increase as the torque current increases. This can be considered an indirect proof of
the effect of cross-saturation on the reliability and accuracy of position and speed
estimation.
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Fig. 4.17. Experimental results: measured position (blue), demodulated estimation
correction signal (red), torque currend (green) during sensored control (estimation
error forced to null value). Vertical scale: position 180 el. deg/div, correction signal

0.05 p.u./div, torque current 0.05 p.u./div; horizontal scale: time 200 ms/div).
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4.3 PWM excitation

Some of the disadvantages of the typical signal injection techniques can be
found in the additional current ripple (resulting in a torque ripple and audible
noise) and losses caused by the test signal. To avoid or reduce the importance of
these issues, some very recent approaches have been proposed, based on the
measurement of the current transient response introduced by standard (or slightly
modified) PWM excitation, i.e. without any additional test voltage, [62]-[66].
References [62] and [63] consider a non-salient PM machine and adopt a persistent
excitation within standard space vector PWM, exploiting magnetic saturation
induced saliencies. Since the application of null or very low voltage vectors, in
standard SV-PWM, results in null or very low voltage high-frequency content
(ripple), a small degree of modification is needed when short voltage vectors occur,
i.e. near a sector transition or when the modulation index is very low. The methods
relying on the PWM excitation only are based on the measurement of current
derivatives (i.e. a term related to motor inductance) during the PWM cycle that,
similarly to what happens in other anisotropy-based methods, contain components
with sinusoidal dependence on the rotor position.

In this work, a contribution to the analysis and implementation of this method
has been proposed. The analytical relation between phase current derivatives,
inductance and rotor position is obtained, and a complete mathematical model is
developed for the case of IPMSM. Differently from past literature regarding the
same sensorless approach, in this case the dependence of the rotor position
estimation error on the mutual inductance has been taken into account. Another
original feature of the technique consists in the fact that the entire estimation is
performed within a single PWM period, although multiple measurements are
needed. To avoid derivative calculation from current samples, the sensing of
current derivatives is obtained from dedicated Rogowski coils or similar, as already
reported in previous works ([62], [63], [67]). The issues associated to the acquisition
during short voltage vector application times (e.g. under null and low-voltage
output operation) have been overcome by means of a proper edge-shifting
technique on the PWM signals. A motor drive system for fractional power high
speed IPM motor is considered as a test bench to prove the effectiveness of the

proposal.
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4.3.1 Analytical model of IPM machine and

current derivatives expression

In this section a mathematical model of the IPMSM is recalled in order to
illustrate the possibility of estimating rotor position by means of current
derivatives measurements under space vector PWM excitation.

Differently from the approach presented in [62], the complete model also takes
into account for the spatial variation of the total inductance is introduced, thus
obtaining a more general result.

The analytical model of the TPMSM is considered in the dq synchronous
reference frame oriented according to the flux linkage due to permanent magnet,
including cross-coupling terms.

dAaq
@=Rid_q+d—7+a)melﬂﬂ

. . . 4.26
Aag = Mg (iag) + Amgaa = Lag (iaa)  laa + Amgaq 1420

Ugq, taqg and Agq are voltage, current and flux linkage vectors, and R is the

phase resistance, i.e.

Uy Ad]

. lq
tag = [y} g = [iq]'@ =4, (4.27)

The flux-linkage has been divided into the two terms, the former 4; 44 (idq)

depending on the motor currents, and the latter due to the permanent magnet,

Amgaq- J is the anti-diagonal unity matrix.

maaa =[50} 1= ] (429

Matrix Lgq (idq) is related to motor apparent self and mutual inductances, i.e.:

_ Ld (idﬂ iq) qu (id' iq)

Laq (laq) = Mag(iar i) Ly(iariq) (4.29)
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In general, self and mutual dq inductances depend on the dq currents, because
of saturation and cross-magnetization.
Substitution of flux expression inside voltage equation leads to a more complex

expression considering the variation of the flux linkage 4; 44 (idq) with respect to
motor currents, i.e.:

02 4q (ld_q) digq

dig, dt T “meltaa

udq = Bidq +

- N (4.30)
l

= Riaq + Lug (iaa) g5+ el (L (i)t + Fmaac)

Differential self and mutual inductance matrix qu (idq) can therefore be

defined, i.e.:

. [ali'd 6/11-,‘1‘
d2;aq (ld_q) _I dig 0y |
digg  |9Aiq Odig|
tag Fr (4.31)
_ [Zd(id' iq) qu(id' iq)_ — Z (i )
Mag(ia ig) Lo(i,ig) | Zda \ldq

Voltage equation in the synchronous reference frame therefore becomes:
u i Ly(ig i Myq(ia ig)] d i
] = R[] [grlete) - JaaCato] L]
a q Myq(ig,ig) Lq(ig ig) |dtlia

Sl R

. (4.32)
2 P Mg (igiy) Lq(ia g

Finally if the rotating (dq) to stationary (af8) reference frames transformation
is applied, the motor model (4.33) is obtained, where 6,,, is the rotor electrical
position:

S [[{, .ZAcos(Zﬂmg)Nf qusm(ze,,.e) jZAsL;rL(ZSme) + quiOS(?gme ] i[ia] N —5in(Ope)
— —LysSin(20pme) + Mqqcos(20,e) Ly + Lycos(20,me) + Mgqsin(26m,) c05(Ome)
inductive voltage drop backe.m.f.due to permanent magnet flux
[(LA +L4)sin(20me) — (Mga + Mga)cos(20,ne) —(Ly — L) = (Ls + L3)cos(20pme) — (Mga + qu)sin(ZSme)] [ia] (433)
me (Lr - Z;) - (LA + ZA)CDS(ZSme) - (qu + qu)sm(zem) 7(LA + Za)sin(29me) + (qu + qu)cos(Zsme) ig

induced voltage due to anisotropy

ey

The following inductive terms have been defined:
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. L,+L;, . L,-L
L2=—q2 < LAz—qZ <

Lo+l Lg—Lg (4:34)
=T kT

The contribution of different sources of induced voltage is clearly shown in
(4.33), the most interesting to our purposes is the one proportional to the
derivative of stator currents. In fact a proper measurement and processing of
current derivatives allows the estimation of the rotor position, as demonstrated in
the next sections.

4.3.2 Rotor position estimation basis

A symmetric double edge PWM pattern is taken into account, as shown in Fig.
4.18.

Vo .VI.VZ. V? IVZIVI, Vo
1 1 I 1 [} !
I 1 | 1 1 t
1 ] 1 ] .
1 ] [ ] ] »
| L N |
: ! : ! t
T T T v
1 | | :
: : A A : L} kt
1 | | T I I X >
¢ PWM >
sample 1 sample 2 sample 3 sample 4

Fig. 4.18. Sampling instants within a symmetric double-edge PWM pattern.

The four (generic) measuring points of motor current derivatives are indicated
by the red arrows. Sample 1 is acquired during null voltage vector V, and sample 2
is taken in the next active vector (i.e. V; in this example). We have a similar
situation with respect to samples 3 and 4, where sampling is done during V, and
the next active vector V,. This is a different approach with respect to literature,
[62], as four current derivative samples are measured within the same PWM period.

Hereafter it will be shown that the sampling task is not so easy as described (e.g.
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due to the presence of parasitic effects and variation of the PWM pattern as a
function of the motor operating conditions).

A first simplifying hypothesis is to consider rotor electrical speed wy,, to be
relatively low and to assume that rotor position 8,,, is constant within the
modulation period. In the next subsection it will be analytically demonstrated that
the method is still valid when high speed operation is considered (i.e. when a
variation of the rotor position is experienced between the four current samples) by
means of a proper simplified model of the rotor position variation, representing one
of the original features of this work. In fact, the set of equations generated by the
motor model provides additional speed-dependent terms. It will be proved that
they can be eliminated by proper processing of current derivative signals.

Low speed operation

If the four current derivatives measurements shown in Fig. 4.18 are considered
and resistive voltage drop and back-EMFs (both due to permanent magnet and
saliency related) are neglected as they are assumed constant within the modulation
period, (4.33) can be rewritten for each sample. The difference between the

obtained equations can be considered, leading to (4.35):

tap Y =
Ly — Lycos(20me) — Myqsin(260,,,)  —Lysin(20,,) + Mgqcos(26,y,.)
—Lpsin(260m,) + Myqcos(261e) Ly + Lycos(20,,) + Mygsin(26,,,)
b (4.35)

Ly — Lycos(20pme) — Myysin(260m,)  —Lysin(20,,) + My4c0s(260,,)

—LpSin(26me) + Myqc08(26,e) Ly + Lycos(20,) + Mygsin(26,,,).
Superscripts indicate the difference between the two values within the
sampling instants shown in Fig. 4.18. This represents a set of four equations
linking voltage and current derivatives (known values), rotor position and

inductances. Rearranging (4.35) the following two sets of equations can be
obtained:
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[di, " dig®V]
dt dt [A] _ [ua®Y
di,® i, |17 [u,
L dt dt
i@ dig @] (4.36)
dt dt [C] _ ug®V
STCRIPTACOL ) Rl PO
L dt dt
where
A =Ly —Lycos(20,,,) — Mygsin(26,,,)
B = C = —L,sin(26,) + My3c05(26,,,) (4.37)
D =Ly + L,c05(20,) + Myqsin(26,,,)

The solution of the two sets of equations by a simple linear combination
provides two signals being respectively proportional to the sine and cosine of twice

the (electrical) rotor position, i.e.:

—A+D=2 (ZAcos(Zeme) + qusin(ZHme)) =

=2 (ZAZ + 1\7qu2) c0s(20, + @) =

= —au, @Y — bu, ™ + cug@V + dug“

(4.38)
—B-C=2 (LASlTl(Zeme) - quCOS(nge)) =
= 2 (ZAZ + quz)Sin(zeme + a) =
_ —auﬁ(“) — buﬁ(“) — cu, @Y — du,
where
aig®® a1
i@ i, 2D
[a b] ~ _(fi_t dd_t (4.39)
¢ dl T aig@nap® gi,(02)aiCY
at dt dt  dt
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a = tan™? <— @) (4.1)

Ly

By processing signals (4.38), i.e. by application of the inverse trigonometric

function tan™!

or a phase-locked-loop based approach, rotor position estimation
can be achieved. No knowledge of motor inductance is needed, except for the
mutual terms, due to the presence of the phase delay a in the argument of the sine
and cosine functions in (4.38). A compensation is however possible if a map of the

motor fluxes is known.

High speed operation

At high speed, a discontinuity of sine and cosine signals is experienced every
time the voltage vector crosses sector borders. So it is not related to the variation
of the back-EMF in the four ideal sampling instants. However the estimated rotor
position as obtained by the ratio of sine and cosine signals is always correct. The
analytical proof and results will be presented and discussed hereafter. Also it will
be shown that a speed dependent term arises, that can be compensated, leading to
the possibility to adopt a more robust approach (e.g. phase locked loop) for rotor

1 calculation.

position estimation instead of direct tan~
In order to continue to deal with linear equations, the following simplifying

hypothesis have been introduced (see also Fig. 4.19):

e the electrical rotor position is assumed to be constant within each couple of

ideal sampling instants, i.e. 1 and 2 or 3 and 4 (0,,, and 6}y, blue arrows);

e the electrical rotor position is assumed to be linearly varying between the first
two samples of current derivatives and the last two samples; this means that

rotor speed is constant within each period;

e a linear variation for each term of L,z matrix with Taylor series expansion is
considered; this means the two vector equations (4.33) can be rewritten, each
one referring to a mean sampling instant (sample 12 and sample 34 in
Fig. 4.19, blue arrows) corresponding to the mean time of the original

sampling instants.
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Fig. 4.19. Sampling instants within a symmetric double-edge PWM pattern (high
speed operation).

As rotor position is supposed to vary linearly within the PWM period, the
final estimated position will be referred to the mean point between sample 12 and
sample 34, as shown in Fig. 4.19 (6., green arrow), to make the analytical
calculations easier.

In particular this hypothesis allows to consider an inductance matrix (terms 4,
B, C and D in (4.36)) that can be expressed in the two equivalent sampling
instants (i.e. sample 12 and sample 34) as a function of the same variations AA,
AB, AC and AD, as shown in Fig. 4.19.

Therefore (3.11) can be rewritten by considering the rotor position variation

due to inductance matrix, i.e.:
](21)

u, ] 14 -4 B—AB] d [ia
C—AC D—AD

ug V|~ at |ig
(4.40)

[ua(“)] _[A+44 B+aE| 4 ia](43)

w®| " lc+4c D +4D! arlip

After some manipulations the following linear systems, equivalent to those of
(4.33), can be obtained, allowing the estimation of inductance matrix Lyp in the

position 6,,,:
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i (2D D] [ (21) : 2D)]
e O K )
X . 3 ] = . . 3
&(43) dﬁ(zx )| LB ua(43) oy &(43) B di(z; )
| at dat | dat dt 441)
[qi,2D) diﬁ(Zl)' [ di. 21 diﬂ(21)' (4
— — c1 |w®P+4cr +A4D —=
i (43 [ ] - i i (43
i3  aip@3 (1D uﬁ(“) B ACdﬂm) o dig(®®
| at ac | | dt dt

The variation terms AA, AB, AC and AD can be calculated by Taylor series

expansion, as stated before:
A+ 4A =Ly — Lycos(26,n) — Myqsin(26;,,)
= ZZ‘ - ZACOS(ZQme) - quSin(zeme) + (4.42)

+2 (ZAsin(ZHme) — 1\71qdcos(29me)) WmeAT + 0(AT)?

where 0(AT?) represents all the higher order terms of the series. If the linear

terms is considered only, AA is obtained:

24 ~ 2 (LSin(20me) — Mga€05(26,nc) ) wyneAT
. . (4.43)
= 2 (ZA + Mg )sin(ZHme + @)W, AT

The same approach can be adopted for the calculation of AB, AC and AD, i.e.

AB = -2 (ZAZ + quz) c0S(20 e + @)Wy AT

AC = -2 (ZAZ + Myy") c05(20pme + @)y AT (4.44)

N——

ap = -2 |(L," + quz) Sin(20me + ) Wyp AT

Then (4.46) can be calculated following the same steps used to obtain (4.38),

where

_ ﬂ(Zl) ﬂ(“’) B &(43) ﬂ(m)

dt dt dt dt (4.45)

4
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After some algebraic manipulations and considering that AA = —AD and
AB = AC, the following relations are obtained:

—A+D=2 (ZAZ + quz) c0s(20,,,, + @) = —auy @V — bu, 43 +
cug@V + dup*® +

aig *ig*) g *Vatp Y
dat dt dt dt

(@2”@“)_@“”@“)>

+J(Ls" + Moq”) €05 (20 + @) 4o AT

dat dat dat dt

—B-C=2 /(ZAZ + quz)sin(ZHme + )

(4.46)
= —auﬁ@l) - buﬁ(43) — Cua(21) _ dua(43) +

+ (ZAZ + quz) Sin(ZHme
dig*V dig™® | g™V dﬁ“”)
dt dt dt dt

dig®V dig™ i, dig®?
dt dt dt dt

+ @)4w,, AT

It can be pointed out that equations (4.46) are very similar to (4.38), the last
ones obtained in the case no variation of the inductance matrix is considered
between the two couples of current derivative samples. The additional term is
speed dependent, as previously discussed.

