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ABSTRACT

Nowadays high efficient electric drives are needed to achieve maximum per-
formance of an electric motor. Performance indeed, are a key factor in the
industry world. Automotive sector for instance, is undergoing a radical shift
from combustion engines to electric motors. Aircraft and navy, are moving
towards the electrification of all the auxiliary services. In this scenario not only
the performance are fundamental but even the capacity of the motor to with-
stand failure, i.e., fault-tolerant capability. The former one can be maximized
by implementing an accurate motor control. A correct rotor position in this
case is fundamental. Sensors such as encoder or resolver are used to obtain
the rotor position information, i.e., sensored control. In the last years, many
algorithms have been developed and investigated to eliminate the position
sensor which has some drawbacks. First of all the overall price is increased
because additional hardware and cabling are needed. More importantly, the
reliability of the drive is decreased since position sensor fault is common. In
a sensorless drive, no position sensor is needed because the rotor position is
estimated by processing stator currents or voltages according to the motor
speed range. Sensorless control allows reducing the overall price, motor frame
size and more importantly increasing the reliability of the drive. Fault-tolerant
capability, together with reliability of the drive and the need to achieve high
power density, is increasing the attention on multiphase machines.

This dissertation aims at investigating sensorless control at standstill and
low speed by using high frequency injection techniques. Motor anisotropy is
depicted by analyzing the current response due to the high frequency injection.
Since the motor parameters are different, several responses are obtained from
different motors. As a consequence, the performance achievable in sensorless
control are different for each machine. The ability of the motor to be controlled
in sensorless control is defined as self-sensing capability.

The thesis can be divided into two main parts. In the first part, sensorless
control applied to a multiphase machine with six phases is investigated. The
machine is analyzed as two three-phase windings, each one supplied by a
dedicated inverter. A fault-tolerant strategy is developed by studying the
motor self-selfing capability. The novelty of the proposed research is that the
self-sensing capability of the motor is enhanced and sensorless control without
divergence is obtained. No complex compensation algorithms are applied.
Finally, an application of the Kalman fusion algorithm to the sensorless con-
trol of aforementioned multiphase machine is investigated. Sensor fusion is
adopted to combine together more estimated positions from more winding
sets. The purpose is to close all three-phase windings control loops on one
fused position. By doing so, fault-tolerant of the machine is enhanced in the
case of a fault in the position sensor.



The second part of the thesis is focused on development of a novel ob-
server transfer function for the rotating voltage signal injection. The novelty is
that the whole estimator transfer function is retrieved in the Laplace domain
by exploiting the modulation/demodulation theory. With this approach, the
demodulation effects on filters transfer functions are considered and a proper
observer transfer function is retrieved. As a consequence the observer regu-
lator tuning allows achieving both maximum performance and the desired
closed loop bandwidth.

The whole thesis was fully validated through an intensive simulation and
experimental stage, except the rotating voltage injection which was tested only
by simulation. The aforementioned contents were presented by the author at
several international conferences and IEEE Journal papers. The complete list
of publications is reported at end of the dissertation.
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SOMMARIO

In questi ultimi tempi azionamenti elettrici sempre piu efficienti sono neces-
sari per raggiungere le massime performance di un motore elettrico. Inoltre,
la resilienza ai guasti sta riscuotendo molto attenzione sia da parte del mondo
della ricerca sia da quello dell'industria. Il settore automotive, ad esempio &
interessato da un cambio radicale del sistema di trazione che sta passando
dall’uso di motori a combustione a quelli elettrici. Anche altri settori come
quello aereonautico o delle navi, si stanno muovendo verso un’elettrificazione
maggiore, ad esempio rendendo sempre pit1 elettrici tutti i sistemi ausiliari. Un
controllo accurato di un motore elettrico ha bisogno della conoscenza della po-
sizione del rotore per raggiungere le massime performance dell’azionamento
elettrico. Di solito la posizione viene misurata attraverso 1'uso di sensori come
encoder o resolver denominando il controllo sensored del motore. Negli ultimi
anni, sono stati sviluppati ed investigati diversi algoritmi per eliminare 1'uso
del sensore di posizione che ha qualche svantaggio. Prima di tutto il prezzo
dell’intero azionamento elettrico € maggiore a causa del maggior hardware.
Inoltre, cosa ancora pilt importante, ’affidabilita dell’azionamento diminuisce
dato che un guasto nel sensore di posizione ¢ molto comune. In un aziona-
mento sensorless, il sensore di posizione viene eliminato percheé la posizione
del rotore viene stimata analizzando ed elaborando correnti o tensioni di
statore, in base al range di velocita dove sta lavorando il motore. Il controllo
sensorless permette di ridurre il costo dell’azionamento, le sue dimensioni
ed ancora pitl importante di aumentare 'affidabilita. Quest'ultima, insieme
alla loro capacita di resilienza al guasto ed alla alta densita di potenza sta
portando molta attenzione anche all'uso di motori elettrici multifase.

I lavoro di tesi si propone 'obiettivo di sviluppare algoritmi di controllo
sensorless a nulla o bassa velocita del motore attraverso l'iniziezione di segnali
ad alta frequenza. La posizione del rotore viene stimata analizzando la risposta
in alta frequenza del motore. Dato che i parametri del motore sono diversi,
ogni motore ha una risposta dovuta all’iniezione in alta frequenza diversa.
Di conseguenza, le performance raggiungibili dal controllo sensorless sono
differenti per ogni macchina. L'abilita del motore di essere controllato senza
sensore di posizione viene definita come self-sensing capability.

La tesi puo essere divisa in due parti principali. Nella prima parte, viene
sviluppato un algoritmo di controllo sensorless applicato ad un motore con
sei fasi. La macchina viene analizzata come due avvolgimenti trifase distinti,
ciascuno collegato ad un inverter dedicato. Studiando la self-sensing capabil-
ity del motore, viene sviluppata una strategia di resilienza al guasto. L'aspetto
innovativo della ricerca proposta & che la self-sensing capability del motore
& migliorata. inoltre il controllo sensorless viene ottenuto senza nessuna di-

vergenza e non vengono usate complesse tecniche di compensazione. Nella
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parte finale, si analizza e si realizza un’applicazione dell’algoritmo di Kalman
fusion al controllo sensorless. Lo scopo dell’applicazione & quello di unire
propriamente le due posizioni stimate dai due avvolgimenti trifase in maniera
tale da chiudere tutti e due gli anelli di controllo su un’unica posizione. In
questa maniera, la capacita di resilienza al guasto della macchina & migliorata
nel caso di un guasto del sensore di posizione.

La seconda parte si concentra sullo studio e la realizzazione di una nuova
funzione di trasferimento dell’osservatore per l'iniezione rotante. La novita
della ricerca sta nel fatto che la completa funzione di trasferimento viene
trovata nel dominio di Laplace applicando la teoria della modulazione/de-
modulazione. In questo modo, gli effetti della demodulazione sulle funzioni di
trasferimento dei filtri vengono considerate ed una propria funzione di trasfer-
imento viene trovata. Di conseguenza, il tuning del regolatore permette di
raggiungere la banda di controllo ad anello chiuso desiderata e le performance
dell’azionamento vengono migliorate.

I lavoro di tesi & stato completamento validato attraverso molteplici prove
sperimentali, tranne che per il lavoro sull’iniezione rotante dove la nuova fun-
zione di trasferimento e stata testata solo in simulazione. I contenuti appena
citati sono stati esposti dall’autore in molteplici conferenze internazionali e
riviste IEEE. La lista completa delle pubblicazioni e riportata nella parte finale
della tesi.
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1 INTRODUCTION

High efficiency electric drives and maximum performance of the motors are
key targets in nowadays projects. First electric drives were made using Induc-
tion Motor (IM) thanks to their low production cost. The increasing energy
costs and the new environmental challenges are driving the electric drives
sector to use different Alternating Current (AC) motors such as the Permanent
Magnet Synchronous Motor (PMSM) [1]. Synchronous machines are gaining
increasing interest thanks to their fast dynamic response, good overload ca-
pability and high energy density. Among the synchronous machines, due to
the high cost of the permanent magnet and the pollution created during the
mining operation, different solutions have been investigated. A viable alter-
native can be identified in the Synchronous Reluctance (SynR) motors. The
robustness, the wide operating range and the absence of permanent magnets
made these motors more and more attractive over the years. Moreover, due to
the electrification process of energy production, transportation [2] and thanks
to the significant cost reduction of the power electronics components, multi-
phase machines [3] have attracted great attention. The increase of the number
of phases allow the reduction of the phase current, hence high dynamics can
be reached for high power systems usually characterized by low dynamic and
high current. Multiphase machines can be studied with different approaches
developed in the literature.

Multiple orthogonal subspaces using a dedicated matrix are the result
of the Vector Space Decomposition (VSD). Energy conversion and torque
production are performed in the machine’s time-fundamental model, i.e.,
a single subspace. The other subspaces map the harmonic patterns of the
machine [4-6]. A great advantage of the VSD is that can be applied to machines
either with a symmetrical or asymmetrical windings configuration. Defining
the Number of phases (n), the spatial shift between two consecutive windings
is 27 /n for the symmetrical configuration whereas a machine is asymmetrical
if the phase shift between the corresponding phases of the winding sets is 7 /n.
All the control algorithms defined for a three-phase machine can be applied
with the VSD method, i.e., VSD-based pulse width modulation techniques,
space vectors and carrier based methods [7-10]. Moreover, most fault-tolerant
strategies for multiphase machines based on open phase fault are based on
the control of the harmonic subspaces [11,12]. Nevertheless, VSD approach
has limitation in the modelling of the modular configuration of the stator
windings for a multiphase machine, namely, when the stator is made up of
more three-phase windings. Indeed, only the total torque of the machine is
retrieved with the VSD approach, whereas is impossible to determine the
torque production of each three-phase winding set. Furthermore, the pulse
width modulation techniques applied for the VSD increment their complexity

7



1. INTRODUCTION

with the number of phases. Usually, in case of open circuit fault, the entire
redefinition of the modulation technique needs to be done [13].

Multi Stator (MS) approach is the second modelling method used for mul-
tiphase machines [14]. A modular configuration of the stator windings can
be described by modelling the machine as multiple winding sets operating
in parallel. Thus, solving the drawback of the VSD in describing modular
configurations. Each set must consists of | three-phase winding sets (I>1), with
an isolated neutral point treated with a dedicated VSD transformation [15].
Power converters can be designed as multiple three-phase modules with great
advantages in terms of size and costs. Multi three-phase machines are widely
described with the MS approach. The stator is split in several three-phase
windings and each set is described through its own time-fundamental VSD
subspace. Therefore, for a machine with [ winding sets, [ time-fundamental
VSD subspaces are obtained [16,17]. Torque production is possible to be ex-
hibited for each different subspace. MS method can be described as a modular
application of the VSD approach to multiphase machines. The modularity
allow implementing independent modular modulation algorithms. The major
drawback of the MS approach is the magnetic coupling between each winding
sets [18]. Instability issues of the control algorithm can arise. A decoupling
method for the MS approach is described in [19].

Describing correctly the machine is not enough to develop an effective mo-
tor control. Indeed, an accurate knowledge of the rotor position is mandatory
to reach optimal performance of a PMSM. Encoder or resolver are used to
obtain the rotor position defining the sensored control. The use of this kind
of sensors increase the overall price and decrease the reliability of the drive.
Additional hardware and cabling are the main drawbacks. Several position
estimation algorithms have been developed to remove the position sensor
by reducing the motor frame size, lowering the price and increasing the reli-
ability of the drive. In a sensorless drive, the estimated position is used for
motor control and no position sensor is needed. Sensorless algorithms can be
bundled into two groups according to the operating speed of the motor.

At medium-high speed range, the rotor position is estimated through a
reconstruction of the Back Electromotive Force (BEMF) [20,21] or the active
flux [22,23]. These variables are calculated through the measurement of cur-
rents and stator voltages, which amplitude is proportional to the rotor speed.
As a consequence these methods can be applied only in medium and high
speed range.

At standstill and low speed region, rotor anisotropy is exploited through
additional High Frequency (HF) injection in the stator windings. Several algo-
rithms have been investigated and can be bundled into two groups, according
to the reference frame in which the methods are applied or the type of in-
jected signal. In the former, an HF signal is superimposed to the fundamental
voltage reference in the estimated synchronous reference frame, usually the



d-axis [24,25]. The rotor position is retrieved by the minimization of the mea-
sured pulsating current along the estimated g-axis with the use of an observer.
In the latter group, the HF voltage signals are superimposed to the funda-
mental voltage references in the stator reference frame [26,27], called rotating
signal injection sensorless techniques. These algorithms estimate the rotor
position by demodulating the negative sequence carrier current through a
synchronous reference frame filter and an observer. It is worth noting that
Interior Permanent Magnet (IPM) and SynR motors are more suitable to HF
thanks to their pronounced anisotropy.

HF injection depicts the rotor anisotropy by analyzing the current response.
Several responses are obtained by each motor since the parameters are differ-
ent, hence the performance achievable in sensorless control can be different
for each machine. Moreover, the operating point of the machine changes the
frequency response since magnetic saturation and cross coupling occur at high
current. The former reduces the rotor anisotropy, reducing the signal-to-noise
ratio of the position estimation. The latter one introduces a position estima-
tion error which degrades the electric drive performance and it could lead
to stability issues. To eliminate or reduce the position error, several complex
compensation methods have been developed for three-phase motors [28-30].
Low speed sensorless algorithms and compensation techniques have been
applied even to multiphase machines in [31-35]. In [32], a six-phase motor is
used. MS approach is used to describe the machine as two three-phase sets,
namely, Dual Three-Phase Motor (DT). A new degree of freedom is provided
by the additional three-phase winding. The method takes advantage of the
additional degree of freedom of DT motor reducing both the torque and
the dc-link current ripple. The method is applied to a PMSM and a constant
steady-state error is shown. A different approach is used in [33] where the
high frequency signals are injected in only one three-phase electrical winding.
The method is applied on a low voltage PMSM and good performance is
achieved. The zero sequence voltage is exploited in [34] to estimate the rotor
position and the undesired harmonic is suppressed by applying an optimal
phase shift between the two independent injected signals. However, a quite
large constant estimation error is reported. A compensation method based
on current pulse injection is investigated in [35]. The additional degree of
freedom of a DT PMSM is exploited to estimate motor parameters and, in
turn, improve the sensorless accuracy.

Sensorless control on multiphase machine can be also applied by imple-
menting sensor fusion techniques. Thanks to the modularity provided by the
MS approach, a machine with [ three-phase sets can be supplied by / inverter.
Moreover, a position estimation algorithm can be applied for each winding
sets resulting in [ estimated positions. Sensor fusion algorithms can be used
to merge the [ estimated positions into an unique fused estimated variable.
Hence, sensorless control can be performed. Kalman Filter (KF) [36,37] is
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one of the most significant. In [38, 39], multi-sensor data fusion techniques
based on KF are applied to electric motors. Two different approaches to KF
for sensor fusion are reported in the literature. The former one is called mea-
surement fusion and it simply merges the multi-sensor data incrementing
the size of the observation vector [40,41]. The latter is called state fusion
and it consists on multiple KF that run in parallel on different models. The
outputs of the bank of KF are then merged together using the minimum mean
square error estimation to obtain an unique weighted measurement as final
estimation [42,43]. The main difference between the two approaches is the
computational load. Incrementing the size of the observation vector results
in an higher computational cost. Nevertheless, if the sensors’ matrices have
different sizes, the second approach may be inapplicable.

To conclude, the performance of an electric drive are influenced even by
how the whole plant model is described. In an electric drives, several control
loops interacts with each other, hence an accurate plant model must be pro-
vided to use model-based design methods. Which are the main algorithms
developed in this dissertation. A sensorless plant scheme contains the cur-
rent and speed loops that interact with each other and with the observer
regulator [44]. Therefore, an inaccurate description of the observer Transfer
Function (TF) could lead to instability issues and inaccuracy of the estimated
position. Both time and Laplace domain variables are reported in a sensorless
system representation. However, the conventional approach usually derive
the observer TF in time domain by adding filter TF's only a posteriori lead-
ing to an incorrect design of the observer regulator. In [45] a new observer
TF is proposed by exploiting the modulation/demodulation theory in the
Laplace-domain for the pulsating signal injection. Regarding the rotating
signal injection the literature still reports an observer TF representation ob-
tained by blending together both time and Laplace-domain expressions [46].
Therefore, an accurate tuning of the controller and accuracy of the position
estimation cannot be performed.

This dissertation wants to give its contribution into low speed sensorless
control for three-phase and multiphase motors, hoping to provide interesting
insights into future research. In Section 1.1, the critical aspects and the main
contribution of the dissertation are summarized.

1.1 Investigated Aspects and Contribution

Within the scenario outlined above, the thesis investigates the design and
implementation of sensorless control algorithms in the low speed or standstill
speed range. Both three-phase and multiphase electric motors are considered.
The challenges on which the thesis is focused on and the proposed solutions
are summarised in the following subsections.
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1.1.1 Self-Sensing Capability Investigation

Challenge. Sensorless control relies on the motor parameters to reach max-
imum accuracy of the estimated position. Since the motor parameters are
different for each machine, several responses to the high frequency injection
can be obtained. As a consequence, since the response of the machine is an-
alyzed to retrieve the rotor position in the standstill and low speed range,
the accuracy of the latter is affected. Moreover, due to the cross inductances,
an estimation error appears. As a consequence, the estimated position is not
the same as the actual one, especially when the machine is operating at high
current, i.e., is saturated. Different responses are obtained for different ma-
chines, hence if the estimation error is too big, sensorless control divergence
can occur. As aforementioned, the operating point on which sensorless control
divergence can appear is different for each machine.

In the outlined scenario is important to characterize the ability of the

motor to be controlled in sensorless mode, i.e., the self-sensing capability of
the machine.
Contribution. A sensorless control strategy that allow enhancing the fault-
tolerant capability of a six-phase motor is retrieved. The strategy is developed
by studying the motor self-sensing capability. The motor is decomposed in
two three-phase sets using the MS approach and each set is supplied by a
dedicated inverter. The developed strategy uses the new degree of freedom
given by the second set to control the motor without position sensor with an
almost zero estimation error. The method is based on the verified assumption
that cross inductance terms responsible for the estimation error are negligible
when the motor is low saturated, i.e., at low current. Hence, a set is used at low
operating points to estimate the correct rotor position. Therefore, both three-
phase sets are closed on the estimated position from the set operating at low
current. The developed control strategy allow controlling the second set up
to its nominal current and overloaded without sensorless control divergence.
Moreover, the estimated position is accurate and not affected by the estimation
error due to cross-magnetic saturation that is the main flaw of low speed
algorithm and no motor parameters are required.

The developed sensorless control strategy reduces the available torque at
motor shaft since a three-phase set has to operate at low current to estimate the
correct rotor position. However, the main application for which the strategy
was developed is a fault in the position sensor. In this case, the fault-tolerant
capability of the motor is enhanced by applying sensorless control without
using complex compensation methods. The control strategy it is not changed,
indeed is enough to reduce the current in one set and estimate with it the rotor
position to close both control loops. The study is validated both through Finite
Element Analysis (FEA) of the adopted motor and an extensive experimental
stage.

11
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1.1.2 Sensor Fusion Algorithm

Challenge. This study takes into consideration the sensorless control strategy
developed in Section 1.1.1, as well as the same machine. It is worth remember-
ing that the presented sensorless control strategy uses the two sets at different
operating points. Only the estimated position from the winding that operates
atlow current is used in the study briefly described in Section 1.1.1. However it
is possible to estimate the rotor position even with the second three-phase set.
In this case, two estimated positions are available in the control and since the
estimation error is different depending of the operating point of the machine,
one position may be more truthful than the other one.

The main challenge faced by this study is how to combine the two esti-
mated position in a proper way to obtain an unique estimated rotor position
to close both control loops.

Contribution. The main idea of the study is to merge together with an appro-
priate algorithm the two estimated positions, i.e., input variables. The unique
merged variable is used to perform sensorless control.

Two fusion techniques are adopted and compared, a mean average and
an application of Kalman filter sensor fusion. In the former approach, same
weight is assigned to both estimated position whereas different weight is
assigned with the latter one. Kalman filter sensor fusion fuses together the
estimated position of the two three-phase sets. The unique obtained state is
the result of a proper weight of the two input variables. As aforementioned,
the weight of an estimated position is a function of the operating point of
the winding set. The weight to assign at each estimated position is found
experimentally by an extensive experimental stage to validate both different
supply scenario and the developed study. Sensorless control is performed
without using compensation methods and the estimation error is almost
nullified. The investigation is conducted taking a fault in the position sensor
as a reference scenario.

1.1.3 Modelling of a Position Observer

Challenge. An observer is used to retrieve the rotor position in a low speed
sensorless electric drive. The regulator inside the observer has to interact
with speed and current loops. To tune the regulator and reach optimal per-
formance of the electric drive, model based design methods are mostly used.
As a consequence, when using this approaches, an accurate plant model is
mandatory.

The main challenge that this study faces is that rotating signal injection ob-
server TF is retrieved by mixing together time and Laplace domain variables.
As aforementioned this leads to not considering demodulation effects on fil-
ters TFs. Hence, the sensorless plant is not well described and this could lead
to instability issues of the electric drive. Furthermore, the design performance

12
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of the observer can not be reached.

Contribution. The whole rotating voltage injection TF is retrieved in the
Laplace domain. Modulation/demodulation effects on filters TFs are con-
sidered and an optimal description of the plant is obtained. The plant TF is
retrieved by exploiting the modulation/demodulation theory. Simulation re-
sults validate the developed position observer by analyzing both the observer
time response and the position tracking. Different regulators are designed by
using both the Direct Synthesis (DS) and the Internal Model Principle (IMP)
approaches to highlight the correctness of the proposed observer TF for the
rotating injection based sensorless control.

1.2 Dissertation Outline

The dissertation consists of six chapters. The current chapter, Chapter 1, intro-
duces the considered research topics, highlighting the main aspects on which
the research activity reported herein is focused. The theoretical background
about sensorless control and the different estimation algorithms used at low
speed or standstill are described in Chapter 2. The studies carried out in the
dissertation can be divided in two main groups. The first one is composed by
two works regarding the sensorless control applied to a multiphase machine.
In Chapters 3, 4 fault tolerant sensorless control strategies are performed
using a dual three-phase synchronous reluctance motor in the case of a fault
in the position sensor. In particular, Chapter 3 allow controlling the motor
by using only one estimated position whereas a sensor fusion algorithm is
implemented in Chapter 4 and both estimated positions are used in the control.
The second part regards a new position observer retrieved completely in the
Laplace domain for the rotating voltage signal injection and it is reported in
Chapter 5 Finally, the general conclusions from the whole research work are
reported in Chapter 6.
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2 SENSORLESS CONTROL AT LOW SPEED OR STAND-

STILL: THEORETICAL BACKGROUND

In the following, the theoretical background of different HF injection sensor-
less techniques at low speed or standstill is described. Then, an exhaustive
discussion about the estimation error introduced by sensorless control and
how to compute and predict the ability of the motor to be controlled without
position sensor is given.

2.1 Pulsating Signal-Injection

Pulsating signal-injection [47] is based on superimposition of HF voltage
signals on the fundamental one in the synchronous dq reference frame. By
omitting the time dependency of the stator variables to ease the notation, the
stator voltage balance equations of a PMSM in the dq reference frame are:

dAq(tq, 1
uqg = Rgig + % - wme)\q(idv Z.q)
(i) 2.1)
2d,
g = Ryig + —2820 4 Naliayig)

dt

where w4, u, are the stator voltages; R, is the stator resistance; iq4, i, are the
stator currents; A4, A\, are the flux linkages and wy,e = p wy, are the electric
speed, pole pairs and mechanical speed, respectively.

The expanded linearized expression of the flux linkages is:

dAg(ig,1 o di o di
% = ldd(zd, Zq)?: + ldq(Zd, Zq)E

2.2
dXg(id,iq) .. dig . dig 22)
—x Laq(id, Zq)g + lgq(ia, Zq)ﬁ

where l44 and [, are the differential self-inductances and I, is the differential
cross-inductance. Pulsating signal-injection estimates the rotor position by
injecting an high frequency sinusoidal voltage signal along the estimated
c?—axis, ie.
Upa = Uy, cos(wpt) 23)
Upg =0
where U}, and wy, are the magnitude and the pulsation frequency of the in-
jected sinusoidal wave. The hat superscript highlights the variables obtained
in the d®¢” reference frame. The different reference frames in which the motor
equations can be represented are shown in Fig. 2.1. The measured rotor posi-
tion ¥, is defined as the angle between the rotating reference frame dg and
the stationary one a/3. The estimated rotor position Upme is the angle between

15



2. SENSORLESS CONTROL AT LOW SPEED OR STANDSTILL: THEORETICAL
BACKGROUND

Figure 2.1: Electric motor reference frames: synchronous dg, estimated d”¢” and sta-
tionary af.

the estimated d*¢” reference frame and the a8 one, whereas AV, = Ve -
3,,16 is the position error.