A simplified expression can be finally calculated

2 (ZAZ + quz) c0S(20m, + @) =

= k(—au, @Y — bu, ™ + cug@V + dug“) e
2 (ZAZ + quz) Sin(20,,, + @) =

= k(—aus® — bup™® — cu, @V — du,“»)
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where

dt dt dt
<dl (21) dlﬁ(43) di (43)dlﬁ(21) /

<dl (21) di,, (43) dl (Zl)dl (43)

k=|1-2w,,AT (4.48)

dt dt dt

About these last results, one can notice that:

e sine and cosine signals experience discontinuities at each sector change; this is
due to the different PWM pattern for each sector and, consequently, to the
different couples of active vectors and current derivatives;

e the ratio between the sine and cosine terms in (4.47) is still proportional to the
tan of the electrical position, as the additional speed-dependent term is an
identical gain for both the equations, that simplifies after ratio; that is the
reason why, even at high speed and with discontinuities of the sine and cosine
signals, the estimated speed is still correct, as it will be shown in the

simulation investigation;

The additional term speed-dependent terms in (4.46) can however be
compensated in order to obtain pure sinusoidal functions with no discontinuity,
thus allowing the application of other position and speed calculation methods, e.g.
PLL.

Even more complex models can be introduced for the variation of the
inductance matrix with rotor position (especially at high speed), e.g. by considering
a different value for each current derivative sampling instant (see Fig. 4.19). It can
however be verified by simulation results that the improvements in the estimates

are very limited. Therefore this analysis is not reported here.

4.3.3 Simulation results

Reliability of the proposed analysis has initially been verified by comparing the
results of a complete electro-mechanical dynamical model simulation of the drive
system, including sampled-time control and PWM modulation, and the analytical

models discussed in the previous sections.
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Fig. 4.20. Rotor position estimation during a speed transient with no

compensation for the speed dependent term (simulation).
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Fig. 4.21. Rotor position estimation during a speed transient with

compensation for the speed dependent term (simulation).

In Fig. 420 and Fig. 421 a speed transient under load conditions is
considered from 0 to 300 rpm. The aim is to show that rotor position estimation
is possible and to highlight the effect of the rotor speed on the sine and cosine
signals extracted from current derivatives measurements.

One can notice that discontinuities of those signals are present in the result of
Fig. 4.20, due to the effect of speed dependent term that has been neglected in
(4.38). Nevertheless, the estimated rotor position, as obtained by direct tan™! of
the ratio of those signals is correct, as discussed in the previous section.

The results of Fig. 4.21 prove that a compensation of that effect is possible as
a function of motor speed, leading to the removal of discontinuities. This could
provide a beneficial effect in the actual system due to the presence of measurement
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noise and also allowing the application of more robust rotor position calculation
techniques., such as a phase locked loop.

Actual machine will however experience saturation and cross-saturation effects
that will worsen the obtainable results. Problems related to current derivative
measurement would also cause estimation performance degradation. This topic will
be discussed in the next section.

4.3.4 Implementation issues

Current derivative measurement

Direct measurement of current derivative by dedicated sensors is for sure the
most effective and reliable method. Indirect measurement, through standard
current measurement and derivative calculation (either analogically or digitally), is
in fact very difficult to obtain mainly due to the resulting low value of the
sensitivity and quantization noise.

The simplest approach is to use a simple inductor, providing a voltage
proportional to the time derivative of the circulating current, but this leads to a

number of drawbacks, e.g.:

e it is an invasive method, as modification of the measured circuits are

introduced (both inductance and resistance);
e reduction of the equivalent inductance would lead to sensitivity problems;

e the sensor provides no galvanic insulation between its output and the

measured circuit.

A better solution could be the use of a transformer (mutual inductor), whose
mutual inductance provides the sensitivity of measurement. Proper solutions have
to be considered in order to reduce any magnetic coupling with external magnetic
field and cross-talk among different measuring channels. Also the coupling of

primary and secondary circuits have to be properly chosen and any difference
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among the channels would lead to a different sensitivity, that needs to be
accurately tuned.

The solution adopted in this case is based instead on dedicated Rogowski coils,
[68]-[70], mainly due to a simple construction, low cost and high accuracy and
bandwidth of the measurements. Accurate modeling of the coils have been taken
into account in order optimize the choice of its parameters as a function of the
required bandwidth, encumbrance and sensitivity. Fig. 4.22 shows the

arrangement of coils and signal conditioning circuit.

Fig. 4.22. Experimental arrangement of coils and signal conditioning circuit.
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Fig. 4.23. Triangular current excitation across the thee-phases

and measured current derivative responses.

Accurate tuning and equalization of the gains of the three current derivative
measuring circuits (coils and signal conditioning) have been realized by by feeding
all of the three sensors with a triangular current source. The three output voltages
Voutx Of the measuring circuitry in response to the test current i.s are shown in
Fig. 4.23. As clearly visible, the system response during slope inversion of the
current is not the one of a second order system, as theoretically considered.
However the response time is fully compliant with system requirements and the

bandwidth of the coils.
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Edge-shifting of PWM signals

One of the main issues for the implementation of the discussed sensorless
technique is to guarantee a minimum application time of each space vector in Fig.
4.18 under all the operating range of the machine. This requirement is related at
least to the following considerations:

e the application time of one active voltage vector when a low amplitude voltage
space vector is applied could be too low (even comparable to the response time
of the power switches); therefore the resulting current response is not the one
considered in the theoretical analysis and those results are not valid anymore;

e the resulting motor phase current oscillations during and immediately after
each commutation of the power switches affect the reliability of current
derivative measurement; some time has to be waited to make those oscillations
decay before measurement can take place.

g™ s
/\ Vo100 V, (o1 /\
Ve (1) J

Fi (001) s (001) Ve (ony

v v, h

PWM_a WM _a
] I | L
PWM_b ,— PWM_b
PWM_c '7 PWM_c ,—|
- - - .
;f [ Ir—"‘ﬂa' h !

Fig. 4.24. Space vector representation and PWM pattern for low amplitude (left)
and sector crossing (right) of the reference voltage space vector.
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The most critical cases where the application time of one voltage vector
becomes too low can be related to two main operating conditions:

e low-speed operation: application time of active voltage vectors are quite low;

e  sector transition of the reference voltage space vector: even if the amplitude of
the voltage is high enough, it happens that the application time of an active

voltage vector becomes very low (even zero) at each sector transition.

The two cases are graphically recalled in Fig. 4.24. In those situations, the
analyzed sensorless strategy can be applied only if a modification of the PWM
pattern is introduced, aiming at guaranteeing enough duration of both zero and
active voltage space vector, thus allowing reliable values of current derivative
samples.

Two main limitation (i.e. constraints) have been considered to any
modification strategy of the PWM pattern: the number of commutations within
each modulation period and the average value of the reference voltage space vector
have to be both maintained.

This necessarily requires the introduction of a modification of the PWM
pattern by edge-shifting of the PWM signals, [62], which does not preserves
symmetry of the pattern. Differently from the recalled reference, the four current
derivative measurements are performed in the same modulation period, thus
providing a more complex edge-shifting algorithm. A considerable amount of
different cases are possible as a function of the original reference voltage space
vector. A full investigation, although performed as part of the study and
implementation, is not reported here, since does not represent the core of the
proposal.

Edge-shifting of the PWM waveforms introduces a side effect related to the
asymmetry of the resulting pattern, that is introduced but not in depth discussed
hereafter for the same reason. When adopting a standard double-edge modulation
pattern, average values of motor phase currents can be sampled in the symmetry
points of the pattern thus removing the most part of the high frequency ripple and
avoiding the use of low-pass filters, [71]. Edge-shifting introduces a modification of
the pattern that moves the symmetry point and makes the sampling of the average
current value more difficult. A compensation strategy implemented in software has

been proposed to solve that problem.
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Homopolar currents due to capacitive couplings

An IPM synchronous machine represents an asymmetrical three-phase load.
The difference between the output voltage of the inverter (as referred to the
midpoint of the dc bus) and the phase voltage is due to a homopolar voltage
component. As the machine is wye connected, no homopolar current should be
present in the ideal case.

But, the analysis of actual motor currents during inverters’ switches
commutations show that high-frequency oscillations are introduced, with a damped
behaviour and time constant in the order of some to tenths of us, that can be
explained with the presence of a homopolar current component.

A simple model is discussed hereafter in order to explain the current behaviour
immediately after each inverter commutation, as shown in Fig. 4.25. Lumped
parameters Ciy,, and Cp,,; have been introduced to model the total inverter and
motor stray capacitance respectively with respect to earth, that indeed are of
distributed nature.

u

all . ! o

S

Fig. 4.25. Simplified model of the motor/inverter with parasitic earth

capacitances.

From a zero sequence point-of-view, the circuit is a series RLC circuit and the
damping factor is generally low due the small value of the series resistance.

Oscillations are therefore expected on both motor currents and neutral to inverter
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reference voltage, thus requiring a modification of the current derivative sampling
instants.

4.3.5 Experimental results

A motor drive system for fractional power high speed IPMSM based on a last
generation digital signal controller is considered as a test bench to prove the
effectiveness of the sensorless strategy and the validity of the theoretical analysis
(see A.3).

Measurement of current derivatives have been performed by dedicated
Rogowski coils as previously discussed, oversampling and processing (averaging
over a certain time window) of the measured values. This last feature is needed in
order to reduce the effects of parasitic parameters of the system (e.g. capacitive
couplings, hard switching transient effects, etc.) on the reliability of the measured
values, as discussed in the next section.

The tests reported hereafter are mainly intended to highlight some of the
problems in the implementation of the estimation method and suggest possible
solutions.

The results of Fig. 4.26 refer to the measurement (with oversampling) and
processing of the current derivatives within an electrical period of the machine.
The four terms A, B, C and D discussed in (4.37) are shown, together with the sine
and cosine functions (4.38), the estimated rotor position and the estimation error.

One can notice that terms A and D have different offsets and amplitudes,
meaning that both differential sum (Ly) and difference (L,) indutances are
different. This is the main cause of the offset that is visible in the cosine signal and
that is the main source of estimation error. This can be explained by considering
that actual motor inductances are non-linear and depend on the flux level, in turn
depending on the permanent magnet and instantaneous current contributions.
Even if the current ripple is very low, the average value of the motor phase current
could be relatively different between the current derivative sampling instants.
Moreover position estimation error experiences a relatively high value around m,

probably due to the effect of the permanent magnet.
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In Fig. 4.27 the measured current derivatives and currents in the afo
reference frame are shown. One can notice the effect of stray capacitance that
provides an oscillating behavior after each commutation. Also a qualitative
comparison between the oscillations in the a (or f) and the zero sequence
components highlights that a small cross-coupling exists between those axes, as
recently modelled in [72] and [73]. In those papers it is in fact demonstrated that,
by adopting a proper model for the saturation induced in the stator teeth by the
permanent magnet, the inductance matrix in the orthogonal stationary reference is
not diagonal and contains some elements linking the homopolar component to both
a and f axes. However the first transition of the current derivatives in the aff
components can be explained by considering the actual model of the motor phase
inductance, including a parallel capacitance (due to windings) that conducts a high
initial current due to the voltage commutation. This means that current derivative
measurement and averaging has to be performed only after that transient condition
in order to obtain reliable values.
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Ome [rad]

Fig. 4.26. Estimation results (average of current derivatives is done in the last 5us

of each PWM configuration)

Finally in Fig. 4.28 and Fig. 4.29 the measured current derivatives are shown
when the permanent magnet axis is aligned along the a and [ axis respectively.
The two figures allow to highlight a wvery interesting phenomenon, that is
completely neglected in the past literature. The two curves of each figure have
been obtained with the permanent magnet north pole aligned along the positive

direction of the winding (blue curves) or the negative direction (purple curves)

152

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



INJECTION-BASED SENSORLESS ESTIMATION

Fig. 4.27. Measured current derivatives and currents (6,,, = 0, Uz, = 100V,
voltage vectors Vg, V;, V,, V, V, and Vs) (from top: a, f and o components).
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Fig. 4.28 is considered first, where the rotor position has been chosen in order
to have the permanent magnet aligned with the a axis.

During the application of the zero voltage vectors (V, and V,, 1% and 4™
subperiods) the current derivatives are zero, as expected.

During the application of V; (2" subperiod) and considering the @ axis, one
can notice that the behavior of current derivative is different if the PM is in-phase
or out-of-phase with that axis. When the PM is in-phase with the a axis the
overall flux along that direction is increasing, due to the superposition of the
(positive) PM flux linkage and that produced by the phase current (also positive in
that period). The same applies in the 3 subperiod, during the application of
vector V,. The different behavior seems therefore to be related to the influence of
the PM flux linkage, that increases or decreases the total flux linkage. This
hypothesis is strengthened by considering the behavior of the f component of the
current derivative, that is not affected by the in-phase or out-of-phase position of
the rotor, as in both the cases it is in quadrature to that axis.

A similar situation is present in the results of Fig. 4.29, where the PM is
aligned along f axis. In that case the @ component of the current derivative is not

affected by the rotor position.

x 10"
|

Fig. 4.28. afo measured current derivatives (PM aligned along phase «a,
Uge = 300V, voltage vectors Vy, Vi, V,, V,, V, and V5).
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Fig. 4.29. aBo measured current derivatives (PM aligned along phase £,
Uge = 300V, voltage vectors Vy, Vy, V,, V;, V, and Vg).

4.4 Low-Frequency injection

The proposed position detection method is based on the superimposition of a
sinusoidal current at relatively low frequency, causing a vibration of the rotor,
according to the principle described in [74], [75]. Speed variation amplitude
depends on the difference between injection angle and actual rotor position, and
will be detected by means of the observed back-EMF, differently from previous
techniques. Then rotor position is tracked by means of a phase-locked loop, both at
low speed and at standstill. Moreover, the first harmonic of the produced
oscillation provides the rotor axis direction, whilst the analysis of the second
harmonic can be adopted to detect the polarity. Therefore absolute rotor position
estimation is possible.