The injection of an HF voltage signal, leads to induced high frequency
currents:

iha = Mlls; — Ln c08(2A0 ) — lLag sin(2A0,,.)] sin(wpt)

~ (2.4)
ihg = M[la sin(2A%e) — lyq cos(2A0 )] sin(wpt)

where M = U, /(wn(laaleq - ldqz)), Ian = (lad - lgq)/2 is the differential semi-
difference inductance and Is; = (lgq + l44)/2 is the differential mean value
inductance. At the injection frequency the resistive voltage drop is negligible
with respect to the inductive one, the motional voltage terms can be neglected
due to the low operating speed and the cross coupling terms are neglected
as well being w;,e < wy,. The currents in (2.4) represent a pulsating vector iy,
in the synchronous estimated d”¢” reference frame as shown in Fig. 2.2. To
retrieve the rotor position, the iy, is demodulated with the scheme shown
in Fig. 2.3. The estimated currents in the d*¢” are measured and the high
frequency component of the quadrature current ?q is extracted with an High
Pass Filter (HPF). The /i\hq is multiplied for sin(wyt) and then the signal is
filtered with a Low Pass Filter (LPF) to eliminate the alternating component
at twice the injection frequency. The signal is then driven to zero by means of
the observer. A Proportional Integrator (PI) Regulator (REG), together with
the integrator already present in the position observer allow retrieving the
estimated rotor position 3,”@.

ih

Figure 2.2: Pulsating current vector representation in the estimated reference frame
d*q”.
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demodulator

Observer

Figure 2.3: Pulsating injection position observer.

2.2 Rotating Signal-Injection

Rotating signal injection retrieve the rotor position by injecting HF voltages in
the stationary reference frame «/3. The voltage balance equations of a PMSM
in the a3 reference frame are:

d)\a (icw iﬁ7 7-9me)

a = Rs o
U lo + dt 25)
. dAﬁ(iaviﬁaﬂnLe) .
up = Raig + == 2o

where u,, ug are the stator voltages, i, is are the stator currents and A, Ag are
the flux linkages. It is worth highlighting the dependency of the flux linkage
both on the stator currents and on the rotor position 9,,,.. The flux linkages
in (2.5) can be written as a function of the motor apparent inductances L, Lg
and the magnet permanent flux A, as:

)\oz(iou iﬁ» ﬁme) = La(iom iﬁ, ﬁme)ia + )\mg Cos(ﬁme)

2.6)
)\5(1'&, iﬁ, ﬁme) = Lﬁ(ia, iﬁ, ﬁme)iﬁ + /\mg SiIl(ﬁme).

To simplify the notation, in the following equations the explicit stator cur-
rents and rotor position will be hidden. Replacing (2.6) in (2.5), the expanded
expression of the flux linkages can be found, namely:

Ao dia . dig dLo .

T G e (e i) o
s dig  dia Ly '
— =lg—= la 5, me| 549 )\m ﬁme

@ g Tlestgg TV (dﬁmelﬁ+ g cos( ))

where [, [ and [, are the motor differential inductances in the stationary
reference frame. The differential inductances can be also rewritten as a function
of the meaningful differential inductances in the synchronous reference frame
defined in 2.4 as follows:

lo =ls +1a cos(20me) — lag sin(Prme)

lg =ls — Ia co8(20me) — lag sin(Vime) (2.8)

lap = lasin(20e) + lag cos(20 e ).

Rotating injection sensorless techniques [48] add two HF sinusoidal voltage
signals on the fundamental ones to excite the system and retrieve the rotor
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observer

o

cos(2U0me — wht)Hsin(Q@\me — wpt)

demodulator

Figure 2.4: Rotating voltage injection system representation.

position. The injected signals are:
Upa = Up cos(wpt) upg = Up sin(wpt). (2.9)

The injected voltages induce HF currents in the stationary reference frame

af:
iha(t) = Is(ls sin(wpt) + /1% + l?iq Sin(2(Yme — €) — wpt))

ing(t) = —I(Is cos(wpt) + /14 + l?iq co8(2(Vme — €) — wpt))

(2.10)

where I = Uy /(wn(laalgq - lag?)) and e= 0.5 atan2(-ly,,lA) is the steady state
open loop estimation error due to the cross differential effects. A more detailed
explanation of the meaning of ¢ will be given in Section 2.2.2. The currents
in (2.10) are composed by two components, the positive sequence does not
contain information about the rotor position while the negative sequence can
be used to obtain the information about the rotor position. A system represen-
tation for rotating signal injection is shown in Fig. 2.4. To retrieve the rotor
position, the measured stator currents in the stationary reference frame o3 are
filtered by means of an HPF to isolate the high frequency components. The HF
currents iy, and ipg are multiplied for co-sinusoidal functions that depend
both on wy, and the estimated rotor position 1/9\m€. The signals are then added
together and the resulting signal is filtered by a LPF to eliminate the oscillat-
ing component at twice the injection frequency added by the demodulation.
The output of the demodulator block € is:

¢ = I\ JIX + 12, sin(2(0me — Ime — €)) & 20 /1% + 13, (Fime — Ve — €)
(2.11)

where a small estimation error is assumed to approximate the sine function
with its argument. A PI, together with the integrator already presents in the
observer scheme, is able to retrieve the estimated rotor position.

2.2.1 Ellipse Fitting

Ellipse fitting technique [49, 50] is a sensorless technique based on the imposi-
tion of two HF signals in the stationary reference frame. The process to retrieve
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the rotor position is an alternative to the demodulation scheme described in
Section 2.2. The HF voltages induce HF currents, whose trace in the stationary
af3 reference frame is an ellipse. The ellipse rotates at the electrical motor
speed wy,. accordingly to the rotor position.

The information about the rotor position is contained in its major axis tilt
that is oriented with the rotor axis with lower inductance, i.e. d-axis for IPM
and g¢-axis for SynRM. The tilt of the ellipse is retrieved from the sampled
currents with a Recursive Least Square (RLS) algorithm by using the implicit
equation of the ellipse, namely:

ai2 + bigig + ci% +dio +eig=f (2.12)

where © = [a, ¢, b, d, e, f]* is the vector of coefficients that describes an ellipse
in the o reference frame. It is worth noting that in (2.12) the current samples
are composed by the fundamental currents (i4,i3) and the HF ones (i5q,in3).
Therefore, the currents samples are not filtered by an high pass filter as the
conventional ellipse fitting algorithms [51]. The high pass filter is not able
to track the ellipse trajectory centered on the origin during transient. As a
consequence the rotor position estimation is worsened.

The relationship between the ellipse coefficients © and the motor parame-

0= B+ 14 + 13, + 2513 + 13, cos(2(Ime — €))
b=dis\[13 + B, sin(2(Vme — ©))

) 2 2 2
c=1E+1A+13, — 2lzm cos(2(Urme — €)) 2.13)

d= 7(20,[0( + b[ﬁ)
—(2¢I, + bl,)
Up _ 2
= —%—all —bl, Is—clj.
f WZ aly B~ Clg

ters is:

It is worth noting the dependency from the motor parameters of the co-
efficients [a, b, |, whereas [d, ¢] also depends on the fundamental currents.
Furthermore, provided that the ellipse trace is detectable, the ellipse tilt is
independent to the current magnitude. The estimated rotor position can be
retrieved by manipulating the estimated coefficients [a, b, ¢], namely:

~ 1

Yme = — atan .
2 a—c

(2.14)

The estimated position with (2.14) it is not used in a real electric drive with
ellipse fitting algorithm due to two main flaws. The former one is that, due to
the ellipse symmetry over 7, the estimated position varies only in the range
of [0, 7]. The latter is that it is a noisy estimation since it is retrieved from
trigonometric functions with estimated coefficients as argument. A smoother
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estimation with a proper range can be obtained by computing the sine and
cosine functions of ¥,,,, namely:

c08(20me) = ——m O
Vb2 + (a —¢)?
R b (2.15)
Sin(29e) =

The estimator uses the sine and cosine components to feed a Quadrature-
PLL (Q — PLL) shown in Fig. 2.5. It is worth noting that the unitary gain
between the estimated position from the Q — PLL and by means of the RLS
algorithm is neglected to ease the notation. The regulator inside the Q — PLL
scheme can be easily tuned since its closed-loop transfer function is:

REG(s)

W) = rpae (2.16)

where no parameters appear.

Finally, it is worth noting than no motor parameters are used to retrieve
the rotor position or to tune the estimator, so the chosen observer can be con-
sidered robust against parameter mismatches. The regulator tuning is a crucial
point in a sensorless drive since the performance of the position estimator
strictly depends on its tuning. Fast and stable position estimation and an
high disturbance rejection are the key point that must be guaranteed during
the design of the regulator. Model based design method needs the motor
parameters to tune the regulator. However the described method does not
require any motor parameters knowledge. The RLS algorithm elaborates the
measured currents, by minimizing he sum of the squared distance between
the measured currents and the fitting model, the best ellipse parameters are
estimated. Hence, no motor data are required. This is an important charac-
teristic compared to other conventional observers where motor parameters
knowledge are mandatory to guarantee a constant observer open-loop gain
and, in turn, constant performance [52]. The EF algorithm together with the
Q — PLL form the Position Estimator (PE).

A feasible regulator to retrieve the rotor position could be a PI controller. A
critical damping factor &,; = 1/v/2 and a desired natural pulsation w,;; have
to be chosen for the regulator tuning. Selecting the critical damping factor
is a design choice and typically its choice needs to take into consideration
a slow response of the estimation after accelerations. The aforementioned
requirement can be achieved by means of the following proportional K, and
integral K; coefficients:

Kp = \/iwpll

2.17)
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Figure 2.5: Quadrature-PLL scheme.

2.2.2 Self-Sensing Capability

High frequency injection is based on the addition of HF signals on the fun-
damental one. The estimated rotor position Upme is retrieved by analyzing
the response of the motor according to the sensorless algorithm used. The
feedback of the motor is a function of its own parameters, i.e., the depicted
anisotropy. Hence, a motor can be more suitable for sensorless control than
another one [53,54]. The ability of the motor to be controlled without position
sensor is referred as the self-sensing capability. Indeed, the motor itself acts as
a sensor in a sensorless drive.

Magnetic saturation and cross-coupling negatively affect sensorless control.
T he former reduces the detectable anisotropy whereas the latter one induces
a position estimation error ¢ which degrades the electric drive performance
and it could lead to stability issues. At steady state, the relationship between

~

Ume and the estimation error is the following:

~

Dme (’id, iq) = Ume + G(id, iq) (218)
where € can be computed as:
G(id, iq) =0.5 atanQ(ldq(id, iq), —Ia(iq, Zq)) (2.19)

A more detailed definition of the differential inductances in the dq reference
frame is the local derivative of the flux linkage maps:

o . ONaliasia)  ONaliasi
lad(id;iq) ldq(Zdwq)] _ [ fata) Dl Q)] . (2.20)

! ig
. . O (id,iq) O (td,iq)
lqd(ldvlq) ltIQ(Zdan) qaid 4 qa,;q <

It is worth noting that the estimation error depends on the the operating
point of the machine since saturation and cross-saturation inductance vary
according to the current operating point. At low current cross-saturation
inductance is usually negligible and, in turn, the estimation error. As the
current increases € becomes more relevant.

The motor self-sensing capability can be studied by defining the observer
trajectories. The observer trajectories are defined as sensored trajectory ¢; and
sensorless trajectory t,. To depict them, an estimator can be implemented to
estimate the rotor position. To obtain the ¢; trajectory, the control is closed on
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the measured position, i.e., the estimator works in open loop. Therefore, the
estimated rotor position is not used in the control and e does not affect the
operating point of the machine. As a consequence, if the control loops are well
designed, the actual operating point coincides with the reference one. The
estimation error can be computed for any current level along a predetermined
Reference Trajectory (REF) and it can be depicted in the dq current plane by:

1:2 = iqcos(€e(iq,1q)) — iqsin(e(ia, iq)) (2.21)
tq

where i4 and i, are obtained with the measured position and iy and i; depict
the desired trajectory in the estimated reference frame. It is worth noting
that the trajectory ¢, exists for any level of current load, since the drive is
not affected by the observer and, in turn, by its estimation error. The angle
between the reference line and ¢; represents the estimation error. At low
load, magnetic cross-saturation is almost negligible, so e is negligible as well,
whereas it increases as the current magnitude raises to its nominal value
since magnetic saturation and cross-coupling become relevant. It is worth
highlighting that the electric drive does not work in every condition along
the sensored trajectory ¢; since it is only a graphical expedient to show the
observer’s estimation error for any load level.