Two different application cases will be considered: an initial high-accuracy
position detection at quasi-standstill and a position and speed tracking for closed-
loop sensorless speed control. It must be noted that, since this kind of techniques

involve rotor vibration, their performances are strongly dependent on mechanical
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parameters, in particular to load and rotor inertia (which could also be
time-varying, in certain applications). In some cases, the presence of a compliant
coupling at the rotor shaft could avoid the transmission of vibration to the rest of
the mechanical system, making the behavior at a certain frequency almost
independent on the applied load. However, these are strong limitations in the
applicability of the method, especially for the online position and speed tracking.

A complete theoretical analysis is reported to demonstrate the features of the
proposal and highlight the dependence on certain design parameters. Then
extensive simulation and experimental investigations based on an industrial drive
system are included to prove the feasibility of the method and validity of the
theoretical analysis.

4.4.1 Principle of operation

The proposed method relies on the inherent torque production characteristic of
non-salient PMSMs, which only involves the permanent magnet field and the
related orthogonal current component. The considered analysis is only based on the
sinusoidal motor model, i.e. saturation and other non-idealities will not be
considered. However it can be recognized that the method works also with typical
nonlinearities of non-salient PMSMs.

Given the mechanical system model, a proper choice of amplitude and
frequency of the oscillating current injection makes it possible to avoid sensible
rotor movement, so that the mechanical position remains in the neighborhood of a
certain operating point. Thus, the speed oscillation amplitude depends, besides
parametric values, from the orthogonal portion of the injected current vector,
which is obviously related to the difference between injection angle and rotor
magnetic axis position. Processing the back-EMFE amplitude can be used to obtain
rotor position information.

This technique assumes that a position “estimation” is considered, so that the
injection and back-EMF processing is done in the estimated reference frame,
resulting in an error signal. If a position tracking is needed, the estimation value is
obtained by regulating the error to zero in a PLL-type scheme.

If a pulsating current reference is imposed along the estimated direct-axis,
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I =15 sinwt (4.49)

having frequency w; below the current control loop bandwidth (or a special
controller topology is employed, [76]), it can be assumed that the reference is
correctly followed, so that

Ig~1 (4.50)

Q) *

Since the generated torque depends on the rotor reference frame quadrature-
axis current and polar pairs pp and magnet-flux linkage Ay, i.e.

3
T, = Epp/lmg g (4.51)

by expressing the torque current I, through synchronous transformation of the

injected current
I, =13 sin(Bpme — Ome) = =15~ Sin(Ope — Ome) (4.52)

equation (4.51) can be rewritten as follows

3 3 (A
T, = Epp/lmg g = Epp/lmg g sin(Ome = Ome)
3 (4.53)

g1 sinlOe )

where torque depends on injected current reference (4.49) and position
estimation error 6,,, — 0,,,.
The mechanical subsystem is considered to be first-order (inertia J and friction

coefficient B)
w _ Te - TL
™ B+s]

(4.54)

If the injection frequency is sufficiently higher than the mechanical pole
(w; » B/]) and the load torque has dynamics not correlated to (4.49), the
component of the mechanical-electrical speed at the injected frequency can be

approximated as

Wme,i = Te g (4.55)
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Thus, by substituting the torque expression (4.53) in this last equation, the
relation between position estimation error and speed oscillation amplitude can be
obtained, in the time domain, as:

Wme,i = _% ’ gpp/lmg ’ flé ) Sin(gme - é\me) dt =
oy 3 (4.56)

= H'Epp/lmg : |I§| - [ sin wit-sin(Gme - 9me) dt

If the peak angular speed due to injection is small (i.e. much lower than the
injection pulsation, |Wpe| < @;), the multiplying term sin(Op, — Opne) can be
considered as a constant. This approximation is acceptable if injection amplitude
and frequency are properly chosen according to the mechanical load, so that the
related position oscillation is almost negligible. For a constant position dependent
term, the integration operator can be applied only to the higher frequency sin w;

term, resulting in

3 . ~ I5
Omei = EppzAmg - sin(Opme — Ome) -|w—d|cos w;t (4.57)

If the back-EMF is calculated in the actual rotating synchronous frame

(complex notation)
Egq = Eq+JjE; = 0+ jomedmg (4.58)

the quadrature component due to injection can be written by using the speed

expression in (4.57):

3 ~ I
pp?AZ,, - sin(Bme — Ome) -l—d_lcos w;t (4.59)

Eq,i = (‘)me,iAmg = 2] w
i

The last signal is not available to the controller, since the actual rotor position
is not known. However, if a stationary frame back-EMFE observer with proper
estimation bandwidth is adopted, [21], it can be assumed that estimates are equal
the actual ones:

N

EaB = Eaﬁ (4.60)

Then, applying a Park transformation to obtain the back-EMF components in
the estimated reference frame, the following expression can be calculated:
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Egg=1]- 2%ppzllfng + SIN(Ome — Ome) -@cos w;t
J wi (4.61)

[cos(Ome — Ome) + jSin(Ome — Ome )]
The two components are proportional to the cosine and sine of the estimation
error, i.e.
3 1 . ~ . 5
Eq = —2—.]}9}92 A%ng ) Py gl Sln(gme - eme) 'Sln(gme — O ) ’
cos w;t =

(4.62)
;_JPPZAzng ) % ’ %{COS[Z(HTHG - éme)] - 1} *COS (L)l't
E; = 23—_119292 Ay wil 113" sin(Bme — Ome) - c0S(Bme — Ope) -
cosw;t = (463)

zi_]ppzAgng |;_a| . %sin[2(9me — B,.)] - cos w;t

The g-axis component can be demodulated and low-pass filtered, to extract

rotor position information:

_3 |7al
E‘?demod - 2_]p 2 %ng ' w_dl ' (4 64)
%sin[Z(@me - éme)] - oS w;t - cos w;t
3 lIg] 1 . A
LPFp, =~ Z—_JppZAzng Ud +~5in[2(Ome = Ome) | (4.65)

this last term being proportional to the sine of twice the rotor position
estimation error.

As mentioned above, this last signal can be fed as the input error to a PLL
processing block (instead of the simple atan function), as frequently done also in
other estimation techniques, thus obtaining an on-line position tracking (and an
average speed estimation), as in Fig. 4.30.

Since the error signal dependence is a sinusoidal function of twice the position
error, axes polarity ambiguity exists (similarly to the case of anisotropy-based
techniques). One possible solution is looking at the 2™ harmonic of back-EMF, [75],
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or injecting a DC component on the estimated direct-axis to cause a motion of the
rotor in the nearby of the actual d-axis position.

cosffio; t)

* (Dme >
Uao—» stational E‘Z > -
I 2 >

a frame - R Plreg ~
| B-EMF By o sin[2(0pe — O )] 1 Ome
B o—»{ observer > > E > 5 >
UB Y

Fig. 4.30. Low-frequency injection based position and speed tracking.

In applications where only an initial rotor position detection is needed (i.e.
where external torque is not present at standstill, but reliable startup is required),
a different approach can be adopted, leading to a higher position estimation
accuracy. The injection and processing reference frame axes are rotated at an
arbitrary low speed, thus allowing to map the back-EMF response in a certain
position span (half electrical revolution or multiples), obtaining an off-line position
estimation, which is the result of an averaging over the imposed axes rotation.

Considering the previous equations, the estimated rotor position is substituted
with a low-slope ramp, so that pulsating current injection moves along half
electrical revolution or multiples of it. In particular, for a null starting angle, and a
frame rotation w,,; K w;:

~

Ome = Wror * L (4.66)

The demodulated and filtered back-EMF signals (4.65) are acquired during
this injection and will have the form of one or more sine periods, with a phase
being the difference between the actual rotor position and the injection starting

angle:
LPFg, =& SIN[2(Ome + Wrort)] (4.67)

The phase 6,,, can be obtained off-line by extracting the 2" harmonic at W,

frequency by means of a Fourier series decomposition, i.e.:
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Fin {LPF
i (4.68)

= LPFEﬁdemod *SINNWyoet - dt

‘Aldemod}

TCOS {LPFE‘Aldemod} -
1 (4.69)

=— | LPF;. * COSNW,., t - dt
nm Eqdemod rot
0

TCOS {LPFEademod} _
=n(Oppe + kmr) (4.70)
Foin {LPFg,

qdemod}

atan?

where k is introduced to take into account the polarity ambiguity and n = 2.
It is worth noticing that, even though the result is obtained off-line, the memory
and computational burden of this processing is low, since each sample requires few
multiplication and accumulation operations that can be processed on-line, thus
avoiding excessive memory usage.

To obtain control in the whole speed range of the drive, a fundamental back-
EMF based algorithm is adopted above a minimum speed. Particular care in the
management of the two different estimation techniques must be taken. In this case,
an hysteresis switching between the two methods according to two different
thresholds on estimated and reference speeds has been implemented. Moreover,
position and speed tracking is kept active also for the unused method, at least for a
certain speed range. As mentioned, management of the two methods can be
performed in many ways, but this very simple one is sufficient to guarantee a

smooth transition.

4.4.2 Simulation results

Reliability of the proposed analysis has been verified by comparing the results

of a complete electro-mechanical dynamical model simulation of the drive system,
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including sampled-time control and PWM modulation, and the analytical models
discussed in the previous sections. Simulations have been carried out principally
with the aim of verifying the correctness of the theoretical analysis.

The observer and PLL gains choice has been analytically proven to be
acceptable, then confirmed by simulation and tuned empirically, since the system
noise plays a very relevant role in the estimation performances (practically limiting
the usable bandwidth), and a noise model is very difficult to obtain. The observer
with @,,, = 0 has been considered in this results. The injection frequency is set to
50Hz.

.
— injection displacement [el. mxl”»

—demodulated Eﬂ; [V

demodulated Eq V1l

WS

"ww‘f

25

Fig. 4.31. Injection displacement and demodulated back-EMF at standstill with

injection reference frame rotating at very low frequency (w; = 2 - 50 %)

A confirmation of the validity of the theoretically analysis is provided by the
results in Fig. 4.31. Injection displacement (i.e. the difference between the actual
rotor position and the injected position, 0,,, — Wye:t) is shown in the top part of
the diagram, whilst back-EMF signals (demodulated and low-pass filtered) are
shown in the bottom part. Standstill operations are considered and the injection
reference frame is forced to rotate at a constant and very low speed w,.,;. It can be

highlighted that both the d-axis and q-axis components have a qualitative
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behavior which is consistent with the theoretical analysis, i.e. (4.62). The g-axis
component has two zero crossings within each electrical period, at about 0 and
(due to the low-pass filter effect), allowing the estimation of the injection
displacement and therefore of the rotor position. The d-axis signal does not hit
zero (but is very close) due to again the effect of the low-pass filter, that reduces
its amplitude, and of back-EMF observer delays. The same simulation has been
repeated after arbitrarily increasing the saliency ratio of the machine up to 1.6 and
the injected frequency up to 250 Hz in order to highlight any effect of the saliency
itself. The q-axis component continues to track the injection displacement,
therefore allowing also in this case the estimation of the rotor position. The d-axis
component is more affected by saliency, but it is not considered in the estimation
process.

Fig. 4.32 shows estimation tracking capabilities when the rotor is dragged by
an auxiliary motor (the estimates are not used for motor control). The estimation
accuracy and the achieved tracking bandwidth and ripple level allow to use the
estimated speed and position signals for closed-loop control, as shown in Fig. 4.33,

where a full sensorless control is considered in the same conditions.

:
estimated position [el. rad] ||

——measured position [el. rad] ||

o P estimated speed [rpm] |
sl e —measured speed [rpm] [
ol !!H!MW-WM il M

1

Fig. 4.32. Tracking a slow transition from -10 to 10 rpm.
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: :
estimated position [el. rad] ||

—weasured position [el. rad] ||

o estimated speed [rpm]

» \ /Nk \‘v‘{h. L..-P""l/ —measured speed [rpm] I

05 1 15 2 25 E: 35 4 45

Fig. 4.33. Sensorless closed-loop speed control
(slow ramp from -10 to 10 rpm).

4.4.3 Experimental results

Extensive experimental investigation, using the same setup considered in
Chapter 4 (see A.1), is provided hereafter to confirm the correctness of the
theoretical approach and to show the effectiveness of the estimation technique.
Both stand-still position detection and tracking performance will be considered, the
former to be used for open-loop fail-safe startup and the latter for closed-loop
sensorless control. Also the effects of a small residual saliency component of the
motor used for the experiments will be highlighted, whose effect is however not
detrimental to rotor position estimation (even though it has not been proved
analytically here and will be the topic of a future investigation).

During the experimental investigations, quite a high-frequency injection (i.e.
250 Hz) has proved to provide the best results in terms of estimation bandwidth

and signal-to-noise ratio, while causing acceptable small vibrations on the
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low-inertia system under test (no sensible rotation was produced). The
approximations used in the formal description of the method are based on a simple
first-order mechanical load model and ideal behavior of both the back-EMF
observer and the current control loop. In particular, the estimation bandwidth of
the observer can be evaluated by using the approach presented in [21]. While the
above assumptions can be reasonable for low-frequency injection (e.g. in the tens-
Hertz range), some adjustments have to be made, in particular on demodulation,
for higher frequencies. This does not limit the applicability of the technique, since
off-line or on-line phase adjustment can be applied, for example by means of a
numerical PLL, similarly to what is usually done for magnetic saliency tracking
HF-injection. All the considered experimental tests are in no-load conditions,
except for the last one showing the torque rejection capabilities of the system at
standstill.

The results of Fig. 4.34 have been obtained at standstill when the injection
reference frame is forced to rotate at a constant and very low speed w,o, as done
in the simulation section, Fig. 4.31. The results are quite comparable, confirming
the reliability of the analysis and of the implementation. Any saliency in the
machine has negligible effect in this frequency condition. The same test has been
repeated after increasing the injection frequency in order to boost the effect of

saliency. The results are similar to the simulation ones.

injection displacement [el. rad] ||

demodulated E’[ V]

I demodulated E,, I\} I
Fo el it B 117 T .
‘.ll‘” . J“‘I'."ll .rl ‘ I‘l.‘|“‘. L.\Al__l ‘ ‘--1"1 | il il .I'l
T Ty A LA a1 Ty .
ospat " i Pl } i hik i /1 Y |
il iy, A | "bf'. W ! rlr*. L \“\.A ‘I"ll | & A i
Mt ol Tk T LTI Wiy o dil
1 l"";'-”l#‘ll lH’l‘l"ll)‘"‘ 1 h""‘"’*"“ JI’"W-“\ ! ik "\'!‘rr(-r 1

Fig. 4.34. Injection displacement and demodulated back-EMF' at standstill with

injection reference frame rotating at very low frequency (w; = 2m - 50 %).

165

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



INJECTION-BASED SENSORLESS ESTIMATION

Fig. 3.29 and Fig. 4.36 show estimation tracking capabilities when the rotor is
dragged by an auxiliary motor, as done for the simulation analysis, i.e. Fig. 4.32.
The estimation accuracy and the achieved tracking bandwidth and noise level
allow also in this case to use the estimated speed and position signals for closed-
loop control, as shown in Fig. 4.37 and

Fig. 4.38, where a full sensorless control is considered. As shown, both for slow
and fast transient conditions the behavior of the controller is quite good, also when
the speed is crossing zero.

In Fig. 4.39 the disturbance rejection of the sensorless control at standstill is
considered. Rated load torque is applied by an auxiliary drive following a step
reference. The top, middle and bottom diagrams show the response of the speed
control loop, the torque current and the rotor position estimation error respectively.
At time t = 0.05 s rated load torque is applied and the sensorless drive experience
a speed control error that is compensated in about 0.1 s and whose peak amplitude
is about 200 rpm. Then the torque is maintained at rated value and, during
steady-state zero speed condition, a small rotor position estimation error is present.
Finally at about 1.2 s load torque is removed.

7
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Fig. 4.35. Tracking of fast transition from -10 to 10 rpm.
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Fig. 4.36. Tracking of slow transition from -10 to 10 rpm.
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Fig. 4.37. Sensorless closed-loop speed control
(fast ramp from -50 to 50 rpm).
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Fig. 4.38. Sensorless closed-loop speed control
(slow ramp from -50 to 50 rpm).

Finally in Fig. 4.40 the result of standstill initial rotor position detection
method is reported. As discussed in 4.4.1, this approach is based on an injection
and processing in a reference frame axes which is rotated at an arbitrary low speed,
thus allowing to map the estimated back-EMF response in a certain position span
(e.g. half electrical revolution or multiples), obtaining a high accuracy position
estimation, as it is the result of an averaging over the imposed rotation period. In
the top part of the figure the unknown injection displacement, the quadrature
component of the estimated back-EMF and its 2nd harmonic according to (4.68)
and (4.69) Fourier decomposition are shown (back-EMFs are amplified as their
amplitude is very low). As it is clearly visible the estimated back-EMF is
proportional to the sine of twice the injection displacement, confirming that it can
be adopted for the estimation of the rotor position, as w,,.t is known. The
detection time in the considered test is fixed to 1s, as shown in the bottom
diagram of the same figure. The detection error is statistically limited to about 3
electrical degrees, a value being sufficiently accurate for proper motor start-up and
comparable with other methods, [77]-[79]. A trade-off has been experimentally
proved between accuracy and detection time, i.e. the frequency of the injection

frame rotation.

168

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



INJECTION-BASED SENSORLESS ESTIMATION

300 T T
200 flﬁ —reference speed [rpm] |
100 | estimated speed [rpm]|

! l\
0 o \'}ﬁ"\— — measured speed [rpm]|

o ! T T N
/ \\’ |—q—axib‘ current reference [A]

1 T T T

05— : : I [ |—pnsir10u estimation errvor [rad]|
o l e

05 5

0 o2 04 06 08

I I I I
NN B
M \&JQ —demodulated E; [V/10] I
m —demodulated Ej first harmonic [V/10] |
M ——injection displacement #,,, —w,t [el. rad]

: } !
o " _ N S S i
| previous detection A\ new : g 5
. . position " e S " position estimated position [el. rad]
| detection value { measured position [el. rad]
o \ i i i : .
0 05 1 15 2 25 a as 4 45
sl

Fig. 4.40. Stand-still initial rotor position detection

with slow reference frame rotation.
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4.5 Conclusions

The issue of the demodulation process for high-frequency injection-based
sensorless control of salient rotor PM motors has been considered in the first part
of this chapter. A novel approach based on Discrete Fourier Transform (DFT) and
non-conventional reference frame transformation has been proposed allowing a
simple and robust non-coherent demodulation, i.e. in which no information about
the carrier phase is needed. The implementation is straightforward as DFT can be
seen as a simple low-order (i.e. having a relatively low number of samples) FIR
digital filtering. As an example, in the experimental implementation the DFT
window length was half the carrier period, thus resulting in 4 samples for each
filtering, since the injection frequency was 1.25 kHz, while the sampling one was
10 kHz. A total of 4 filtering operations with 4 samples long filters must be
performed at each control period, which represents an acceptable computational
burden. DFT demodulation can therefore represent a good alternative to classical
approaches.

The analytical development of the sensorless algorithm including the
demodulation technique has been reported. A complete simulation investigation
has been carried out aiming at validating the performance of the proposed method.
Finally, experimental results have been presented based on a prototype motor

drive for city-scooters.

In 4.3, the issue of rotor position estimation in IPMSMs based on persistent
PWM excitation and current derivative measurement has been investigated. A
complete mathematical model has been developed, by taking also into account the
dependence of the rotor position estimation error on the mutual inductance, which
is neglected in the past literature adopting similar sensorless approaches.

Measurement of current derivatives is performed by dedicated and optimally
designed Rogowski coils, oversampling and processing of the measured values.

Simulation results confirm the reliability of the analytical developments.
Experimental investigations prove the feasibility of the method but highlights some
phenomena related to the presence of parasitic in the actual system and un-
modelled effects of the permanent magnet flux linkage that requires further

investigations.

170

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



INJECTION-BASED SENSORLESS ESTIMATION

The rotor position estimation method proposed in 4.4 for non-salient PMSMs
has been analytically demonstrated and validated by simulation and experimental
investigations. Test results prove the feasibility of the proposal and the possibility
to attain sensorless closed-loop control even at zero speed, also being able to
sustain step rated torque load insertion and removal. Further analytical
investigations are needed to gain a full understanding of saliency effects.

Finally the same principle of operation is adopted to obtain the initial rotor
position estimation at stand-still. The obtained performance are comparable and
even better than stat-of-the-art proposal.
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Chapter 5
Flux-Weakening

This chapter reports the results of a study on feedback based deep
flux-weakening techniques, which were also published in [80]-[82]. A review and
comparison of some state-of-the-art flux-weakening algorithms for the Interior
Permanent Magnet Synchronous Motor (IPMSM) will be presented, having voltage
exploitation, dynamical performances and implementation (development efforts
and utilized resources) as key parameter in the comparison. All of the considered
algorithms have at least one feed-back path (thus providing steady-state voltage
control even in the presence of parameters mismatch), but different strategies are
adopted, leading to completely different dynamical characteristics. One of the three
different approaches that will be analyzed is based on the direct control of the
synchronous reference frame currents, one relies on mixed feed-back and
feed-forward voltage saturation control via the torque vs. flux characteristics and
the third acts by means of the voltage vector angle, setting a constant magnitude.

The voltage control by means of the typical synchronous current regulation
(which gives the better simulation results) is then analyzed in deep, obtaining a
complete characterization of its static and dynamical behavior. The study, which
highlights the strongly non-linear characteristics of the controlled plant, is
validated by means of simulation. These results allow to develop a linearization
strategy for the control loop, by means of a gain scheduling, which results in
almost constant bandwidth over a large speed range, thus maximizing the
performances in operation under voltage limitation. In fact, application of the gain
scheduling leads to important improvements in current control (and, consequently,
speed regulation), especially during operation at the boundary between
unsaturated and saturated voltage operation, which have been verified both in

simulation and experimental tests.
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5.1 PMSM field-weakening
background

From the physical point of view, motor operation is constrained by limits in
current and power, mainly related to thermal issues, speed (for the mechanical
construction of the motor) and voltage, due to the dielectric rigidity of the phase
windings. However, when considering the voltage, usually insulation is not the
most stringent limitation, since inverter voltage supply capability imposes a
saturation value to the output voltage amplitude, which is typically much more
restrictive.

The usual representation of the effect of electrical limits on the mechanical
performances is the well-known maximum torque vs. speed characteristic. From
this curve different information can be extrapolated, and some conventional values
are defined. In particular, the typical characteristic for a PMSM shows a constant
torque capability from stand-still up to a certain speed value, which is named the
base speed. Unfortunately, definition of the base speed is not homogeneous in
technical literature, but for the purpose of voltage limitation issues, base speed can
be conveniently defined as the maximum speed at which the nominal torque can be
achieved, given the inverter DC voltage supply value. This is quite different from
the nominal speed definition used in the motor datasheets, which is usually referred
to a specified voltage.

Nominal torque below the base speed is a characteristic of the motor and of its
thermal rating, and is defined as the torque obtained at the nominal current vector
amplitude on the MTPA curve. Since, usually, the electronic power stage is
designed for higher currents than the motor (allowing short-time overloading and
non-destructive transients), the nominal torque is mostly an intrinsic characteristic
of the motor, while the voltage limit related characteristics (base speed and
maximum torque curve above it) are typically related to the maximum
fundamental wave voltage that the inverter generates.

These performances are heavily affected by the control algorithm operation,
which determines the actual maximum voltage of the fundamental wave (i.e. the
the first harmonic content) that will be supplied to the motor phases. When

supplied by a classical three-phase inverter, the maximum output at the motor
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leads is determined by the inverter input (DC bus) voltage. As represented in Fig.
5.1, the linear operating range of the inverter is represented by the inscribed circle
in the voltage vectors hexagon, which can be geometrically found to be Up./+/3,
where Up. is the DC bus voltage. If the presence of low-order harmonics is
accepted, slightly higher fundamental wave voltages can be obtained in the over-
modulation region, moving toward the six-step operation (where only the hexagon
vertices are utilized).

max jp.

VOOOI V111

Fig. 5.1. Vector representation of the inverter output voltage capability.

At sinusoidal steady-state and high speed, voltage vector magnitude is mainly
related to the induced voltage (derivative of flux), while the contribution of
resistive voltage drop is negligible. To keep control above the base speed, a stator
flux reduction is imposed (“flux-weakening” or “field-weakening”). Although this
can result in a lower torque output, it allows to maintain the current control, since
the voltage vector resulting from current regulation can be kept within the
magnitude limit. On the torque vs. speed characteristic, above the base speed, a
constant apparent power characteristic is followed, which means that,
approximately, the maximum torque decreases as inversely proportional to speed.
The maximum torque achievable at a given speed increased with the maximum

allowed voltage (an example is shown in Fig. 5.2).
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Among the many techniques that have been developed for field-weakening,
both open-loop and closed-loop techniques can be found. While open-loop methods
must provide flux reduction in excess, in order to take into account the worst-case
parameter uncertainty, in the feedback based ones control dynamic behavior is
critical when the motor is operating next to the voltage limit. In fact, since the
limited bandwidth, to avoid temporary saturation of the voltage vector (and
consequent loss of the current control) a voltage margin is usually imposed
between the limitation value and the actual inverter voltage limit. A faster
response of the voltage limitation loop allows the narrowing of the margin,
resulting in a higher torque vs. speed curve (Fig. 5.2), finally resulting in an
expansion of the speed control range.

In certain applications that require the maximum possible torque to be
generated at high speeds, this is a very important target. As an example, this is
crucial in home appliances like washing machines (which need to work both at
low-speed and spin-dry), but also in electric or hybrid traction, where torque vs.
speed curve is an important performance figure from the user point of view.

Mechanical characteristic (maximum torque vs. speed)
25

:
——20% voltage margin

W —5% voltage margin
2

\

n

Torque [Nm]

\

\\\

5000 10 000 15 000
Speed [rpm)]

Fig. 5.2. Example of torque versus speed characteristic for two different voltage

limit values.
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As the capability of controlling motor current at higher phase voltages leads to
an increase in maximum torque at high speed; on the other side, the same torque
value can be achieved with a lower current magnitude. It must be noted that, in
many cases, resistive power losses are the most relevant ones in the motor (from
the electrical point of view), and the converter losses are mostly dependent on
current level (both resistive and switching). For this reason, when operating the
motor in the constant apparent power range (flux-weakening), operating at the
highest possible voltage means keeping the losses the lowest possible, thus
significantly improving the drive efficiency, especially in the cases where sustained
operation above the base speed is required by the application.

Maximizing the DC bus voltage exploitation while avoiding control stability
and accuracy loss is one of the targets that research in this field has tried to
optimize, because of the important implications on the drive performances (torque
or speed control at high speed). In fact, if the current controllers are maintained in
a condition where their output represents a voltage vector whose magnitude is
significantly higher than the maximum value the inverter can supply, current
control can be lost, definitely preventing correct drive operation. Typically, current
control loss causes a temporary reduction of the output torque and a consequent
speed decrease that allows the drive to recover its torque capability (as voltage is
not saturated yet). Then the motor enters in the high speed range, where again
control loss occurs, resulting in a cyclic behavior. Besides being a problem from the
mechanical performances point of view, especially for motors that are operated in
deep flux-weakening (i.e. many times above the base speed) uncontrolled operation
can cause potentially damaging overcurrent or overvoltage conditions on the
inverter, due to the high voltage generated by the permanent magnet flux, if not
properly counteracted by means of d-axis current.

Even if flux-weakening is also adopted in the control of SM-PMSMs, IPMSMs
are the machine where this topic has been most intensively investigated, especially
in the recent years. This becomes quite obvious if the peculiar characteristics of
[PMSMs are considered. In fact, as a first reason, it can be noted that anisotropic
machines usually have lower PM flux levels for the same power and torque, leading
to a larger capability of counteracting the PM flux with direct-axis current. But,
most of all, they allow to partially compensate the PM related torque decrease
associated with flux-weakening by exploiting the reluctance torque, which comes
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almost automatically with proper field-weakening operation. This has led to an
intense research in field-weakening of anisotropic motors, especially for automotive

and home appliances.

5.1.1 Principle of operation

From the voltage equation in the dq synchronous reference frame

qu = Rsqu + Sququ + wme/ldq (5.1)

it can be easily pointed out that, in the two orthogonal components at high-
speed steady-state, the axes coupling components w444 are the dominant ones.
Thus, if the resistive drop is neglected, voltage at a certain speed can be simply
considered as linearly dependent on the total flux-linkage vector magnitude

|qu| = |(‘)me| ’ |/1dq| (5.2)

This means that a certain voltage magnitude can be obtained at steady-state
by generating a proper flux-linkage magnitude. Flux vector components are

composed by the permanent magnet contribution and by the inductive ones

Ag = Amg + Laly (5.3)

Aq = Lgl, (5.4)

From their expression it is possible to deduce that introduction of a negative
direct-axis current counteracts the permanent magnet flux, and a decrease in the
quadrature-axis current also leads to a reduction of the voltage amplitude. Almost
all the flux-weakening schemes work on this principle, either by imposing a
predefined direct-axis current reference depending on the operating conditions
(mainly speed, also torque reference can be involved in the calculation), or by
adopting a feedback approach, closing a regulation loop on the voltage vector
magnitude which synthesizes online a proper value for the current references.