In a sensorless electric drive, the estimated position is used to perform Park
transformation and to compute the speed feedback. The estimator operates
in closed loop, hence its performance and accuracy affect the overall electric
drive behaviour. In sensorless mode, the motor draw a different trajectory
that is called t5 and can be calculated with (2.21). In this condition even iq4
and i, are affected by the estimation error since the whole electric drive is
closed on the estimated position. The trajectory t, represents the electric drive
operating locus in sensorless mode computed from a reference trajectory. The
trajectory t, does not exist for any current level, since if the estimation error is
too large, no stable points exist for the overall system, leading the electric drive
in unstable condition. Stable points around ¢, can be found by computing the
intersection between the condition where the high frequency currents are zero
and their derivate with respect the current angle has negative slope [55,56].
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3 INVESTIGATION ON THE SELF-SENSING CAPA-
BILITY OF A DUAL THREE-PHASE SYNCHRONOUS
RELUCTANCE MACHINE

An investigation on the self-sensing capability of a dual three-phase syn-
chronous reluctance motor is proposed in this chapter. Low speed sensorless
algorithms retrieve the rotor position by exploiting the motor anisotropy,
which must be detectable. However, magnetic saturation and magnetic cross-
coupling negatively affect the performance of the estimator. IPM and SynR
motors are suitable for estimating the rotor position by means of low speed
sensorless algorithms due to their relevant rotor anisotropy but, at the same
time, they exhibit a strong magnetic saturation which effect must be properly
evaluated.

As highlighted in Section 2.2.2, an estimation error is introduced by sen-
sorless control. An expression to calculate € is reported in (2.19). It is worth
remembering the dependency of € from the operating point of the machine. At
low load, magnetic cross-saturation is almost negligible and e is negligible as
well, whereas it increases as the current magnitude raises to its nominal value
since magnetic saturation and cross-coupling become relevant. Sensorless
control divergence can occur when the motor is highly saturated due to the
high value of e. To study the operating points in the dg plane in which sen-
sorless control can be performed, self-sensing capability has been introduced.
Sensored trajectory ¢; allow depicting the Open Loop (OL) estimation error,
whereas sensorless trajectory ¢, describes the stable operating points where a
motor can be controlled sensorless.

By means of the study on the self-sensing capability, a sensorless control
strategy for the aforementioned motor is developed. The multiphase machine
is decomposed and studied as two different three-phase systems according
to the MS approach. The two three-phase sets are controlled by two different
inverter, hence they can operate at different operating points. The additional
degree of freedom given by the second three-phase winding is used to enhance
the fault-tolerant capability of the motor by performing sensorless control.

The reference scenario is a fault in the position sensor. In case of mechanical
sensor fault, a three-phase winding is controlled at low current and high
frequency signals are injected to retrieve the rotor position. The reduced
magnetic saturation due to the working condition allows achieving an accurate
rotor position estimation which is used by both windings of the machine.
The second three-phase winding can work until its nominal current and
overloaded. For the sake of clarity it is worth noting that a reduction of the
torque available at the rotor shaft is obtained with the proposed sensorless
technique. Normally, if the current in one winding set is reduced, an increase
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THREE-PHASE SYNCHRONOUS RELUCTANCE MACHINE

Table 3.1: Summary of the experimental tests.

Test

Brief description

Key points

Three-phase
Configura-
tion

Motor operates as a three-
phase machine

FEA simulation and exper-
imental results are akin to
each other

Half-
Control:
HC-mode

Only one winding is en-
abled

Trajectories ¢ and ¢, over-
lap for low current values:
no ¢ in this condition

Six-Phase
Control: part
1

xyz set closed on ¥,,. and
operating at different oper-
ating points along REF

Self-sensing capability of
the abc set improved when
the xyz one operate at high
current

Six-Phase
Control: part
2

~

xyz set closed on ¥7%7 and
operating at different oper-
ating points along REF

Results of Six-Phase Con-
trol: part 1 confirmed and
perfect match between sen-
sored mode and complete

sensorless mode

Motor dragged at fixed

Six-Phase speed and abc winding able

Control: part

xyz set closed on ¥7¥* and ] ]
. . to operate up to its nominal
operating at different oper- )
. ) current without sensorless

3 ating points along REF .
control divergence and neg-

ligible €

of the current in the second set is obtained to operate at constant torque.
However this is not the case since a torque reduction is necessary to allow
estimating the correct rotor position. As a consequence it is true that the
proposed control algorithm reduces the motor performance. On the other
hand, it allows operation in case of a mechanical sensor fault without changing
the control technique or applying complex compensation methods. As a result,
the fault-tolerant capability of the motor is enhanced. Moreover, the estimated
position is accurate and not affected by the estimation error due to cross-
magnetic saturation that is the main flaw of low speed algorithm and no
motor parameters are required.

Several supply scenarios are studied where the two three-phase windings
are controlled at different operating points along a reference current trajectory
in the dq plane. All the tests and the results are summarized for more clarity in
Tab. 3.1. In the three-phase configuration the two three-phase sets are closed in
series resulting in a three-phase configuration. In the Half-Control (HC) mode,
only one set is supplied whereas the second one is disabled. During the six-
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abc winding

xyz winding

Figure 3.1: Adopted layout of the stator windings. One three-phase system is dis-
tributed at the top of the stator, the latter one at the bottom.

phase control, both sets are supplied. The analysis is carried out both with FEA
simulations and experimental tests. Several results will show the comparison
between simulated and experimental tests to highlight the effectiveness of
the proposed study. In the following, motor description and modelling is
reported in Section 3.1. The adopted sensorless control strategy is described
in Section 3.2. Results and observer trajectories are thoroughly discussed
in Section 3.3. Finally, the conclusion and novelty of the reported study are
illustrated in Section 3.4.

3.1 Motor Description and Modelling

A machine with six phases is studied. The stator of the motor is split into two
identical three-phase windings labeled as abc and xyz where each electrical
system is supplied by a dedicated inverter. The former one is distributed at
the top of the stator, whereas the latter one at the bottom as shown in Fig. 3.1.
The two winding sets do not have any angular shift, they are aligned as shown
in Fig. 3.2. The layout employed reduces the mutual inductances between the
two windings, improving the fault-tolerant capability [57,58]. One winding
can be supplied, even if the other one is short-circuited, namely, HC mode.

The winding arrangement is reported in Fig. 3.3. The chosen configuration
is the so called W-11-22. Tab. 3.2 shows the main data of the motor, whereas
further details of the motor design, the thermal analysis under fault operating
conditions and its flux weakening capabilities can be found in [59, 60].

FEA and experimental tests are performed to characterize the motor. Flux
linkage maps and torque are calculated in the dg plane for different sup-
ply scenarios in which the motor will be supplied during the experimental
tests. Magnetic maps are measured with a constant speed method and both
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Figure 3.3: W-11-22 winding arrangement.

windings are fed with the current vector imposed in the dg plane [61]. In
the following, firstly the three-phase configuration is analyzed, then the HC
mode.

3.1.1 Three-Phase Configuration

In three-phase configuration both windings are connected in series and sup-
plied with the same current. Flux linkage maps are obtained both through
FEA simulations and experimental measurements. The results are depicted
in Fig. 3.4. Simulated results are akin to the measured one along both d and
g-axis in the rotating reference frame. A slightly difference occurs when the
motor is heavily saturated.

3.1.2 Half-Control Condition

Only the abc winding is supplied during HC-mode. The motor is controlled
as a single three-phase system and supplied by only one inverter. The xyz
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Figure 3.4: Flux density plot, linkage maps and torque comparison between measured
and FEA simulations in three-phase configuration.
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Table 3.2: Geometric motor data.

Parameter Symbol Value
Stack length Ly 85 mm
Number of slots Q 46
Series conductor per slot  n. 46
Parallel conductor per slot n, 1

Slot fill factor krin 0.4

Air gap g 0.4mm
Outer diameter D, 170 mm
Inner diameter D; 104 mm
Tooth width Wy 3.6 mm
Slot height hs 24.3mm
Number of barriers ny 3

winding is completely open, hence no voltages and currents are applied to
it. This is a particular scenario in which the motor can operate, for instance
during a fault in the second three-phase winding. Fig. 3.5a and Fig. 3.5b
shows the flux linkage maps A3"(ig,iq) and A2*(iq,iy) calculated through FEA
simulations. The superscript on a variable means that the quantity refers to
the indicated three-phase system. Same results can be obtained by supplying
only the xyz winding.

The torque map during the HC-condition is depicted in Fig. 3.5c. The
maps show that the magnetisation of the motor is not homogeneous and
symmetric. Flux density plot for the HC-mode when the mechanical rotor
position ¥,,. = Orad is depicted in Fig. 3.5d. Flux lines flow in the stator area
of the open xyz three-phase system, reducing the flux linkage in the supplied
three-phase winding. The zero-value torque level is rotated with respect to the
dg-current plane axes since the magnetic flux produced by the supplied three-
phase winding is not bounded in the active region. In HC condition, the d and
g-axis flux linkage are not null even if the d or the g-axis currents are zero,
respectively, namely, A5*°(0,i4) # 0 and A3%“(iq,0) # 0. This aspect is reflected in
the torque map, indeed non-zero torque value is reported along the dg-current
axes. It is an unconventional behaviour for a synchronous reluctance machine
if compared to the flux density plot obtained for the three-phase configuration
in Fig. 3.4d. It is worth reminding that the chosen winding configuration
minimises the mutual coupling between the two electrical systems and, in
turn, the induced current in case of a short-circuit in one of three-phase system,
but exhibits this non-conventional behaviour in case of open circuit fault.
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Figure 3.5: Flux density plot, linkages maps obtained through FEA simulations in half

condition mode (only the abc set is supplied).

29



3. INVESTIGATION ON THE SELF-SENSING CAPABILITY OF A DUAL
THREE-PHASE SYNCHRONOUS RELUCTANCE MACHINE

3.2 Sensorless Strategy

Sensorless control strategy implemented in this analysis has been discussed
in Section 2.2.1. An estimation algorithm is implemented in each winding
sets, resulting in two estimated positions Upme. It is worth remembering that as
explained in Section 2.2.1, the selected estimation algorithm requires no motor
parameters knowledge for the position estimation, so it is inherently robust
against parameter mismatches.

To close the current control loop, the high frequency currents in the rotating
reference frame are filtered by means of a LPF. The filtered currents iy and
iq are then used as feedback and compared to the reference ones i}, and
iy. PI controllers are designed to drive the error to zero and calculate the
fundamental reference voltages. Fig. 3.6 shows the adopted scheme for the
motor control and position estimation for a single three-phase system. As
highlighted the Control (CTRL) part is composed by:

¢ a current control loop implemented with PI controllers. They are de-
signed to achieve 100 Hz bandwidth with a phase margin of 70°. The
feedback currents can be computed with the measured position ¥,
(switch in 1) or with the estimated one 1/9\me (switch in 2);

¢ The high frequency signals injection in the a3 stationary reference frame
to retrieve the rotor position;

* The pulse width modulation inverter;

¢ Alow pass-filter to retrieve the main components from measured cur-
rents.

The position estimator is reported as well and it is composed by:
¢ The Ellipse Fitting (EF) algorithm that retrieves the rotor position;

* A Q — PLL that smooth the estimated quantity.

3.3 Results

The proposed sensorless control strategy and the self-sensing capability of the
Motor Under Test (MUT) are verified throughout an extensive experimental
stage. The MUT is a dual-three phase synchronous reluctance motor, whose
parameters are reported in Tab. 3.3. The injection quantities are listed in
Tab. 3.4. The sampling frequency is equal to the switching one at 10 kHz.
The test bench is shown in Fig. 3.7. The MUT is coupled to a 4.5 kW PMSM
which is supplied by its own inverter. The PMSM, namely, master motor,
enables to drag the MUT at a fixed speed. The MUT is controlled along a
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Control (CTRL)

o

iabc

Figure 3.6: Current control loop and position estimator scheme with rotating injection
in af and ellipse fitting technique. The scheme is implemented for both windings.
The system operates in sensored mode when the switch is in position 1, otherwise it
operates in sensorless mode.

Table 3.3: Plate data of the motor under test.