Obviously, the flux-weakening action must be performed contemporarily to the
torque or speed control. One of the main issues the this arises is related to the fact

that, in principle, the speed control (or torque control), the voltage limitation
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(flux-weakening control) and current limitation can have conflicting current
requirements. As an example, if a torque command rise is considered, quadrature
current should be increased, resulting in a larger magnitude flux vector, finally
causing an excessive voltage command to be imposed to the inverter (above its
amplitude limits). On the other hand, voltage limitation could be achieved by
introducing an additional negative direct-axis current, but this is only possible if
the current limit is not exceeded. As a conclusion, obeying both voltage and
current saturation limits results in a decreased torque capability, as seen from the
torque vs. speed characteristics (Fig. 5.2).

5.2 Literature analysis on Flux-
Weakening methods for
IPMSM

Many techniques for effective flux-weakening have been reported in literature,
aiming at optimizing some different features like a simple implementation, control
robustness or accuracy or DC bus voltage exploitation. Typically, the simplest
methods rely on a known model of the machine, whether analytical or empirical, to
provide a current reference, which takes into account the need for counteracting
the PM flux above the base speed. This usually translates into a d-axis current
reference, varying as a function of speed, to be subtracted to the MTPA one.
These methods, represented in Fig. 5.3, are referred to as “open-loop”, since the
flux-weakening action is only based on previous knowledge on the model, rather
than on a real-time measurement and correction. Besides the fact that, in many
cases, open-loop implementation requires large memory resources (e.g. if using
Look-Up Tables, LUTSs), these methods also have the obvious disadvantage of
being prone to parametric errors, and can require a considerable safety voltage
margin for ensuring control stability and robustness.

The best performances are certainly provided by those methods adopting at
least a feed-back approach [48], [83]-[96], in some cases also incorporating feed-
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forward features,[48], [92], and often based on the direct control of the motor
feeding voltage magnitude. Closed-loop methods Fig. 5.4introduce significant
advantages with respect to open-loop techniques, while not necessarily being more
complex in their principle of operation and implementation. In most of the schemes,
magnitude of the inverter reference voltage vector is calculated and regulated to a
value which can be predetermined or calculated as a function of the DC-bus
voltage. Even if a voltage margin is in many cases considered (i.e. the reference
voltage amplitude is slightly lower than the maximum the inverter can supply),
the degree of confidence with which the voltage limit is respected is, at a first
approximation, not dependent on parameters. Critical issues, in this case, are
moved to the dynamic behavior, since the non-linearity of the controlled loop. In
fact, regulation gains and parametric errors affect stability and bandwidth, while
the steady-state voltage value, once stability is ensured, can be correctly achieved
since the very nature of the feed-back approach.
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Fig. 5.3. Principle of operation of a common open-loop method.
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Fig. 5.4. Principle of operation of a common closed-loop method.

Dynamic performances of the voltage control loop can have an important
impact on the current control behavior, which is in turn crucial for the speed
regulation. In fact, if a typical vector control scheme is adopted, a sudden torque
request increase at high speed can cause the current regulators to synthesize
transient voltage references which exceed the limit imposed by the inverter. The
voltage vector must then be distorted according to some strategy, leading current
regulation action to be altered and control to be lost for a certain recovery time.
This can cause instability or, at least, a deterioration of the dynamic response both
in current control and speed regulation.

In the choice and implementation of a flux-weakening algorithm, some
important aspects need to be taken into account. As already mentioned, it can be
easily seen that better dynamic performances and accuracy of the voltage
command regulation loop allow to adopt higher voltage limits (while still avoiding
current, control loss), which means improving the torque capability at high speed or
achieving the same output torque at a lower current. Another important
characteristic which is desirable for a field-weakening algorithm is the possibility to
ensure seamless transition between normal MTPA control and the flux-weakneing
region, where current must be controlled to obey the voltage limitation. If an outer
speed regulation loop is considered, control must be maintained in both the
operating regions and at their boundary. This qualitative criteria can be translated
into the more technical requirements of control variables continuity and, of course,

robust stability. A good knowledge of the dynamic properties of the control loop is
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vital for its tuning, also obtaining stability margins for dealing with parametric
variations.
Summarizing the main desired characteristics, the design of a flux-weakening

control scheme should obtain:

o  Steady-state accuracy and fast dynamic response in limiting the voltage

demand, which leads to a narrow voltage margin or better current control

e Smooth transitions between MTPA and FW operating regions (control
variables continuity)

e Robustness against parameter dispersion and variation

e  Reasonable utilization of processing resources (feasibility of implementation)

5.3 Comparison of three flux-

weakening control approaches

As already mentioned in the chapter opening, some state-of-art flux-weakening
strategies are considered in this paragraph, and their main features recalled in the
next sections. The choice of the methods has been done with the aim of comparing
typical and simple techniques, a very innovative and quite promising one, and a

more complex variant. The three following methods have been individuated:

e voltage magnitude control by means of direct (or quadrature) or phase angle

of the current space vector, [83], [93] (vector current control, VCC);

e voltage magnitude control by means of commanded torque and flux, [48]

(torque and flux control, TFC);

e single current regulator with voltage angle control, featuring a sort of “hybrid”
control behavior between flux-weakening and MTPA regions, [94], [97]
(SCR4+VACQ).

Comparison by means of preliminary analysis and simulation have been
carried out. In Fig. 5.5 a general block diagram of a drive system incorporating

speed control, current vector control, MTPA trajectory generation and flux-
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weakening control is shown. The output of the speed regulator could be the torque
reference T, or the current reference iy (amplitude with sign) as a function of the
adopted flux-weakening algorithm.
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Fig. 5.5. Block diagram of the drive system.

The block diagrams of the considered flux-weakening strategies are shown in
Fig. 5.6-Fig. 5.10. They share at least a general feed-back behavior, being linear in
the case of direct control of motor phase voltage amplitude (VCC and TFC), i.e.
Fig. 5.6-Fig. 5.9, and “switching” for the SCR+VAC approach, i.e. Fig. 5.10.

In the linear control of the voltage amplitude, the voltage control error is
calculated by comparing the motor voltage reference and a certain limiting value
|| jim = €Uy, where € is a value slightly smaller or equal to one. The voltage
error is regulated to zero by commanding a variation of the dq components of the
current space vector in order to operate the motor within voltage and current
limitations. The main difference among the various algorithms here considered is
the strategy used for manipulating the voltage command regulation error to adjust
the value of motor currents components.

Some flux-weakening proposals ([48], [88]) consider the modulation duty-cycles
of the inverter states instead of the actual voltage reference, which however are
tightly related to voltage magnitude wvalues. It can be proved that the
over-modulation capabilities claimed in the description of these techniques can be
obtained by a proper over-modulation strategy of the dq components of the
voltage space vector. This is the reason why in the block diagram of Fig. 5.5, the

electrical position 6,,, is considered as an input of the over-modulation block.
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It can be noticed that at least two options can be chosen for the speed control.
The schemes where the current reference space vector amplitude is considered as
the speed regulator output, involves non-linear relationship between current and
torque, but has some implementation advantages. For example, the application of
anti-windup for the speed regulator is very easy, since the limit value is constant
and equal to the nominal current while, where the torque command mode is used,
the limit value (which is important for anti-windup, as it will be demonstrated
later) needs to be updated, decreasing above the base speed. Moreover, the choice
of the dq current components from the commanded amplitude value and laying on
the MTPA locus has a low computational cost, and can be usually implemented
without the use of any tabulated data. On the other hand, since the solution of the
reverse problem (finding a current vector satisfying the commanded torque, while
ensuring it has the minimum magnitude), is more complex, usually LUTs must be
adopted. The non-linearity introduced by the first simpler solution is usually
acceptable for the speed control loop, especially in the case of a small permanent
magnet flux-linkage.

5.3.1 Synchronous current frame based voltage
feedback controllers (VCC)

According to this field-weakening approach, the current vector reference
coming from the MTPA calculation (fed by the speed controller), is modified by
applying the output of a voltage amplitude feedback regulator, in order to achieve
the desired flux-weakening effect. As shown in Fig. 5.6-Fig. 5.8 this can be done at
least in three different ways, i.e. by imposing a reference for three different
variables, operating on the d current component or on the current vector phase

angle (and also, but it is not shown here, on the g current component).
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Fig. 5.6.Voltage feedback control (VCC) through additive d-axis current.
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Fig. 5.7. Voltage feedback control (VCC) through additive current vector phase.
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The first algorithm is illustrated in Fig. 5.6. The voltage controller R,
processes the voltage error and provides a variation Aiy of the d component of the
current space vector. That value is added to the one providing MTPA control (i.e.
igTP4), [48], [93]. The q component i5T"4 should then be processed accordingly, in
order to keep the amplitude of the current space vector equal to the output of the
speed regulator.

The second scheme shown in Fig. 5.7 directly adjusts the angle of the current
space vector, whereas the amplitude |ig4|* is provided by the speed regulator. Phase
angle variation AY; is the output of the voltage regulator added to the MTPA
reference current vector phase.

In the scheme of Fig. 5.8 a proportional change of current space vector phase
angle is imposed, [83], [86], by means of the factor Kgy,, being the output of the
voltage regulator and whose value is limited in the range [0; 1]. The angle gMPT4
is calculated as the complementary value of the current space vector phase angle
yMTPA with respect to 7. The value of BMPT4 is then multiplied by 0 < Kpyyy < 1.
In this way, MTPA operation is maintained until voltage reaches the reference
value Uy, so upper saturation level is set at Kpy = 1, whilst flux-weakening is
obtained by reducing the value of Kpy towards zero, thus phase-shifting the
current reference vector towards .

Under flux-weakening operation, phase voltage amplitude is forced to the
reference value by generating a current vector which is out of the MTPA
trajectory, and so reaching the intersection point between the required torque
hyperbola and the reference voltage ellipse. This will be the condition satisfying the
voltage limit and having the lower current vector magnitude. A higher d-axis
current component or a phase angle lying on the left of the MTPA trajectory
results in weakening the flux value, and so reducing steady-state voltage amplitude.
Proper limitation of the voltage regulator output ensures the current reference
phase is always limited between the MTPA angle for the commanded current
amplitude and the negative d-axis (i.e. always to the left with respect to the
MTPA trajectory), so that MTPA is followed until flux-weakening is strictly
needed.

From a dynamical point of view, each of these three schemes has different gain
characteristics, but they all share the same underlying approach and act on a
portion of the system which has the same small-signal behavior, i.e. specifically the

transfer function relating the current vector to the voltage amplitude. They can
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thus be studied together, just applying simple modifications to the gain analysis
(see next sections and [81]).

5.3.2 Feed-forward and feed-back voltage control
by commanded torque and flux (FTC)

A mixed feed-forward and feed-back strategy based on torque and flux control
is considered inFig. 5.9, [48]. The dq current components are a function of both
commanded torque T, and proper flux level ¥ and are obtained by means of two
two-dimensional look-up tables. Both analytical (i.e. from motor model) and
measured values can be considered to build up the tables. The flux magnitude
command is obtained as the sum of two contributions, namely Agr and Agg. The
first one is obtained in a feed-forward manner as a function of commanded torque
through an additional look-up-table, depending on motor speed. While MTPA
control substantially relies on the feed-forward path, the voltage limitation feed-
back modifies the flux reference. An error signal is calculated as the difference
between the magnitude of the synchronous current regulators outputs and the
saturated voltage (where the saturation is imposed by PWM modulator over the
six-step hexagon or an inner hexagon). This path only contains low-pass filters
(there are no pure integrators), then does not provide steady-state null error (i.e.
no voltage saturation at all), but allows to use an average voltage range comprised
in between the inscribed circle and the outer circle with respect to the physical
limit being the hexagon (whose radiuses are respectively 1/ V3 and 2/3 of the DC
bus voltage). The relationship between the gain on this path (1/wpycon) and the
resulting average voltage limit value is quite complex, and has not been provided
in the reference paper. However, it can be stated that a higher gain leads to a
lower non-linear modulation, while a lower gain moves the PWM modulation range

towards the six-step mode.
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Fig. 5.9. Feed-forward and feed-back voltage control by torque and flux (TFC).

5.3.3 Single current regulator and voltage angle

control (SCR+VACQ)

A very recent and completely different approach is the one shown in Fig. 5.10, [94],
[95]. Standard MTPA vector current control is performed below base speed (having
the speed regulator output as the current magnitude reference), whilst the phase
angle of the voltage space vector (instead of current) is imposed in flux-weakening
region to achieve d-axis current control. During this last mode, the speed control
loop provides a reference value for d current regulator, whose output represents the
phase angle of voltage space vector. The amplitude is fixed at a constant value |u|*
being less than or equal to the voltage capability of the inverter, given the applied
modulation strategy. The reference d axis current i is calculated from the speed
regulator output i and the measured quadrature current i, so that their
quadratic sum must satisfy the current limit at steady-state. Since a direct current

control is not performed on both axes, it does not prevent modulus of current from
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being out of the specified limit for sensible time amounts. The condition for passing
from MTPA to single current regulation is the voltage amplitude (i.e. the current
regulators output modulus) being higher than the voltage limit |u|*, while the
opposite transition happens when the current vector angle is lower than the MTPA
reference phase.

. ug
_* W lim = = ful cos g [
g N e I RN V| Bu | wy = lulsing; |4
g = Jis " —ly . A > -
’_>_ la iy Reg
Ig

Vpe

[u*| >—

NG

Field-
Weakening

ig > —ly - tan(ypyrpa)

Fig. 5.10. Single-current regulator and voltage angle control (SCR + VAC).

5.3.4 Preliminary comparison

The considered flux-weakening techniques can be evaluated according to
various aspects, including effectiveness in exploiting the available dc bus voltage,
implementation complexity/requirements and dynamical properties.

The main advantages of the synchronous current frame based controllers
(VCC) are related to their simple implementation, providing a seamless integration
with the standard vector control, and also leading to an automatic management of
transitions between MTPA and flux-weakening control. This means that any
traditional MTPA technique can be used, besides the recently introduced on-line
tracking, [11], [12]. In fact, the flux-weakening controller produces no effect until
the voltage limit is exceeded and, thanks to a proper anti-windup action on the PI

regulator, it guarantees smooth operation when working across the limitation
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boundary (between MTPA and flux-weakening regions). Moreover, it does not
require any look-up-table, thereby no discretization effect is introduced, and large
memory, processing performance and parameter-dependent off-line calculations are
not needed. A gain scheduling could also be implemented to adapt the regulator’s
dynamics to the varying operating conditions (see next sections for details), both
analytically or by using look-up-tables. But, in this last case, discretization is
present in the stored gain values only, which typically requires a lower number of
points and generates lower noise on the controlled variables with respect to the
case of feed-forward approaches. Finally, all the controller gains and limitations are
obtained from few motor and inverter parameter values, such as the voltage-
current limits, maximum speed, inductances and permanent magnet flux linkage
amplitude.

The FTC technique involves a large memory usage in order to store the look-
up-tables, and a complex implementation to manage some out-of-domain operating
conditions. Moreover, an extensive off-line measurement and post-processing effort
should be carried out to fill in the tables, making it not feasible to apply any gain
recalculation inside the drive controller, based on just the main motor and inverter
parameters. An advantage in the overall control could be pointed out in the case of
strong magnetic saturation effects, but this will likely be more evident under
MTPA conditions, while has little influence on the flux-weakening operation, since
this last operating region relies mainly on the feed-back component of the voltage
controller.

In the referenced paper, the advantage of this approach is claimed to be
related to the lack of an anti-windup back-calculation for the current regulators. In
fact, it is shown that the interaction between current regulators anti-windup
algorithms (which limiting values are taken from the over-modulation calculation)
and the voltage feedback path are conflicting each other during quasi-six step
operation. The simulations carried out for the scheme in Fig. 5.7 however show
that the adopted feedback controller avoids excessive integral accumulation of the
current regulators, if correct flux-weakening voltage control is attained. Therefore
current controllers saturation limits for anti-windup are designed to be never
reached, while the actual saturation on the inverter hexagon is applied maintaining
voltage vector phase. This means that over-modulation mode can be also adopted,
even if a current ripple arises due to voltage variable magnitude saturation
(hexagon limit), similarly to what happens in the approach of Fig. 5.9, translating
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into a torque oscillation. This obviously represents a trade-off between control
accuracy and voltage exploitation, that must be managed according to the
application requirements. The choice of voltage reference value can be done
continuously from less than Vpc/v3 (linear range with a voltage margin), to
Vpe/V3 (inscribed circle, linear range limit), up to Vpe (circumscribed circle),

obtaining different performances.

The SCR4+VAC approach demonstrates weak stability and high sensitivity to
gain parameters. In particular, it would be difficult to ensure the current
magnitude value will obey the nominal limit during transients, since only the
d-axis component is being directly controlled. For the same reason, it is also
difficult to find a relationship between the instantaneous values of the controlled
variables and the resulting torque. On the other hand, this method ensures
operation at a fixed voltage value (Vp¢/ \/§), which means the whole linear range is
well exploited.

Smooth transition between the two different control regions is claimed in the
reference paper, but the experimental results show some oscillations, especially if
looking at the currents in the synchronous reference frame. This result can be
expected, since the method relies on steady-state equations and current vector
components are not both directly controlled. This represents the main
disadvantage with respect to other techniques, as it means that torque generation

and current limitation are not always under full control.

5.3.5 Simulation comparison

Comparative simulations between the discussed flux-weakening control
schemes have been carried out under the Matlab/Simulink environment. A motor
drive system for home appliances has been considered, whose main parameters are
listed in Table I (reported after the conclusions). A test speed reference pattern is
considered following a rising and a falling ramp, each followed by speed and torque
steady-state conditions. The ramp slope is set to the maximum acceleration
achievable by the drive, given the torque limit under MTPA control and the load
inertia. This means that, when entering the flux-weakening region, the actual speed
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slope decreases with speed. The reduced value of produced torque depends on the
voltage limitation imposed by the considered flux-weakening controller, and then
qualifies the voltage exploitation characteristics of the adopted technique or, from
another point-of-view, allows to evaluate the maximum torque as a function of
speed. The results show a similar steady-state behavior, as expected from the
qualitative analysis. Some differences arise during transient conditions.

The scheme providing the best stability is the vector control based one with
the proposed adaptation of the voltage command regulation loop gains (results are
shown in Fig. 5.11), since it maintains full current control under all of the
operating conditions, even when a voltage limitation outside the linear region
(quasi-six step operation) is considered, i.e. the voltage margin is chosen to be
€ = 1.05. The experienced heavy ripple on voltage, currents and torque can
therefore be justified by the over-modulation condition. Another interesting feature
is that the method does not require any switching among different controllers and
is only based on feedback regulation. This last characteristic reduces discontinuities
and ensures null steady-state voltage error, due to the integral action in the
feedback branch.

Fig. 5.12 shows the results of the FTC flux-weakening approach in the same
quasi-six step operating conditions. One can notice that the speed transient
duration is very similar to that of the VCC approach, thus proving that FTC adds
an excessive complexity to the flux-weakening control scheme, which cannot be
shown to bring significant improvements. Looking more in detail, it can be noted
that FTC experiences some problems during transient conditions due to the
low-pass action of the feedback loop, that also does not incorporate any integration
feature, leading to non-zero steady-state voltage control error.

In Fig. 5.13 SCR4+VAC flux-weakening is considered. Good steady-state
results in particular for the voltage are obtained, but current limitations cannot be
obeyed. A short but heavy overshoot is present at the torque demand transitions,
which may be or not acceptable, depending on the application, but does not
provide a corresponding torque boost, demonstrating a transient inefficiency.

It must be pointed out that, thanks to its simpler structure, a dynamical
analysis has been performed for the VCC based technique, and the gains have been
adjusted based upon the open-loop transfer function bode plots, as discussed in the
previous section. Since in the other two flux-weakening schemes gains have been

tuned empirically, it can be possible that the best performances are not fully
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obtained. However, this would demonstrate how these schemes are more difficult
to deal with.
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Fig. 5.11. Speed response of VCC.
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5.4 Gain scheduling for the
synchronous current frame
based voltage feedback
controllers (VCC)

The techniques proposed in this section, which have been developed after the
analytical and simulative investigation of a voltage magnitude control loop
integrated within the typical vector control for an IPMSM, have demonstrated

some improvements towards the goals described in the last part of 5.2, if compared
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to some state-of-art methods. Moreover, the dynamics analysis will hopefully
represent a small contribution for further work on the design of more accurate, fast
and stable field-weakening controllers. This work, was presented partially in [80],
and was further extended in the papers [81], [82].

The analyzed voltage controller is based on the difference between the
amplitude of the reference voltage space vector and a proper reference value,
related to the feeding inverter limitations, and adopts the phase angle of reference
current space vector as the control variable. Normal MTPA control below the base
speed is achieved, while the field-weakening regulation starts operating only when
voltage saturation is reached, with a smooth transition between the two control
modes ensured by proper voltage controller saturation and anti-windup. A novel
theoretical analysis of the overall dynamics of the voltage control loop is carried
out, also taking into account non-linear effects and discrete-time implementation
delays. The design of the controller can therefore be optimized for each operating
condition by an adaptive approach, allowing to define stability properties and to
maximize bandwidth of the voltage control loop. Maximization of the dynamical
performance provides the main advantage of the proposal, ie. allows a lower
voltage (control) margin to be considered with respect to standard approaches,
leading to a higher torque and system efficiency and/or a reduced value of the de-
bus capacitance. A motor drive system for home appliances has been used as a test

bench to prove the effectiveness of the proposal.

When a very high-speed condition is considered, some effects related to the
non-linear behavior of the voltage control loop (e.g. also related to cross-coupling
effects) and to discrete time implementation become extremely important, [90], and
can lead to instability of the controller or to a non-optimized bandwidth of the
loop. Unfortunately no analytical development can be found in literature allowing
the optimized design of the flux-weakening controller and a manual tuning is
normally considered in actual drive systems.

A novel theoretical analysis of the overall dynamics of the voltage control loop
is proposed, which allows the design of the controller to be optimized for each
operating condition. Therefore stability properties and maximization of the loop
bandwidth can be guaranteed, e.g. by a proper dynamical adaptation of the
voltage control loop regulator gain. This last feature provides the main advantage
of the presented approach, i.e. allows a lower voltage (control) margin to be
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considered with respect to standard approaches based on a fixed design of voltage
controller, definitively leading to a higher torque and system efficiency and/or a
reduced value of the de-bus capacitance. A motor drive system for home appliances
is considered as a test bench for both simulation and experimental investigations.
Obtained results prove the effectiveness and importance of the proposal.

Referring to the scheme in Fig. 5.7, a novel theoretical analysis of the voltage
control loop adopted in the flux-weakening operating region has been carried out,
showing that optimized design of the controller can be obtained for each speed
condition. Therefore stability properties can be fixed and maximization of the
bandwidth of the loop can be obtained by a proper choice of the voltage control
loop transfer function, leading to the increment of the available dc bus voltage
exploitation.

5.4.1 Voltage equations

From this paragraph, and through the following until 5.4.5, an analytical
description of the static and dynamical behavior of the voltage control loop
adopted in the flux-weakening operating region will be obtained. The results can be
adopted for the optimized design of the controller for each speed operating
condition. Therefore stability properties can be specified and maximization of the
bandwidth of the loop obtained through a proper choice of the voltage control loop
transfer function.

The conventional voltage equation of IPM motor in the dq reference frame
synchronous with permanent magnet flux-linkage is considered, i.e.:

di,

Uy = Rigy + 1L dt" + Wmel Llgg + Omel Amg (5.5)

where Ugq, gy and Ap, are voltage, current and permanent magnet flux

linkage vectors, i.e.

_ Ug1 _ iq] = A
udq = [uq]; ldq = [iq];lmg = E)n‘gjl (56)

and matrices L and JL are related to motor synchronous inductances, i.e.:
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_[La O],_(0 —-171,, _[0 -Lg
L= =0 Jhe=l, (5.7
Electromagnetic torque is therefore:
3 . .
T, = Epp[/lmglq + (Lg — Lq)ldlq] (5.8)

where pp is the number of pole-pairs. In this analysis, an IPM motor
(parameters are reported in the Appendix) is considered theoretically allowing
infinite speed in deep field-weakening conditions, i.e. the voltage ellipse centre is
inside the rated current circle, as shown in Fig. 5.14.
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Fig. 5.14. Control trajectories and limit loci in the I vs. I, plane.

Since the vector current control is usually implemented, the machine operating
condition is normally studied by drawing the current-limit locus and voltage-limit
locus in the I; and I, plane [93], as shown in Fig. 5.14. The former is represented

by a circle with radius Iy and center in the origin, the latter by a set of ellipses
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whose size is inversely proportional to the electrical angular speed. The center of
the ellipses is defined by the short circuit direct current I, = — Apg/Lg.

In Fig. 5.14, the three different current loci can be identified, that set the
operating region boundaries: the maximum-torque-per-ampere (MTPA) trajectory,
the flux—weakening curve along the limit circle and the voltage limit ellipse at
maximum speed. Along the first trajectory the available torque is constant (equal
to the nominal torque Ty) up to a certain value of electrical motor speed (i.e. base
speed, Qg) and amplitude of current and voltage space vectors is lower than
machine limits. MTPA control strategy is commonly adopted and the
corresponding current operating points are on the red curve in Fig. 5.14. Above the
base speed, maximum available torque is determined by the intersection of the
current limit circle and the voltage limit ellipse. Depending on the torque
command and operating speed, the working point can lie on the MTPA trajectory
(for lower speed values) or in the space below it (i.e. having a higher phase angle),
when field-weakening is needed. Therefore, the maximum torque decreases with
speed. The aim of the flux-weakening control is to provide correct operation with
the maximum available torque at any speed (within current and voltage limits) by
means of a proper regulation of the current space vector.

It is important to notice that in Fig. 5.14 the Maximum Torque per Voltage
(MTPV) characteristic is missing. This last locus contains the tangent points
between torque curves and voltage limits ellipses that fall inside the current limit
circle. This line joins a point on the limit circumference the d-axis at —Ay,4/Lg,
where null total flux is achieved (inductance flux totally neutralizes the PM
component). Following this curve would virtually allow operation up to an infinite
speed. If the PM flux magnitude is low, transition to the MTPV would be needed
at a very high speed, which can even be out of the operating range (for mechanical
reasons), as for the motor considered in this work. For these reasons, the MTPV
problem has been neglected. Moreover, differently from flux-weakening and MTPA,
at the moment there are no simple methods for MTPV curve on-line tracking,
which requires complete parameter knowledge, and is therefore heavily dependent

on it.
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5.4.2 Considered control scheme

The considered drive control scheme implementing the proposed flux-
weakening strategy is shown in Fig. 5.15. Flux-weakening is based on a proper
choice of the current space vector (both angle y and amplitude I) based on the
direct feed-back control of the amplitude of the reference voltage space vector |u|
and rotor speed w,,, as shown in

Fig. 5.16. The difference between the amplitude of the reference voltage and a
proper limit value, Uy, related to the feeding inverter limitations, is controlled to
zero by varying the phase angle y of the reference current space vector.
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Fig. 5.16. Flux-weakening voltage amplitude control.
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This solution can be analytically proved to provide important advantages with
respect to classical approaches based on the variation of the direct current
component, [48]. The voltage control loop adopted in the flux-weakening operating
region can be represented by means of a non-linear block diagram, as shown in Fig.
5.15. A first order approximation of control delays taking into account the discrete
time implementation and pulse-width-modulation have been considered both in the
forward loop and in the feedback loop. Electrical angular speed Q,,, is considered
at steady-state condition, as the dynamical behavior of the electrical quantities is
analyzed. Voltage regulator R, (s), current regulators R;, (s) and R;, (s), control
delays CD(s) and motor model Mq_ _(s) (matrix) transfer functions are shown in
the diagram. Ay, is the permanent magnet flux-linkage, Ry, Lg and L, are phase
resistance and synchronous inductances respectively. The equivalent analytical
model is highly non-linear due to the presence of angular speed dependent terms
(i.e. back-electromotive force) as well as non-linear terms (both transcendent and
modulus functions).

Current space vector angle y is saturated to stay in the range [Vyrpa,T],
where Yyrpa is the value assuring (until possible) MTPA control. Anti-windup
action ensures a smooth transition from MTPA to flux-weakening operations.
Bottom limitation imposed to the MTPA angle automatically activates
flux-weakening only when needed (i.e. when the voltage limit is exceeded). A
trade-off between the need for preserving a voltage margin with respect to the
inverter limitation (i.e. avoiding saturation) for current control stability by one
side and exploiting full power capabilities by the other thus exists also with the

considered scheme.

5.4.3 Steady-state (static) small-signal analysis

Static gain of the transfer function linking the variation of the stator voltage
amplitude as a consequence of the variation of the current space vector angle will
be calculated for different values of the steady-state condition of speed (i.e. current
space vector angle). Based on the obtained results, the sensitivity analysis of

different flux-weakening voltage-control schemes (i.e. adopting either iy, i, or I' as
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control output) is studied. Control of current angle space vector is proved to be the
best approach (i.e. the gain variance over the flux-weakening region is the smallest
one), when deep field-weakening operating conditions are considered. Moreover a
novel proposal aiming at maintaining constant loop gain at different speed by
proper gain scheduling is sketched, whose beneficial effects are proved in the
simulation and experimental results.