Parameter Symbol Value
Rated voltage VN 350V
Rated speed WN 1000 rpm
Pole pairs D 4
Nominal current Iy 8.3A
Nominal torque Ty 14Nm

reference trajectory and each three-phase winding is supplied by its own
inverter. The control algorithm is implemented on a dSpace MicroLabBox
platform connected to the host PC. Current controllers are designed to achieve
a bandwidth of 100 Hz.

For a better understanding of the signals used to calculate the observer
trajectories of the load winding and the position used to close the control loop
of the estimation one, a summary is reported in Tab. 3.5. Three-phase test
is excluded since the motor is treated as an unique three-phase system. In
this case the measured position is used for the calculation of the sensored ¢;

Table 3.4: Sensorless drive parameters.

Parameter Symbol Value
Injection magnitude U, 100V
Injection frequency  fj, 1000 Hz
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Inverter MUT Inverter

MUT

Figure 3.7: Test bench experimental setup.

trajectory, whereas only one estimator is implemented. As a consequence, the
estimated position is used for the calculation of the sensorless trajectory ..

Five different tests are carried out to study the self-sensing capability of
the motor and to verify the effectiveness of the proposed method. The first
test is aimed to study the self-sensing capability of the motor when the two
three-phase windings are connected in series. In this scenario the motor is
supplied by only one inverter, namely, in three-phase configuration. This test
is reported in Section 3.3.1. The second test investigates the HC-mode, hence
only one winding is supplied and the other one disconnected. This scenario is
reported in Section 3.3.2. The interaction between the two three-phase systems
and its effect on the self-sensing capability is investigated in Section 3.3.3 by
controlling the two three-phase windings in different operating points. The
condition where both three-phase sets are supplied with different control
strategies by two separate inverter is hereafter called six-phase control. In
Section 3.3.4, the control loops of both windings are closed on the estimated
position obtained from the electrical system operating at low current along
REF. These tests are implemented at locked rotor ¥,,. = Orad, namely, at
standstill condition. In Section 3.3.5 the MUT is coupled to a PMSM and
dragged at 50 rpm to test the effectiveness of the control strategy developed in
Section 3.3.4 at low speed.

32



3.3. RESULTS

Table 3.5: Summary of the experimental tests.

Test xyz winding closed on abc winding closed on
Half-

Locked rotor. t1: Ypme, to:
Control: disabled @?bcc ed rotor f1 2
HC-mode me
Six-Phase Ume and operating at dif-

Control: part
1

ferent Constant Operating
Points (COP)

Locked rotor. t1: Y.pe, to:

Jabc
ﬁme

Six-Phase
Control: part
2

97v= and operating at dif-

me

ferent Constant Operating
Points (COP)

Jzyz .
ﬂme , ta

Locked rotor. #1:

Jabc
ﬂme

Six-Phase
Control: part
3

aﬁf and operating at low
current

Motor dragged. abc set
closed on 13?,”,{45. No trajec-
tories calculation since the
motor is rotating but opera-
tion in complete sensorless

mode

3.3.1 Three-Phase Configuration

Both three-phase sets are connected in series to operate the motor in three-

phase configuration. The result is a single three-phase machine, therefore

an unique estimator is used to retrieve the rotor position. The layout of the

experiment is shown in Fig. 3.8.

When the switch is in position 1, the current control operates with the

actual measured position and the estimated one is exploited to compute the

sensored trajectory ¢;. With the switch in position 2, the CTRL is closed on

the estimated position and the electric drive operates in the estimated rotating

reference frame, so the sensorless trajectory ¢, can be obtained.

Fig. 3.9 shows the comparison between the trajectories measured during

Figure 3.8: Block scheme of the experiment during the three-phase configuration. When

the switch is closed on position 1 the motor operates in sensored mode, otherwise it

operates sensorless. The MUT follows a ramp-wise reference REF.
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t -t —tp —ty

REF

Figure 3.9: Observer trajectories comparison between measured (¢7*,t3") and simulated
(t ,t]) ones when the motor operates as a three-phase system. Unstable points around
the trajectory t, are highlighted in red line.

the experimental test (¢7,¢5") and computed by FEA magnetic maps (t,¢1).
The theoretical trajectories are obtained by using the Apollo software [62].
Experimental and simulated results look very similar. For current magnitude
lower than 4 A, the estimation error is almost negligible being ¢; overlapped
to the reference. The sensorless trajectory t, is overlapped as well, since
estimation error does not affect the electric drive. For higher current values, an
estimation error appears and it affects the sensorless operation. The trajectory
to starts to diverge, according to the analysis carried out in Section 2.2.2. For
current values higher than 5.5 A, the system becomes unstable since the open
loop estimation error is quite large (see ¢1) and a convergence point does not
exist for the observer. It is worth highlighting that not all the points around ¢,
are stable. Indeed the points both in red line both for FEA and experimental
measurement represents the unstable points around the sensorless trajectory
as discussed in Section 2.2.2.

3.3.2 Half-Control

In HC-mode, only one three-phase system is supplied. A schematic of the
experiment is shown in Fig. 3.10. The observer trajectories are calculated as in
the previous test. The comparison between the experimental and simulated
observer trajectories is shown in Fig. 3.11. The measured and the simulated
observer trajectories are comparable. A slight difference can be noted at low
current where the simulated trajectories are overlapped but not with the
reference and the measured one. The current value at which the trajectories
are overlapped is the same both for experimental and simulated results and it
is equal to 3 A.

At higher current values, the sensored trajectories ¢{* and t{ are almost the
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'

disconnected

Figure 3.10: Block scheme of the experiment during the HC-condition. The abc winding
is supplied, the xyz one disconnected.
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Figure 3.11: Observer trajectories comparison between measured (¢1*,¢3") and simulated
) analysis when the motor operates in HC-mode.

same. The simulated sensorless trajectory tg exhibits convergence issue for
current values close to 4.5 A. Whilst, the measured sensorless trajectory t3 is
slightly wider than the simulated one, showing that real operational limit for
sensorless operation is slightly higher.

In the following tests, the xyz winding is controlled at Constant Operating
Points (COP) whereas the abc one follows a ramp-wise current reference,
as in previous tests. Additional high-frequency signals are injected in both
windings to estimate the rotor position. The estimated rotor position with the
abc winding is used to study the self sensing capability of the motor and trace
the trajectory ¢; and ¢, whereas the xyz estimated rotor position is exploited
to compute the Park transformation in the closed-loop control. For this reason,
the abc winding is called load one and the xyz one is referred as estimation
winding.
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Figure 3.12: Six-phase control: part 1 block scheme of the experiment. The estimation
winding is supplied and operate at constant operating points along REF'. Its control
loop is closed on the measured position during both observer trajectories calculation
of the load winding.

tr, (i57°,009%) = (0.5,0.5) A —to, (i5%%,i%%) = (0.5,0.5) A

tl’ (iiyzaizyz) = (5)5) A ""t2, (Zéyz)zgw) = (5’5) A
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Figure 3.13: Six-phase control: part 1. Load winding observer trajectories when the
estimation winding operates at COP. Its control loop is closed on the measured position
for both the load winding observer trajectories calculation.

3.3.3 Six-Phase Control: part 1

This test investigates the effects of the operating point of the estimation wind-
ing on the self-sensing capability of the load one. t; and ¢, are calculated by
implementing the PE in the load winding as in the previous tests but the
estimation one is supplied and it operates at COP. Moreover, the estimation
winding control loop is closed on the measured position. A block scheme
of the experiment is depicted in Fig. 3.12. The results of the experiments are
shown in Fig. 3.13 where two operating points are evaluated for the estimation
winding, namely, (i3*%,i%¥*) = (0.5 A, 0.5A) and (5 A, 5 A).

The self-sensing capability of the load winding is improved in the second
case indeed both trajectories ¢; and ¢, follow the reference line for a larger seg-
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Figure 3.14: Six-phase control: part 1. Open loop estimation error of the load winding.
The estimation one is supplied at COP and its control loop closed on the measured
position.

ment and the sensorless trajectory becomes unstable at a higher current level.
It is worth remembering that when the sensored and sensorless trajectories
overlap with the reference, no estimation error is detected.

FEA analysis is carried out to investigate the obtained results. The open
source package Apollo, which is part of Dolomites software, is used to calcu-
late the estimation error of the load winding in the same scenario experimen-
tally analysed and results are shown in Fig. 3.14. A plateau can be recognised
from 4 A to 6 A when the estimation winding operates at 5 A. In this range,
the estimation error of the load winding is lower than the 0.5 A load wind-
ing operating condition. It is worth noting that the plateau is located where
the self-sensing capability of the machine increases in accordance with the
experimental evidences.

3.3.4 Six-Phase Control: part 2

In the test described in Section 3.3.3, a negligible estimation error is observed
with the estimation winding partially loaded indeed both sensored and sen-
sorless trajectories overlap the reference one. This test exploits previous results
and verifies the self sensing capability of the motor in complete sensorless
operating mode. The measured rotor position is used only for checking the
estimation accuracy. The estimation winding is controlled to a low current
COP as a negligible estimation error is obtained. The estimated rotor position
J7v2 is used by the control of the estimation winding as well as the load one

me

during the tracing of the trajectory ¢,. The estimated position Jabe is used to

measure the sensorless trajectory ¢, as in previous tests. Fig. 3.15 depicts the
block scheme of the experiment.
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Figure 3.15: Six-phase control: part 2 block scheme of the experiment. The estimation
winding is supplied and operate at constant operating points along REF. its estimated
position T replaces the measured one. When the switch is in position 1 the motor
operates in complete sensorless mode.

8 8

6 REF 6 REF
_ A — t109247)
4 1 (02 =

2 £ (020%) 2 to(92ke)

0 0

0 2 4 6 8 0 2 4 6 8
ia (A) id (A)
(@) (15Y%ig¥") = (1,1) A, (b) (i57%,ig"") = (3,3) A,

~
TYz

Figure 3.16: Six-phase control: part 2. Load winding observer trajectories when 7%
from the estimation winding replaces the measured one.

Fig. 3.16 shows the experimental results obtained with the estimating
three-phase system working in two different COP.

The sensorless trajectory o, i.e., the currents in the estimated d”¢” reference
frame, is computed as follow:

me me me

~ . R R (3.1)
i = igsin(V¢ — 9TYF) 4 i, cos(9ebe — §TYZ)

i% = igcos(Ube — G2) — iy sin(D2be — G2¥7)
-
q

where the measured position is replaced by the estimated 9797 Tt is worth not-
ing that these currents are not equal to the applied reference current trajectory.
Indeed, the corresponding angle for the Park transformation is equal to the
difference between the estimated position from the abc set and the estimated
one from the xyz set, i.e., the position that substitute the measured one. It can
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Figure 3.17: Comparison of the load winding observer trajectories when the estimation
one operates at 3 A in complete sensorless and sensored mode.

be noted that the self-sensing capability of the load winding is superior when
the estimation winding has a higher current, according to the analysis carried
out in Section 3.3.3.

Fig. 3.17 compares the sensored and sensorless trajectories obtained by
closing the estimation winding control loop either with its estimated position
(complete sensorless mode) or with the measured one. It is worth remembering
that when the motor is operating in complete sensorless mode, both sets are
operating with the estimated position from the estimation winding during
the t; calculation (t,%¥>~¢st (52”,%’;)). Otherwise, when the estimation winding
operates with the measured position, the tracing of the trajectory ¢, is done by
using the measured position to close both windings control loops (t;*¥*~™¢**
(¥me)). As a consequence, if the sensored trajectory ¢; overlap in the two
aforementioned conditions, it means that the complete sensorless control can
fully substitute the sensored one without noticeable error. Which confirms
the main idea and the results obtained with the investigation on the motor
self-sensing capability. Measured rotor position can be replaced without self-
sensing capability degradation by the estimated one obtained with a three-
phase electrical system operating at low current level.

It is worth remembering that the complete sensorless mode just analysed
refers to the condition where the rotor of the motor is locked. It is equivalent
to the motor operating at zero or standstill condition. The estimation error
between the measured position and 927 is shown in Fig. 3.18 and it is negligi-
ble as smaller than 0.02rad. This is further proof of good performance of the
proposed control strategy under zero or standstill conditions.
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Figure 3.18: Six-phase control: part 2. Estimation error between the measured position
Qryz TYZ -a:yZ) —

and the estimated one from the estimation winding 7% working at (i;,"* iy
(3, 3) A. Standstill operation in complete sensorless mode.