At speed and torque steady-state operating conditions and with constant
amplitude of the current space vector, a unique mapping exists between rotor
speed and current space vector angle. This is commonly shown in graphical format
in the igzi, plane by the intersection between the constant amplitude current circle
and constant voltage ellipse at a given (constant) speed, as already shown in Fig.
5.14.

From an analytical point of view equation (5.9) can be obtained,

Qe = —2IRg[Apmy + I(Lg — Ly) cos T sinT

I2R%[Apg + I5(Ly — Lg) cos T]” sin? T

++ .
(Apg + ILgcosT)" + I2L2 sin?T

N =

I2L, sinT
(I3RE — Ufin) [(llmg + I,L, cos F)Z + %]\

(Apg + IsLy cos r)’ + 1212 sin? T

providing speed as a function of the stator current space vector (both
amplitude I; and angle I') and voltage space vector upper limit Uy, . Cross
coupling terms, current reference generation and voltage modulus calculation (i.e.
square and square root) are taken into account. Motor speed is slowly changing as
compared to the electrical variables and its value can therefore be approximated to
be constant inside the cross coupling terms. Similar considerations allow to
consider the amplitude of the current reference space vector constant within the
field-weakening region as speed control loop has narrower bandwidth (especially
above base speed, where maximum achievable torque is strongly below nominal

value). Moreover, during speed transients, the commanded torque is often
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saturated, thus providing a current reference module at its nominal value for
relatively long time.

A small variation [ of the current space vector angle in the neighborhood of
the steady-state operating point I' (i.e. a certain steady-state value of angular
speed Q,,,) is considered. This variation will move motor currents and voltage
around their respective steady-state values.

In particular the voltage vector module can be represented with a constant

component and a small variation, i.e.:

_ ~ N2 _ ~ N2 J— _
U] =\/(Ud+Ud) +(0,+0,)" = 10] +[U] (5.10)
where the former is the limitation value imposed by the steady-state output of

the voltage controller, i.e. [U]| = Uyip,.
Linear approximation for the small-signal terms leads to:

1)

|U| = or | _ (5.11)
Derivative is calculated at the operating point, where:
a(luD R (UR) 1 (Ui +U?) -
or | T2l ar | -~ 20g.  orf |- (512)
r=r r=r r=r

Substitution of steady-state voltage expressions obtained from motor model,
static gain can easily be calculated, i.e.:

Al =L[2(/1 Ome + LLg Qe cosT + LRy sinT)
or - 2Ulim mg-“me std “me sits
* (IsRs cos I’ — IiRsL (e sinT)
+ 2(~LsLyf2pe cos T — IRy sinT) (5.13)

- (IsRs cos T — I;Ly 2, sinT)]

Analysis of (5.13) for each steady-state value of angular speed (i.e. each value
of T') provides sensitivity of the voltage control loop to a (small) variation of the

current space vector angle.
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Similar relations can be obtained if the output of the voltage regulator is in
turn considered to be the direct or quadrature component of stator current
reference, since simple variable substitution can be applied:

oqupl __oduhl _ 1 -1
dl, or | _. I sinl (5:1)
oqupl  _oadubl 1

oly |._r or |._. IscosT (52)

Plots of different sensitivity functions normalized against their maximum
values in the considered range are shown in Fig. 5.17. The situation is very
different among the three control choices, i.e. heavy gain variation occurs in the
deep flux-weakening region. This is especially true when using a scheme in which
d-axis current is the voltage regulator output. This was expected since circular
current trajectory (constant amplitude) has a high slope, for angle values near to 7.
The results of this analysis are true for the actual motor considered in this work
(i.e. having a high reluctance torque component). Adopting the current space
vector angle y or the g-axis current as the control output, results in similar
variations of the static gain. Even in these cases, however, the voltage control loop
static gain exhibit large variations over the whole speed operating range, thus
suggesting an adaptive voltage controller in order to provide a globally optimized
bandwidth. The dynamical analysis of the voltage control loop will first be carried
out in the next section in order to confirm that statement and suggest possible
solutions.

Finally, if (5.13) is re-arranged as a function of both direct and quadrature
currents (i.e. with variable I and T'), the behaviour of the static gain in the whole
dq plane is obtained, as shown in Fig. 5.18. The rated current limit locus (blue
circular trace) and the MTPA trajectory (red trace) are also shown for
completeness. One can notice that the static gain is also a function of the current
space vector amplitude and the maximum-to-minimum ratio at about a half of the
rated current is even higher than at rated current. This proves that gain
adaptation of the voltage controller is needed even in the case a lower limitation on

the current value is adopted.
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Fig. 5.17. Normalized static gains (gain values to their maximum ratio)
at rated amplitude of the current space vector.
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Fig. 5.18. Static gain as a function of direct and quadrature current.

205

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine



FLUX-WEAKENING

5.4.4 Dynamical analysis and gain scheduling

The voltage control loop adopted in the flux-weakening operating region can
be represented by means of the block diagram shown in Fig. 5.19. A first order
approximation of control delays taking into account the discrete time
implementation and pulse-width-modulation have been considered both in the
forward loop and in the feedback loop. The dynamical behavior of the electrical
quantities is analyzed, while the mechanical system dynamics is considered to be
much slower than the electrical one, thus the electrical angular speed Q. is
considered as a constant (steady-state condition). Voltage regulator R, (s), current
regulators R;,(s) and Riq(s), control delays CD(s) and motor model Mq_ (s)
(matrix) transfer functions are shown in the diagram. A, is the permanent
magnet flux-linkage, Rs, Ly and L, are phase resistance and synchronous
inductances respectively. The equivalent model is highly non-linear due to the
presence of angular speed dependent terms (i.e. back-electromotive force) as well as
non-linear terms (both transcendent and modulus functions). Linearization of the
voltage control loop in the neighborhood of a certain operating condition allows to
study the dynamical behavior in the Laplace domain as a function of frequency by
means of the open-loop transfer function, comprising the motor model, currents
regulation loop, control and inverter delays, voltage modulus (feedback) calculation,

voltage command magnitude regulation and reference current generation.

> |u*]

1+s1¢
CD(s)

Fig. 5.19. Voltage vector amplitude control loop model.
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If the motor electrical model (in the dq reference frame) at constant speed
Qe is considered for small-signal analysis, a linear MIMO (multiple input multiple
output, i.e. two-input two-output) dynamical system is obtained, with voltages as
inputs and currents as outputs. In this way, motor model can be seen as a 2x2

Laplace transfer function matrix Mg (s):

[id (s) iq(s) 1
iq(s) | ta(s) Uq (5)=0 g s) ud(s)=0| uq(s)
iq(s) | iq(s) iq(s) | [uq (S)] (5.14)
|4a($)l,, (=0 Uq(s) ud(s)=0J
Mg, (s)
iq(s) _ Yy
ua@l, o 1+ YaVyLalme) (Lo me)
ig(s) B YaY, (Lg2me)
U, co L+ Ya¥qLalme) (Lqme)
i;(s) ~ A A (N (515)
U, co 1+ Ya¥qLalme) (Lo me)
iq(s) _ Yq
Uy (s) g =0 1+ VY (Lame) (Lgme)
Y;(s),Y,(s) are the phase admittances, i.e.:
1 1
Vet g Y 2 (5.16)
Commanded voltage vector can be expressed as:
ua(S)] [de(s) ] [iZ(S)—id(S)]
o Ri,(5)] Lig () — ig ) (5.17)

ldq (S)

where R; (s) and R;, (s) are the current regulators transfer functions. Motor

actual voltage is a delayed version of commanded voltage, as PWM cycle and

calculation delay of the digital control subsystem are taken into account, i.e.:
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[ud (s)

uq(s)

ug(s)) 1 [ué‘z (S)]

uq(s) 1 + st. uq(s)

] = CD(s) [ (5.18)

The first order Padé approximation of the time delay is considered, with time
constant T = 3/2 - T¢, [90]. Substitution of (5.17) into (5.18) and then into (5.14),
yields the current closed-loop transfer function CC(s) (actual to reference), i.e.:

) ol

2 [12><2 + My, ()CD(S)R;, ()]

- (5) (5.19)
ig(s
Mo, (DR, [
where Iy, is the 2™ order identity matrix.
Equation (5.17) can therefore be re-arranged as:
ug(s) tq(s)
L (] = Ry Otz = cCN £ ] (5.20)

Reference currents can be expressed as a function of reference current space
vector angle y* through an approximated linear model starting from non-linear
sine and cosine functions shown in Fig. 5.19, i.e.:

ig(s) [—I_S sinf] .

% = - — S 5.21

ig(s) I;cosT ) (5:21)
Upper-case over-lined symbols represent the operating point values. Modulus

of the voltage space vector can be computed by a linear approximation through

partial derivatives, i.e.:

(5.22)

i = [ g [

Ug

Uiim Uim Uim u:; (s)
Substitution of (5.20) into (5.22) and considering (5.21) allows to obtain a

comprehensive transfer function linking reference current vector angle y* to voltage

amplitude |u*|, i.e.:

w'l(s) [ 0, U,

o) _ ](Rldq(s)[lm—CC(s)][ S’Sw;”fr ) (5.23)
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Finally, referring to the block diagram of Fig. 5.19, a set of open-loop transfer
functions parameterized by angular speed value can be calculated by including the
voltage regulator R, (s) and the control delay model of the feed-back loop, as
shown in Fig. 5.21 (top). Control bandwidth, stability range and margins can
easily be calculated for each operating condition.

5.4.5 Implementation issues in gain scheduling

Analysis of the open-loop gain curves shows that heavy variation of static gain
occurs (about 20dB in this case). A simple approach to guarantee a proper
stability margin for each operating condition is to dynamically vary the static gain
of the voltage controller compensating for the plant variations. An adaptive
voltage controller is considered, as it will be shown hereafter. Accurate design of
the closed-loop response bandwidth is therefore possible, approximately maintained
for the whole needed speed range, as shown in Fig. 5.21 (bottom).

An adaptation of the voltage controller’s static gain can be done in different
ways, e.g. gain scheduling or analytically, referring to the previously performed
static analysis. Analytical adaptation can be obtained by considering (5.13) or a
simplified version resulting from some substitutions, as it will be shown later.
However both the approaches have been implemented and tested in simulation and
experimentally.

The nominal gains for the regulator are chosen achieving the desired response
and stability margin at a certain operating point. The most obvious choice is
preserving a minimum stability margin (i.e. maximizing the gains) at the most
critical conditions, i.e. at the maximum operating speed and maximum current
magnitude. This can be achieved analytically, based upon the previously depicted
dynamics model, or by empirical tuning on the real system.

The gain adaptation is then implemented as a multiplicative factor Kggqpe
applied to both integral and proportional values of the voltage regulator. The
scaling value is obtained by dividing the static gain at the nominal condition (i.e.
the one calculated off-line at the tuning point) by the calculated value of the static

gain updated for the actual operating condition:
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a(luD
K = Vet (5.24)
adapt — :
7D

Gain analysis above developed leads to a long and non-trivial expressions, also
involving trigonometric calculations. However, further manipulation on the static
gain equation (5.13) can significantly simplify the gain adaptation procedure, by
introducing electrical quantities which are already known from the current control
loop (synchronous voltages and currents).

In fact, from (5.12), the derivative is the sum of two terms

aquh| 1 (3 a(Ug)
or | _  2Uu,\ or | __ " ar
r=r r=r

_) (5.25)

which can be further expressed as

a(luD 1 a(Uy) a(U,)
or | .~ 2Uun 2Va—r—| +2U

) ) TE __) (5.26)

By considering the expressions for the steady-state voltage

Uy = Rely — Dpnelyly

(5.27)
Uq = RSIq + -QmeLdId + .Qme/lmg
the last equation can be expanded in
a(u 1 _ _ _ ~ - _
(alrl) =50 [2U04(—RsIs sinT — Lyl cos T
=T tim _ _ o _ (5.28)
+ 20U, (Rsls cos T — Ly Is sinT)|
leading to:
a(lu) 1 - = TN (p T ~
or | TTo [U4(=RsI, — LyQpely) + Uy(Rsly — Laf2mely )] (5.29)
r=r

Indeed both steady-state and transient conditions are here approximated by a
sequence of quasi-steady-state points. Calculation of the adaptation factor (5.24)
by using (5.29) is done on-line (i.e. at each sampling period, see Fig. 5.20),

requiring only small calculation efforts. In fact only few product/sum operations on
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the values of current, speed and voltage are required, values already available to
the vector controller.

Uy
i‘”" a(U))
ol -
QmeH rzrrwm
o] oqup | L
IIQO—D T :X adapt
Ugjo—»
(eq. 25)
qu—b

Fig. 5.20. Block diagram of the adaptation algorithm.

Since a voltage margin is needed during current transients following a torque
request, the technique used for voltage vector saturation and current control
during limitation conditions heavily affects the overall drive control stability and
robustness, obviously reflecting into torque ripple and efficiency performances. In
general, a trade-off between DC bus voltage exploitation and current ripple exists
since operation at higher voltage amplitude (i.e. around or above Uy) causes
transient voltage saturation.

In the case both speed and voltage are controlled by means of a closed-loop
scheme, the steady-state operating point under field-weakening can be reached by
proper regulation, without the need for calculation or use of tabled characteristics
from measurements. This is true even in the presence of parametric errors and non-
idealities (such as those due to magnetic saturation effects), because these will only

affect regulation dynamics, causing usually acceptable variations.
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Fig. 5.21. Open-loop magnitude (top) and phase (bottom) responses at various
speeds (i.e. current angle T), T € [Tyrpa ;T — 0.01], Iy = Lyy.

5.4.6 Simulation results

Reliability of the proposed analysis has initially been verified by comparing the
results of a complete electro-mechanical dynamical model simulation of the drive
system, including sampled-time control and inverter delay, and the linearized
continuous-time analytical model discussed in the previous sections.

A simple validation is obtained by comparing the small-signal response to a

square-wave voltage reference |u|*, as shown in Fig. 5.22, at two different rotor
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speed conditions in the flux-weakening region, at rated current and with a certain
design of the voltage loop controller. An optimal matching is obtained in both
conditions but a nearly unstable behavior is present at very high speed, due to a
reduced phase margin of the control loop, confirming the dynamical analysis of the
previous section.

A comparison between fixed and gain scheduling voltage controllers (designed
for the same maximum speed value of 22000 [rpm]) is shown in Fig. 5.23. A load
torque step disturbance (low-pass filtered at 1 kHz) at steady-state and high-speed
condition is applied and the response of the voltage control loop analyzed. The
reference voltage has been chosen to be lower than the maximum allowable voltage
of the inverter in order to study the behavior of the controller in non saturated
conditions. As shown in the zoomed boxes the peak voltage reached during load
torque removal is much lower when gain scheduling controller is considered, thus
confirming the reliability of the proposed analysis and the effectiveness of the gain
adaptation. Optimization of voltage control loop allows therefore to increase the
voltage limiting value and to maximize bus voltage exploitation.