3.3.5 Six-Phase Control: part 3

The aim of this section is to further validate the proposed post-fault sensorless
control. The motor is coupled to a PMSM motor and dragged at 50 rpm. Both
sets control loops are closed on the estimated position obtained by the esti-
mating winding operating at low current, as in test carried out in Section 3.3.4.
The load winding is controlled to follow a current reference till its nominal
value. Fig. 3.19 depicts the position estimation error during the test which
amplitude is comparable to the one shown in Fig. 3.18.

It is worth remembering that both test are carried out in the same con-
ditions, except for the operating motor speed. Fig. 3.20 depicts the current
trajectory of the load winding in the rotating current plane obtained by using
the measured or the estimated rotor position. The current reference line is
depicted, as well. For sake of comparison, both standstill and steady state
condition tests are reported. It is worth remembering that the current tra-
jectory of the load winding depicted in Fig. 3.20 does not correspond to the
observer trajectory. Indeed, the process to calculate it is slightly different. Park
transformation was performed to calculate the currents in the estimated d*¢”

~

reference frame by using ¥7¥?. Same transformation is then repeated by using
the measured position. Since a small estimation error occurs in the 1/9\;‘;}’62, the
operating point of the load winding obtained with the two transformations
are different. The currents in the d”¢” reference frame depict the fictitious
operating points in complete sensorless mode. Nevertheless, the actual oper-
ating points are not located along these trajectory. The real operating points
are those obtained by using the measured position to compute the reference
frame transformation. Fictitious and real operating points overlap with the

reference for low current values. A slightly oscillation is depicted when the
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machine saturates. As mentioned, the process of calculation is different from
the one to calculate the observer trajectories as in (3.1).
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Figure 3.19: Six-phase control: part 3. Estimation error between the measured position
and 9,7 from the estimation winding working at (i3Y%,ig%*) = (3,3) A. Complete

sensorless operation when the motor rotates at 50 rpm.
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Figure 3.20: Six-phase control part 3. Load winding current in the rotating reference
frame obtained both with the measured and estimated rotor position. Both standstill

and steady state at 50 rpm tests are reported.

The load winding exhibits a stable behaviour since current follows the
desired reference. It is worth noting that a 40% overload current is applied in
both tests without any stability issue. In such condition the motor is expecting
to produce almost 70% of the rated nominal torque from FEA simulation
analysis. The estimating winding provided a reliable and error-free rotor
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position estimation since it works at low current values where the cross-
coupling effect is negligible. In turn, the load winding is able to work in the
desired working condition even in overload.

Finally, it is worth noting that the sensorless trajectory t, diverged around
5A in the HC test (see Section 3.3.2) where the load winding is closed on
the estimated position obtained by its estimator (the xyz electrical system is
disconnected) whereas the proposed scheme exhibits a stable behaviour over
the whole current range.

3.4 Conclusion

A post-fault sensorless control strategy based on the study of the self-sensing
capability of a dual three-phase synchronous reluctance motor is investigated.
Different supply scenarios, namely, three-phase and half-control conditions,
has been analysed, and FEA analysis and experimental results are compared.
In both configurations, the motor is not able to operate in sensorless mode at
full load since the system in unstable due to the large estimation error induced
by the cross-saturation inductance. The peculiar self-sensing capability and
the additional degree of freedom of a DT motor are exploited by the proposed
low-speed sensorless strategy. The former three-phase electrical winding
operates at low speed and estimates the rotor position by injecting a HF
rotating signal in the stator reference frame. The ellipse fitting estimation
algorithm is exploited to retrieve the rotor position since no motor parameters
knowledge are required for its design and tuning. The negligible magnetic
saturation at low load condition allows an error-free rotor position estimation
which is used by both three-phase electric drives. The latter electric system
can operate and accurately follow its current reference, even in overload
condition. An extended experimental campaign proved the proposed control
strategy. The proposed sensorless algorithm allows controlling a dual-three
synchronous reluctance motor in mechanical sensor post-fault condition. No
motor parameters are required for the estimation of the rotor position as well
as compensation algorithm. The motor performance is reduced as a three-
phase system must work at low current level but the service continuity is
guaranteed and the motor is able to exploit up to 70% of the nominal torque
in the analysed condition.
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4 KALMAN FUSION FEASIBILITY STUDY FOR SEN-

SORLESS CONTROL OF A MULTIPHASE MACHINE

This chapter investigates the feasibility and the performance of sensor fusion
techniques in a sensorless drive in the case of a fault in the position sensor.
The same motor as the one used in Section 3, as well as the decomposition
method using the MS approach. Since the motor is studied as two three-phase
sets, it is possible to implement two position estimators, one for each winding.

As a consequence, two estimated positions are available in the overall
control scheme as shown in Fig. 4.1. The idea of this chapter is to fuse the
two estimated positions to obtain an unique variable to close both control
loops. The Closed Loop (CL) block contains the control algorithm for each
three-phase winding. It is made up of the current control loop, the HF injection
in the stationary af reference frame and a LPF to extract the low frequency
components of the measured currents to close the current loop. No complex
compensation methods are used to perform sensorless control and as a result
the motor is able to operate sensorless with good performance. The two
estimated positions 5%’80 and %y; are merged with the implemented fusion
algorithm and both control loops are closed on the fused state 5}% The
superscript is needed because two different fusion approaches are evaluated.
The former one is a non-weighted average, the two estimated positions are
fused by applying same weight to them. The second one is a Kalman filter
sensor fusion implementation. KF sensor fusion is used to properly weight
the two estimated positions as will be explained in Section 4.1.2. Hence, the
superscript will refers to the considered winding set or fused variable.

The control strategy of the machine is the same implemented in Section 3.
The two three-phase sets are controlled at different operating points, hence
the two estimated positions will have different accuracy depending on the
operating point of the three-phase set. To use both estimated positions to
control the machine, a proper strategy to mix the estimated variables needs to
be found.

The performance of the two approaches are compared through the online
calculation of the OL position error. The open loop position error AdY, , is
defined as the difference between the measured position and the estimated
one. The algorithms are developed for the same motor used in Section 3.1, as
well as the motor modelling strategy using the MS approach. Different supply
scenarios are evaluated, an extensive experimental stage is performed to find
the most suitable sensor fusion strategy to apply in the case of a fault in the
position sensor for a multiphase machine.

The chapter is organized as follows. The adopted measurement fusion
techniques are thoroughly described in Section 4.1. The results are illustrated
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Figure 4.1: Adopted control scheme of the proposed sensor fusion algorithm: the esti-
mated positions of the two windings are fused together to obtain an unique estimation
to close both control loops.

in Section 4.2. Particularly in Section 4.2.1, a deep discussion and comparison
about the two implemented fusion algorithms is done. Then in Section 4.2.2,
sensorless control is performed with the chosen technique. Finally, Section 4.3
exhibits the conclusion.

4.1 Measurement Fusion Techniques

The purpose of the fusion technique is to have an unique fused state that closes
both control loops. Two different techniques are used to merge together the
two estimated positions from the two winding sets. The former one is a non-
weighted average, whereas the latter refers to the Kalman fusion algorithm

implementation.

41.1 Non-Weighted Mean Average

The non-weighted mean average merges the two estimated positions to obtain

~

the estimated mean average position 97:¢*" as follows:

R gabc @zyz
gmean _ Zme + Vine ) (41)

me 2

It is worth remembering that the estimation error is a function of the op-
erating point. Hence, if the two three-phase windings operate at different
operating points, € will be different. With (4.1) the output of the algorithm
is not properly weighted in the aforementioned operating condition. Never-
theless, the algorithm has low computational cost. The performance of the
estimated 5:;:2“" are evaluated by means of the average position error AJ;¢*"

calculated as:
AP =9, — 522“”. 4.2)

4.1.2 Kalman Filter Algorithm

Kalman filter is one of the most popular algorithm based on a state-space
representation of the model. It is employed to approximate the state of a
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Table 4.1: Kalman filter algorithm variables and size.

Symbol Quantity Size

X State vector Ng X 1
A State matrix Ny X Ny
B Input matrix Ng X Ny,
u Input vector Ny X 1
y Output vector ny X 1
C Observation matrix Ty X Ng
w Process noise vector ng X 1
v Measurement noise vector ny X 1
P State covariance matrix Ng X Ny
Q Process noise covariance matrix Ng X Ny
R Measurement noise covariance matrix n, X n,
G Kalman gain Ng X Ny

process through recursive equations, which provide minimum error. The KF
is based on the assumption that the true state at time & is evolved from the
state at time k — 1. Furthermore, at time k a measurement of the true state is
available as follows:
Xk = Axi_1 + Buy + wy 43)
Yk = Cxx + vi
where the variables definition and their size are listed in Tab. 4.1. The bold
symbols refer to variables that are vectors or matrices. The size of a quantity
is indicated with the symbol n and a subscript referring the relative variable.
The process noise matrix w accounts for disturbances and model inaccu-
racies, while v represents the measurement noise. The noises are assumed
to be white Gaussian noises with covariance matrices Q and R referring to
the process and measurement noise, respectively. The covariance matrices are
symmetric, positive semi-definite and independent from the state.
Kalman filter is a recursive estimator method where the state at epoch & is
computed from the previous state at epoch k& — 1. The algorithm involves two
distinct stages, whose equations are given below.

Prediction:

calculate the predicted state Xy and the state covariance matrix Py at epoch k&
based on the epoch k — 1:
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Xkk—1 = AXy_1jk—1 + Buk

(4.4)
Pyk—1=APi_ 1 1AT + Q.

Correction:
update the predicted state Xj with the new information at time & through the
Kalman gain Gy calculation:

Gk = Pii-1CT (CPyp—1CT + Ry) !
Py = (I - GkC)Py_1 (4.5)

Xk = Xk[k—1 + Gk(Yk — CXyjk—-1)

where I is the identity matrix. It can be demonstrated that a minimization of
the residual error to find the optimal Kalman gain is obtained.

Kalman fusion method implemented in this dissertation merges the sensor
data incrementing the size of the output vector y. Therefore, y is a column
vector with the number of rows equal to the sensors used. Two variables
are measured, i.e. the two estimated positions. Hence y is a column vector
with two rows and one column. The state to be known is the Kalman fusion
estimated position ﬁﬁw, so it is a vector with size [1 x 1]. The size of the
observation matrix needs to be chosen accordingly. The observation matrix
C maps the state vector into the output vector, hence it indicates which
state variables are included into the output and which are not. Since the
implemented algorithm merges together the sensor data, the covariance matrix
R is the merge of the covariance matrices of the sensors used. It is a diagonal
matrix where the non-zero elements are the covariance matrices for each
sensor, i.e. the sensor’s variance itself. For more clarity, all dimensions of the

matrices are listed below.

(4.6)

where no knowledge about the model is assumed, hence Xyx_1 = Xi|k-
The value of the matrix R is determined offline by measuring the estimated
positions and then calculating their variance. The process noise covariance
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Table 4.2: Summary of the experimental tests: scenarios and key results

abc set oper- | xyz set oper-
Test | Scenario p Y p Key results

ating point ating point

Kalman fusion
1 3 A 3 A and mean-average
have the same

performance

Kalman filter
weights  correctly
2 1A 4A the two estimated
positions — chosen
fusion algorithm

Test with  the
adopted  control

3 ramp reference | 1A .
strategy in open

loop

Test in complete
sensorless mode —
No sensorless con-
2 // ramp reference | 1A ]

trol divergence and
good performance

achieved

matrix value is determined experimentally by evaluating the performance

of the algorithm. The correctness of ok

me’

is determined through the online
calculation of the Kalman filter position error as follows:

= 19me - 1?’%

me*

AYF

me

(4.7)

4.2 Results

An extensive experimental stage is performed to study the feasibility and
performance of sensor fusion strategy. The MUT parameters as well as the
injection quantities are listed in Section 3.3 in Tab. 3.3 and Tab. 3.4, respectively.
The test bench is the same as the one showed in Fig. 3.7. A detail of the adopted
motor is shown in Fig. 4.2. It is possible to see the terminal block from which
the windings arrangement of the machine can be changed. Sensorless control
strategy implemented in this analysis has been discussed in Section 2.2.1.
Two different tests are carried out to prove the effectiveness of the mea-
surement fusion. In the former the motor is controlled sensored. Both the
non-weighted average and KF fusion algorithms are implemented and the
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Figure 4.2: Detail of the adopted motor.

position errors are calculated with (4.2) and (4.7). Furthermore the coefficients
of the measurement noise covariance matrix are retrieved by measuring the

~

variance of the estimated positions 9% and 1/9\%162. The test is reported in Sec-
tion 4.2.1. The second test is aimed to perform the complete sensorless control.
Both control loops are closed on the Kalman fusion state 'Efne simulating a
fault in the position sensor and the performance of the algorithm are evaluated
in closed loop. The test is described in Section 4.2.2.

For more clarity, Tab. 4.2, summarizes the main condition of the tests.

4.2.1 Evaluation of the Fusion Algorithms in Open Loop for
Different Supply Scenarios

In this test the two three-phase windings are controlled in different operating
points. Several supply scenario in which the two sets are controlled at different
operating points and conditions are evaluated. The goal is to find the more
suitable fusion algorithm between the aforementioned mean-average and
Kalman fusion. It is worth remembering that all the tests are experimental. The
measured position is used to close both CL in the first stage to avoid sensorless
control divergence before using and tuning the algorithms. Kalman filter
one, especially. The performance of the two fusion techniques are therefore
compared in open loop through the calculation of the position errors. Three
different supply scenarios are analyzed.

In the first supply scenario, the two three-phase sets are controlled at the
same operating point: |I| = 3 A. Fig. 4.3a shows the estimation errors of the
two sets whereas Fig. 4.3b shows the comparison between the non-weighted
mean average position error AY7¢*" and the KF one A9¥ .. Same perfor-
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Table 4.3: Variance of the estimated variables when the two windings operate at the
same operating points || = 3 A.

~ o~ -~ ~

E(anbc E(,lgxyz E('l?fne E(,ﬂmean

me me me

4.9586 - 107*  4.9586-10"* 3.4265-10~* 3.4265-10~*

mance of the two fusion algorithms are reached in this operating condition.

Indeed, the inputs, i.e., the two estimated positions, are equals. For this test

and for the followings, the variance of the estimated position is calculated

to analyze better the performance of the investigated algorithms. Tab. 4.3

shows the variance for the analyzed operating condition. As expected, since

the operating point is the same E(J9%¢) = E(92¥%) and E(J7¢*") = E(J%,,
— AYTYZ — Aabe

me me
T

0 0.5 1 1.5 2
time (s)

(a) abc and xyz windings estimation errors,

:’\ kit o I
L \W\\M VR
e

(b) Kalman fusion and mean average estimation errors,

Figure 4.3: Position errors calculated when the two three-phase windings operate at
the same operating point |I| = 3 A.

Different current references are applied to the two three-phase sets in the
second scenario. The operating points are (i5"%,i4"°) = (1,1) A and (i3"*,i%¥%) =
(4,4) A, for the abc and xyz winding, respectively. Fig. 4.4a shows the estima-
tion errors of the two three phase sets. It is worth remembering that, as deeply
discussed in Section 2.2.2, the estimation error is a function of the operating
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Figure 4.4: Position errors calculated when the two three-phase windings operate at
(i5¢,i3%¢) = (1,1) A and (¢%Y%,i2V%) = (4,4) A.

point of the machine. As a consequence, in this scenario two different position
errors are expected since the two sets operate at different operating points. The
difference is due to the cross-inductance terms that change with the current

abe
me

amplitude, accordingly the position error. The AJ%¢ is slightly lower than
AY7YZ since a lower current reference is applied to the abc winding compared
to the xyz one. The performance of the Kalman fusion algorithm and the non-
weighted average are different as shown in Fig. 4.4b. The former one is able
to properly weight the two estimated positions and the bias error is almost
eliminated whereas the latter one apply the same weight to the estimated
positions. Tab. 4.4 shows the calculation of the variance for all the estimated
variables. It is worth noting that the variance of @ﬁne is slightly lower than the
average one.

A ramp-wise reference is applied to the abc winding whereas the xyz one
is controlled at (i;"%,i%¥*) = (1,1) A in the third scenario. The results of the
test are shown in Fig. 4.5. The position error of the xyz winding is almost
constant since it operates at the same operating point for the whole test. A
ramp-wise current reference is applied to the abc winding, hence a ramp-wise
pattern is highlighted in AY?%¢. By computing the non-weighted average and

me”*
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Table 4.4: Variance of the estimated variables when the two three-phase windings
operate at (i5°°,i5°°) = (1,1) A and (i5¥*i¥*) = (4,4) A.

-~

E@ie) B E@h, B

me

0.0016  0.0013 7.7655-10"* 8.7802-107*
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Figure 4.5: Three-phase windings, Kalman fusion and non-weighted average position
errors calculated when the xyz winding operates at (;Y*,i5%*) = (1,1) A and a ramp-
wise reference is applied to the abc one.

the Kalman filter algorithm one, the two position errors are calculated online.
A noticeable difference appears between AY™e" and A%

me me*

Same weight is
applied to both estimated variables from the the former approach. As a result,
the position error of the abc winding that follows a ramp-wise pattern, has
the same weight compared to the xyz one that is operating at constant low
current. It is worth remembering that the position error is a function of the
operating point, hence the estimated position from the xyz winding is more
truthful than the abc one and it is incorrect to assign the same weight for both
estimated variables.

~

In addition sensorless control using ¥7>¢*™ it is not possible because A"
is about 20° elec when the abc winding is operating at its rated current. Sen-
sorless control divergence and stability issues can arise. Kalman filter is able
to properly weight the two estimated positions and A¥%, . is almost zero.

The control strategy used in the last scenario will be adopted during the
sensorless control in Section 4.2.2 simulating a fault in the position sensor.
To control the motor without position sensor and complex compensation
methods, the estimated positions from the two winding sets will be fused
together to have an unique variable to close both control loops. Accordingly,
it is not possible to use the non-weighted average and the Kalman fusion

algorithm is chosen.
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Figure 4.6: abc winding currents transformed using the measured position (i’ ;") and
the fused one (ilj,i'g ) when both control loops are closed on the fused state 9%... The
motor is operating sensorless.

4.2.2 Kalman Fusion Performance in Closed Loop

In this test, both control loops are closed on the fused position from the Kalman
fusion algorithm and the motor is controlled sensorless. The measured posi-
tion is acquired only to evaluate the performance of the developed algorithm.
The MUT is coupled to a PMSM and dragged at 50 rpm. The Kalman fusion
estimated state 3’;'”6 is a properly weighted variable, so according to the values
of the measurement noise covariance matrix R, one measure may have more
relevance than another, and thus it is more truthful. In this experiment the xyz
winding operates at constant current whereas the abc one follows a ramp-wise
reference. According to the previous test, the former estimated position has
greater relevance than the latter one. Fig. 4.6 shows the abc winding currents
transformed in the dq reference frame by means of the measured position
(ig',iy") and then in the estimated d”¢” reference frame by means of the fused
one (i},i¥). The latter one are the fictitious operating points in sensorless mode.
Nevertheless the real operating points (i7;',i;") are those obtained by using the
measured position.
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Figure 4.7: Position errors of the two windings and Kalman fusion position error when
both control loops are closed on the fused state and sensorless control is performed.

A slightly difference appears between (i7,i;") and (i%,i%) due to a small
K

me’

position error A¥X . The A9¥ _, as well as the position errors of the two sets, is
shown in Fig. 4.7. The fused position error is a weighted output of the Kalman
fusion algorithm, during the first part of the test is basically zero since both
the abc and xyz winding currents are low. Then it increments its value since
the abc current grows and, in turns, its position error. At the end of the test its
value it is about 5° elec. Explaining the little deviation between (:77",i7") and
(i%iF). It is worth remembering that the motor is operating sensorless with

both control loops closed on ok ..

4.3 Conclusion

An investigation on the feasibility of the Kalman fusion algorithm is proposed
for a dual three-phase synchronous reluctance machine. The developed control
strategy is verified through an extensive experimental stage and the motor is
tested under different supply scenarios. Each three-phase winding is supplied
by a dedicated inverter and a position estimation algorithm is applied for
each set resulting into two different estimated positions. The two estimated
variables are fused together by means of a non-weighted average and the
Kalman fusion algorithm. The performance of the two methods are compared
by supplying the motor under different scenarios.

In the first test, the open loop position error is calculated for both three-
phase windings and the two fusion ones. Kalman filter sensor fusion estimated
position perfectly fits the chosen control algorithm because it is able to properly
weight the reference variables. The two three-phase windings are controlled in
different operating points to provide a fault tolerant sensorless control strategy
in case of a fault in the position sensor by using both estimated positions. In
the latter test, both control loops are closed on the fused position from the
Kalman fusion algorithm and the performance are evaluated. The motor is
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able to operate sensorless with the merged position showing good sensorless
performance in the case of a fault in the position sensor.
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5 MODELLING OF A ROTATING SIGNAL INJECTION-
BASED POSITION OBSERVER FOR SENSORLESS
SYNCHRONOUS ELECTRIC DRIVES

Model-based design methods are used to reach optimal performance of an
electric drive. However, these methods require an accurate plant model that
must be provided. Current and speed control loops interact together with
the observer regulator in a sensorless drive. Hence, a correct description of
the system is mandatory to reach optimal performance of the electric drive.
Stability issue and inaccuracy of the estimated position are the main flaws of
an inaccurate model. Co-sinusoidal functions are used together with filters in
the modulation/demodulation process to retrieve the estimated position in
low speed or standstill sensorless control. Therefore, both time and Laplace
domain variables are used in the system plant.

Conventional approach mix together time and Laplace variables to retrieve
the position observer TF. This leads to an inaccuracy in the description of the
plant since the demodulation effects on the filters TFs are not considered. A
new formulation of the observer TF for rotating injection-based techniques is
proposed in this chapter. The modulation/demodulation theory is exploited
to derive the estimator TF completely in the Laplace-domain. The accuracy
of the proposed TF is verified with several regulators designed with two
approaches, namely, DS and IMP. Theoretical considerations and accuracy
of the proposed model are verified through an extensive simulation stage.
Time response and position tracking of different regulators designed for a
wide range of bandwidth are investigated. Finally, the performance of the
regulators designed with the conventional observer TF and the proposed one
are compared highlighting the flaws of the former approach.

The position observer is modeled for a three-phase PMSM. Rotating volt-
age signal injection theory has been reported in Section 2.2. A more specific
system representation for rotating signal injection is shown in Fig. 5.1. The
electrical motor dynamic functions are expressed as G4(s) and G,(s). The
measured stator currents in the o3 reference frame are filtered by means of an
high pass filter to isolate the HF components. For more simplicity, as in this
chapter Laplace domain variables are exploited, the filters TF will be cited as
Fupr(s) and FLpr(s), for the high pass and low pass filter, respectively. As
shown in (2.10), the estimated rotor position can be retrieved from the nega-
tive sequence through modulation/demodulation process in the demodulator
block. Sine and cosine functions that depend both on wj, and on the estimated
rotor position Upme, are multiplied by the HF currents and the signals are
added together. The demodulation process adds an oscillating components at
twice the injected frequency that is eliminated by filtering the signal z; with a
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7~9me 19"71,6

motor

demodulator

Figure 5.1: Rotating voltage injection system representation.

Figure 5.2: Position observer scheme.

low-pass filter F1,pr(s) to find the error signal €'.

The cross-inductance term introduces an error € as highlighted in (2.19),
nevertheless the dynamic of the observer is not affected by the 4, effect.
Accordingly, the contribution of the l4, is neglected from now on. The demod-
ulated error signal €’ is obtained as:

¢ = Unla SIN(2(Vme — Ume)) & Mwme — Dpme) (5.1)

whpladalgq whplaalyq

where a small estimation error is assumed to approximate the sine function
with its argument. The difference between the measured position and the
estimated one is defined as the position error Av,,e = Ve — ﬁme. Finally,
the error signal is driven to zero by means of a REG to obtain the estimated
electromechanical speed &,, and with the use of an integrator, the estimated
electrical position as shown in Fig. 5.2. It is worth noting that the design of
the regulator strictly depends on the plant model. An inaccurate observer
description lead to a wrong regulator tuning, hence the dynamic performance
of the electric drive is affected.