Small-signal voltage vector amplitude control response @ €, = 10,000 [mech. rpwm]. I, = I,

| = Electro-mechanieal mode] a

= Eleetric linearized model |

Small-signal voltage vector amplitude control response @ Q,, = 20,000 [mech. rpm). I, = I,

AAAAA:

[LAAM W—
e Ui

— Electro-t

nechanieal model
— Electrie linearized model

Fig. 5.22. Dynamic response to a square-wave voltage reference, under two

different speed operating conditions (10,000 and 20,000 rpm).
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Fig. 5.23. Load torque disturbance rejection at 10000 rpm (simulation).

5.4.7 Experimental results

The three VCC flux-weakening approaches discussed above have been verified
by means of an experimental test bench equipped with an TPM motor for home
appliances and a controlled induction motor acting as a load (see section A.3).
Differently from the simulated model, in this case the voltage amplitude reference
is calculated on-line as a function of the actual value of the dc bus voltage,
ensuring that the PWM modulation always remains inside the linear range, with
an utilization factor € = 0.95. Since some measurement noise and inverter non-
idealities is present in the experimental system, proper filtering is applied to the
measured dc bus voltage, considering that the dynamical performances of the
voltage control is lower than those of the current control.

The results of the tests with the three flux-weakening approaches are very

similar, even if some minor differences arise, mainly due to the different values of
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the voltage controller gains. The results of the flux-weakening adopting a
regulation through a multiplicative factor on the current phase angle are shown in
Fig. 5.24. One can notice that a proper voltage and current control is obtained
both in transient and during steady-state conditions. The reference voltage
amplitude is slightly higher at the end of the speed transient as the DC bus voltage
increases due to a reduction of the power drawn from the input rectifier. The
reference torque is the value of the torque that the MTPA would provide in that
condition and the “measured” torque is indeed an estimated value based on the
motor parameters, as no torque sensor is available in the experimental setup. Since
the current speed regulator provides a reference for the current vector magnitude
instead of torque (to avoid the use of tabulated data), under flux-weakening an
inconsistency arises between the commanded torque (calculated according to the
MTPA curve) and the “measured” value, since the current vector is rotated out of
the MTPA curve.

i
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_-_\1I-:I_-Cll|ltl .-|h'-|u| ,
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mech. speed [krpimn)
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Fig. 5.24. Speed reference from 8000 to 13000 rpm (VCC, angle multiplicative

factor flux-weakening control, experimental).
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A prototype motor drive system for home appliances is considered as a test
bench to prove the effectiveness of the proposal. The results shown hereafter are
mainly intended to prove that optimal design of voltage command magnitude
regulation loop is possible and provides better dynamical response for each speed
operating condition, as demonstrated by the analytical developments of previous
sections. In all the results on-line adaptation of voltage regulator’s gains is
implemented. Maximization of the bandwidth of the voltage command regulation
loop is therefore obtained in the whole flux-weakening range and a lower voltage
(control) margin could be considered, especially at very high speed.

In the result of Fig. 5.25 a similar test to those of Fig. 5.23 is considered,
showing that a good agreement is obtained between theoretical analysis,
simulations and experiments. As in the results of Fig. 5.23 the reference voltage
has been chosen to be lower than the maximum allowable voltage out of the
inverter in order to study the behavior of the voltage controller in non-saturated
conditions. It should be noted that the experimental set-up does not allow a step
torque disturbance generation as in the simulation results, since an induction
motor drive is adopted as load in this case.

The design and optimization of the voltage regulator’s gains are done by
considering the open-loop transfer function (magnitude and phase) at e.g.,
10000 rpm. Gain scheduling is considered for the voltage regulator in these
experiments.

Referring to Fig. 5.25, when a lower value of the speed is commanded, i.e.
5000 rpm, and voltage regulator’s gain is kept constant, a relatively high value of
actual voltage overshoot is obtained as response to a sudden variation of load
torque. As a higher gain margin is available at lower speed, voltage regulator’s gain
can be adapted (increased) consequently. Then the response of voltage command
regulation loop to the same load torque variation provides a lower dynamical error.
Only one response for speed, current space vector phase and amplitude are shown
in the figure as the difference between the two cases (i.e. with or without gain
scheduling) is hardly appreciable. Different tests, conducted under similar
conditions, with gain scheduling activated and with a higher value of the voltage
regulator’s gain (an increase of 50% is considered, i.e. 3 dB) leads to instability.
This indirectly proves the consistency of the theoretical analysis, since it
demonstrates that, following the adaptation law, the stability limit gains are
independent on speed.
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In the results of Fig. 5.26 and Fig. 5.27 similar load torque disturbance tests at
5000 rpm are considered, respectively without and with gain adaptation.
Adaptation law coming from (5.24) and (5.29) is implemented in these cases,
instead of gain scheduling. Moreover the difference with respect to the results of
Fig. 5.25 refer to the voltage limitation value, that is now very close to the actual
inverter’s limitation, i.e. the voltage regulator will operate in saturated conditions
during transients.

The results show that the adaptation provides better overall results.
Particularly one can notice that the speed undershoot is highly reduced and
current control is maintained during the whole torque transient, definitively
proving that higher voltage control bandwidth is attained with the proposed
adaptive approach. This in turn means that a reduction of the voltage margin can
be considered in the voltage control loop, thus providing higher torque for the
same speed value.
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Fig. 5.25. Load torque disturbance rejection at 5000 rpm
(experimental, voltage regulator operates in linear conditions).
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Fig. 5.26. Load torque disturbance rejection at 5000 rpm (experimental, gain
adaptation is off).
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Fig. 5.27. Load torque disturbance rejection at 5000 rpm (experimental, gain
adaptation is on).

5.5 Conclusions

A selection of state-of-art feedback algorithms for deep flux-weakening control
of TPMSM drives have been compared both analytically and by means of
simulation, namely voltage magnitude control by means of direct (or quadrature)
or phase angle of the current space vector (VCC), voltage magnitude control by
means of commanded torque and flux (TFC) and single current regulator with
voltage angle control (SCR+VAC).

These techniques offer a feasible implementation and the inherent
characteristics of closed-loop control. In fact, good accuracy and robustness in
voltage limiting and current control is achieved. However, they differ in many

aspects related to dynamics, robustness to parameters and implementation
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complexity. Below, Table 5.1 summarizes the results of analytical and simulative

comparison between the three methods, according to the main aspects considered.

Table 5.1. Field-weakening methods comparison summary.

VCC FTC SCR+VAC
Voltage exploitation Good Good Excellent
(overmodulation (overmodulation | (constant
allowed) allowed) voltage
magnitude,
overmodulation
allowed)
Smoothness Very Good Good (issues in | Poor
flux-weakening (oscillatory
to MTPA | current
transition) transients)
Responsiveness Good Good Poor (current
is indirectly
controlled)
Robustness Very  good  (low | Good Poor (high
sensitivity to gain | (sensitivity  to | sensitivity  to
parameters) parameters gain
mitigated by | parameters)
feedback)
Implementation Normal (std. | Large LUTs | Normal
cost /complexity FOC+voltage (and heavy
magnitude regulator) | offline
measurement
work)
Analytical dynamics | Good (possibility to | Limited Poor  (static
comprehension/design | adapt gains analysis only)
optimally)

Moreover, for the methods based on regulation on the synchronous current
frame via the normal vector control, a novel theoretical static and dynamical
investigation has been proposed in this chapter. The analytical results prove that
voltage control loop dynamics can be analytically designed, which allows to
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guarantee stability and to maximize exploitation of the inverter bus voltage. A
simple approach for on-line gain adaptation has been presented, based either on
gain scheduling or on real-time calculation of the adaptation gain as a function of
the motor operating condition. The obtained experimental results based prototype
motor drive for home appliances prove that a lower voltage (control) margin can
adopted with the proposed approach with respect to standard solutions based on a
fixed design of the flux-weakening controller, and to easily exploit the PWM
over-modulation range, too. This leads to achieve a higher torque vs. speed curve
with the most stable and fast response possible. On the other hand, at a first
approximation, to achieve the same torque under constant apparent power, a lower
current level is needed, possibly leading to higher system efficiency and/or a
reduced value of the DC-bus capacitance (in the case of grid voltage rectifier fed

inverters, which is very common, especially in home appliances).

221

Tesi di dottorato di Sandro Calligaro, discussa presso I'Universita degli Studi di Udine






Conclusions

New applications of Permanent Magnet Synchronous Motors (PMSMs), other
than the typical high-accuracy and high dynamical performances servo drives, set
different requirements in the control of the related electric drives, thus efficiency,
cost and speed operating range become crucial parameters. In this perspective,
research issues as avoiding the use of mechanical sensors (“sensorless” control), and
ensuring the best exploitation of the supply voltage at high speeds
(“flux-weakening” control) gain a relevant role. In this work, different aspects
about these two topics have been investigated, starting from the study of
state-of-the-art to the proposal of new techniques, implementations or analytical

approaches.

Chapters 3 and 4 have described the activity in the sensorless field, dividing
the two chapters according to the two main classes of techniques, i.e. model-based
and injection-based methods. The development of a sensorless strategy for a
general-purpose Surface Mount-PMSM industrial drive has been carried out,
adopting a back-EMF observer in the stationary reference frame followed by
PLL-based position and speed estimates extraction. The advantages in simplicity
and easiness of modeling of this solution are exploited, obtaining a full analytical
description of the dynamics involved. This has led to the hints necessary for the
development of an automatic tuning procedure and of drive management and
supervision techniques, also introducing alternative means for speed estimation
checking. Finally, the introduction of a stabilizing direct-axis current component
for the low-speed operation is addressed by means of a novel linearized model,
characterizing the effects of this reactive current on the closed-loop speed control.

In the second chapter on sensorless control, some original contributions have
been proposed, all related to techniques in which the injection of a test voltage or
current test signal is adopted. For the demodulation of the high-frequency current

signal related to sinusoidal injection for anisotropy tracking, a technique based on
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DFT calculation has been proposed, which overcomes the issues related to the
unknown phase lag between carrier and measured signal. A different kind of
injection is instead considered in 0, where the PWM harmonic content is exploited
as an injection signal. This introduces many issues, since the transitions related to
PWM ripple happen during the single modulation period. Multiple current
derivative measurements by means of Rogowsky coils are performed and processing
of the acquired samples leads to an information on the rotor position. The analysis
is validated by simulations and preliminary experimental implementation, however
the technique requires more development in order to be applied to closed-loop
control. Finally, in 4.4 a novel injection-based technique is illustrated, which does
not rely on rotor anisotropy, only involving the torque generation characteristic of
PMSM, thus being suitable to isotropic rotor motors. Although dynamical
performances are not very high, both an online estimation technique for closed-loop
control and an initial position detection method are experimentally demonstrated.

In the last chapter, a selection of state-of-art feedback algorithms for deep
flux-weakening control of IPMSM drives have been compared both analytically
and by means of simulation, highlighting the advantages of the techniques relying
on the synchronous current frame. Moreover, for this class of methods, a novel
theoretical static and dynamical investigation has been proposed in this chapter.
The analytical results prove that voltage control loop dynamics can be analytically
designed, which allows to guarantee stability and to maximize exploitation of the
inverter bus voltage. A simple approach for on-line gain adaptation has been
presented, based either on gain scheduling or on real-time calculation of the
adaptation gain as a function of the motor operating condition. The obtained
experimental results, obtained on a prototype motor drive for home appliances,
prove that a lower voltage control margin can adopted with the proposed approach
with respect to standard solutions based on a fixed design of voltage controller.
This can lead to a higher torque vs. speed characteristic, or a higher system
efficiency for a given torque. Moreover, the improved dynamic performances in the
flux-weakening voltage limitation control allow improved performances to be

obtained in the current and speed control of the machine.
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Appendix A

Experimental setups

In this appendix the main technical data and pictures representing
experimental setups referenced in the previous sections are shown. The first,
comprising a SM-PMSM and general-purpose drive, has been used for the
experimental tests relating the model-based and low-frequency injection (vibration
based) estimation for sensorless control. On the second system, which consists of a
custom drive board and IPMSM designed for an electric scooter powertrain, the
DFT demodulation method has been tested for sensorless control based on
high-frequency injection (anisotropy based). In the last case an IPMSM for home
appliances was the machine on which the flux-weakening regulation and PWM
injection estimation methods were tested, using a commercial drive as the power
hardware and a dASPACE DS1104 system as the controller.
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EXPERIMENTAL SETUPS

A.1 Model-based and LF-injection

sensorless

Table A.1. Parameters of the SM-PMSM considered in simulations and
experimental setup on the back-EMF and LF-injection based sensorless control
(Chapter 3 and section 4.4).

Pole pairs, pp 4
Rated frequency, f;, 200 [Hz]
Stator resistance, R 1.095 [Q]
Synchronous inductance, Ly 0.008 [H]
PM flux linkage (amplitude), A, 0.204 [Vs]
Rated current, ||y rms 5.8 [Arms]
10 [Nm]

Rated torque, T,

Fig. A.1. Experimental setup for the SM-PMSM for the back-EMF and
LF-injection based sensorless control (3.5, 3.6.2, 3.7.3 and 4.4.3).
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EXPERIMENTAL SETUPS

A.2 DFT demodulation for
HF-injection sensorless

Table A.2. Parameters of the IPM motor considered in simulations and
experimental setup on the DFT demodulation for HF injection based sensorless
(section 4.2).

Pole pairs, pp 2

Rated frequency, f;, 86.7 [Hz]
Stator resistance, R 0.026 [Q]
Direct inductance, Ly 0.4 [mH]
Quadrature inductance, L, 1.45 [mH]
PM flux linkage (amplitude), A, 0.022 [Vs]
Rated current, |i,rms 63.64 [Arms]
Electromagnetic torque 17.5 [Nm]

Fig. A.2. Experimental set-up for the DF'T demodulation for the HF injection
based sensorless technique (4.2.7).
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EXPERIMENTAL SETUPS

A.3 Flux-weakening control and

PWM excitation sensorless

Table A.3. Parameters of the IPM motor considered in simulations and

experimental setup on the flux-weakening control and PWM excitation sensorless

control (Chapter 5 and 0).

Pole pairs, pp

Stator resistance, R

Direct inductance, Ly

Quadrature inductance, L,

PM flux linkage (amplitude), A,
Rated current, |i|,, ;ms

Electromagnetic torque, T, @500rpm
Electromagnetic torque, T, @18000rpm

2
2.86 [Q]
0.012 [H]
0.087 [H]
0.028 [Vs]
3 [Arms]
1.3 [Nm]
0.4 [Nm]

Fig. A.3. Experimental set-up for the the flux-weakening control and PWM

excitation sensorless (5.4.7 and 4.3.5).
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