This chapter is organized as follows. The proposed estimator TF is thor-
oughly explained in Section 5.1. The observer regulator design by means of
two different methods is described in Section 5.2. Simulation results to show
the accuracy of the proposed model are reported in Section 5.3. Finally, the
conclusion are reported in Section 5.4.
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5.1. ESTIMATOR TRANSFER FUNCTION ANALYSIS

5.1 Estimator Transfer Function Analysis

5.1.1 Conventional Observer Model

Observer transfer function for rotating injection based sensorless schemes is
usually derived as follows. The gain between the estimated position and the
error signal obtained in (5.1), is combined with the TF's of the implemented fil-
ters in the demodulation scheme in Fig. 5.1. Hence, the conventional observer
TF is:

€ ! (S) 2U h l A

POl (g) = — = R F . 2
obs(8) Ton(s)  nlaaleg Lpr (s)Fupr(s) (5.2)

This approach blends together time and Laplace domain variables to derive
the observer transfer function. The TF gain is obtained in time domain by
exploiting trigonometric functions and filters TF's are added only a posteriori.
Therefore, the resulting TF in (5.2) loses the effects of demodulation on filters
TFs. The aforementioned inaccuracy on the observer modelling has an impact
on the regulator design and, in turns, stability issues could arise. Model-based
design methods are not able to guarantee the performance of the drive if a
proper plant model is not given. This lead to a wrong stability analysis and an
inaccurate bandwidth, both critical points in a sensorless electric drive control.
The difference between the conventional observer model and the proposed
one will be shown in Section 5.1.2.

5.1.2 Proposed Observer Model

The whole rotating injection based sensorless scheme can be represented in
Fig. 5.1. It is worth noting that the system is characterised by several multi-
plications both in motor system, namely, the Park’s transformation, and in
the demodulator block. These elements play a crucial role for a proper design
of the observer TF, hence they represent the main element of the proposed
analysis. The TF of a modulated /demodulated signal is derived in [63]. The
Laplace transform of a generic modulated signal () = cos(wy+¢)z(t) is:
[ X (s — jwg) + e 9 X (s + jw,)]

L(¢) = 5 (5.3)

where L is the Laplace operator and X (s) is the Laplace transform of the
signal z(t), w, and ¢ are a generic pulsation frequency and an arbitrary phase
shift, respectively. Rotating injection sensorless scheme can be derived in the
Laplace domain with any other combination of modulated and demodulated
carriers by applying (5.3).

The following analysis refers to the signals in Fig. 5.1. By defining ¥, =
wWmet and 5,”6 = Wpmet, it follows that the Laplace transform of signals x2(¢)
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and y,(t) is:

XQ(S) = W[Ua(s - jwme) + Ua(s +jwme)
— jUs(s — jwme 1Us(S 4+ jwme)l,
G(@—G(;ﬂ( fe G4
Ya(s) = i[wg(s — JwWme) + Up(s + jwme) -

4
+jUa(3 — JWme) — jUa(S +jwm6)]

and that of signals z4(t) and y4(t) is:

_ Fupr(s)
4

Xa(s) {[Ua(s)(Gs(s = jwme) + Gs(s + jwme)) -

+ Ua (8 — 2§wime)GA(S — jwme) + Ua (8 + 2jwme) GA(S + jwme)] -
+ 7[Us(8)(Gs(s — jwme) — Gs(s + jwme)) -
—Ug(s — 2jwme)GA(S — jwme) + Up(s + 2jwme) GA(S + jwme)]}

Yi(s) = T (17, (0 G5 — i) + Gl + deme)

—Us(Ss — 2jwme)GA(S — jwme) — Ug(s + 2jwme) GA(S + jwme)] -

+ j[Ua(8)(—Gx (5 — jwme) + Gx(5 + jwme)) -

—Ua(8 = 2jwme) GA(S — jwme) + Ua (S + 2jwime)GA(S + jwme)]}
(5.5)

where Gx(s) = Ga(s) + G4(s), Ga(s) = Ga(s) — G4(s) and U, (s) and Ug(s)
are the Laplace transforms of the HF injected signals in the stationary reference
frame u, () and ug(t), respectively. In the rotating signal injection both the
signals in (5.5) have to be demodulated. The demodulated signals can be
written as X5(s) = X4(s) cos(20pme — wit) and Ys(s) = Ya(s) sin(20me — wit).
Particularly, defining w, as the difference between the injection pulsation
frequency and two times the estimated electromechanical speed, i.e. wg = wp,
— 2Wne, the Laplace transform of the signal €/ (s) = FLpr(s)[X5(s) + Y5(s)] is:

€ (s) = FLpr(s)[Fupr(s — jwq) (61 + d2) ...

(5.6)
+ Fupr(s + jwa) (03 + d4)]
where:
01 =Uun(s — jwa)Gs (s — j(wqg + wme))/4 ...
+JUs(s — jwa)Gx(s — j(wa + wme)) /4,
0o = Un (s — j(wag + 2wme))GA(s — j(wg + Wme)) /4 ...
= jUs(s = j(wa + 2wme))Gals — j(wa + wme)) /4, 5.7)

03 = Un(s + jwa)Gs (s + j(wq + wme))/4 ...
— JUs(s + jwa) G (s + j(wa + wme)) /4,

04 = Ua (s + j(wag + 2wme))GA(s + j(wg + Wme)) /4 ...
+ U (s + j(wa + 2wme) ) Ga(s + j(wa + wme)) /4-
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5.1. ESTIMATOR TRANSFER FUNCTION ANALYSIS

Neglecting the resistive contribution to the injection frequency and remem-
bering that the Laplace transforms of the injected sine and cosine signals in
(2.9) are U, (s) = Ups/(s*+wp?) and Ug(s) = Upwy/(s*+wp?). The signal &;
can be written in the Laplace-domain as follows:

_ Unls { 1 [ s — j(wp — 2B pme)
o Qdequ w,% + (S — j(wh — QCAume))z

01 -
5 — jwp

(5.8)

+ jwh :| }
w? + (s — j(wp — 2Wme))?
where in G5 only the injection pulsation wy, is considered since wy,. and

Wme can be neglected. Hence, (5.8) can be rearranged to highlight that it is

composed by four sinusoidal waves, namely:
_ Unls 1 wh | 2(wn — Ome)
© 2aalyy wh—20me | 82+ W}QLTS2 + 4(wp — Dme)?
Js Js
24 wi $2+ 4w — Dime)?

01
(5.9)

Two components are at the injection frequency while the other two are
at (2wp, — Wye), which are greater than the low-pass filter cutoff frequency, so
they are filtered.

The same procedure can be adopted for the signal d, which is composed
by four sinusoidal waves at the pulsation of 2&,,. and wy, namely:

02

- UhlA 1 2c~ume Wh

 2galyg W — 2@me [32 +432,, s +w?
Js Js

S s2 4402, 82 +w,21]

(5.10)

where Wy, is defined as the speed error Wy, = wy, — Wme. After filtering it
with the LPF, the terms around the injection frequency wy, are suppressed.
Finally, noting that:

2~me . ~ .
£t (32—:)4%) = 8in(2Wimt) = sin(2A9) (5.11)
linearizing it for small estimation error and repeating the same procedure for
d3 and 44, the expression in the Laplace-domain of the signal ¢’ is found:

e (s) = QUhlA FI_XI:PF(S)FLPF(S)(ﬂme(S) _ ﬁme(s) - ]) (512)

whladalyq
where: )
Fifpr(s) = 5 (Fupp(s + jwa) + Frpr (s — jwa)). (5.13)

As a consequence the new estimator TF is:

€'(s) 201 =
EW(S) = —= = g s)F, s 5.14
obs ( ) ﬂme(s) whlddqu LPF( ) HPF( ) ( )
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Figure 5.3: Bode plot of the conventional high-pass filter TF Fupr(s) and the proposed
representation Fijpy(s).

which differs from the conventional one (5.2) both in the frequency behaviour
and for a generalized static gain. At low-speed or standstill, wy, is greater than
the estimated electrical pulsation, then wy =~ wy,.

The frequency response of the conventional and the new high-pass filter
TF's is shown in Fig. 5.3.

The cutoff frequency is set to 100 Hz. A significant difference can be noted
in the low-frequency range where the two TF differs both in magnitude and in
phase. The low-frequency range behaviour due to the different high-pass filter
TFs is a crucial point in the observer design. A different high-pass filter TF
changes the observer TF and this leads both to a different regulators tuning
and observer performance. Furthermore, the proposed Fijpp(s) is akin to a
slight notch filter behaviour at the injection pulsation w;, with a sag depth
equal to —6 dB.

The Fipp(s) TF is the model description of the conventional high-pass
filter taking into account the demodulation process obtained in the Laplace-
domain. The high pass filter TF in the conventional approach has the function
to isolate the high frequency component of the measured currents in the sta-
tionary reference frame. By doing so, since time and Laplace domain variables
are mixed in the conventional approach, the translation in the frequency do-
main is not correct and the demodulation effects are not properly considered.
A wrong stability analysis and an inaccurate bandwidth are the result of ne-
glecting the TF frequency shift due to the modulation/demodulation process.
This difference leads to a wrong observer model, hence a proper estimator reg-
ulator can not be designed, especially in the low-frequency range. Finally, it is
worth remembering that the discretization of Fypr(s) is actually implemented
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2UL1 !
il HFLPF(S) HFIZ-‘JIPF(b) F”

Figure 5.4: Observer control-loop of a rotating injection sensorless drive with the
proposed high-pass filter TF.

in the position observer with the demodulation process, whereas Fiipp(s) is
its model and it is used to design the estimator regulator.

5.2 Observer Regulator Design

The design of the observer regulator in a sensorless electric drive is crucial
to guarantee the motor drive stability and performance. The observer CL
interacts with current and speed loops, then an accurate tuning must be
carried out to reach both high disturbance rejection and a wide closed loop
bandwidth. The observer CL is shown in Fig. 5.4 where the actual position
acts a disturbance as well as the complex term j. Two tuning approaches are
tested, namely, the direct synthesis and the internal model principle with
Bode’s synthesis.

5.2.1 Direct Synthesis Tuning

The DS method is a controller tuning method able to consider systems with a
nonunitary feedback. Moreover the regulator is designed to achieve a desired
closed loop TF. Let R(s), P(s) and F(s) be the TF's of the regulator, the plant
and filter on the feedback of a negative control-loop, respectively. With the
variables just defined, the closed loop TF W(s) is:

_ R)PG)
1+ R(s)P(s)F(s)

Particular attention should be given to the desired CL function W*(s) since

W (s) (5.15)

it must guarantee the synthesis of a feasible regulator. In this case, a second
order TF must be chosen, as:

2

obs (5.16)
52 + 2wobs£obss + wgbs

w

W*(s) =

where weys is the desired bandwidth of the observer and &,,, = 1/v/2 is the
critical damping factor which allow having a —3 dB gain at ws. So, from the
closed loop TF of the system, the regulator TF can be found as:

W= (s)
P(s)[1 = F(s)W*(s)]

R(s) = (5.17)
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The DS regulator allow easily verifying the accuracy of the proposed TF.
The system response both in time and frequency domain is the same if the
actual TF matches the proposed one. The main problem of the DS method is
its poor disturbance rejection.

5.2.2 Internal Model Principle

The disturbance rejection of a feedback system is assured by the IMP if the
open loop TF includes the disturbance model. Fig. 5.4 shows the observer
control-loop of a rotating injection sensorless drive. At steady-state condition,
the actual position acts as a ramp-varying disturb that must be rejected. A PI
controller together with the integrator already present in the observer control-
loop can satisfy the required criteria about the disturbance rejection. However,
the IMP method is based on a desired open loop TF, hence the CL response
cannot guarantee a fine control as with the DS method.

5.2.3 Comparison Between Observer Regulators

The aim of the proposed observer control-loop design is to achieve an accurate
control of the system bandwidth. Two regulators are obtained using the DS
and the IMP techniques both with a desired CL bandwidth of w5 = 50 Hz
and a phase margin of 70° for the regulator based on the IMP. Fig. 5.5 shows
the comparison between the regulators.

Provided a suitable W*(s), the DS method is always able to synthesize
a feasible regulator. Moreover, if the actual TF is equal to the proposed one
P (s), the obtained CL bandwidth is equal to the desired one. The IMP
approach, set the OL cross-over frequency and it assumes that it is equal to
the closed loop bandwidth. Hence, the transient response of the CL system it

is not the desired one as it will shown in Section 5.3.

5.3 Results

Two different tests are carried out to prove the accuracy of the proposed ob-
server TF compared to the conventional one. The tests are performed on an
IPM, whose parameters are reported in Tab. 5.1. The sensorless drive param-
eters are listed in Tab. 5.2. The current and speed control loops bandwidth
are set to 100 Hz and 10 Hz, respectively. In Section 5.3.1 the feasibility and the
time response of the observer TF is studied. Both DS and IMP approaches are
used to design different regulators with the conventional observer TF and the
proposed one. In Section 5.3.2 the IMP approach is used to study the position
tracking response in time-domain of two regulators designed by using the
conventional observer TF and the proposed one. All the presented result are
done in simulation environment.
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Figure 5.5: TF of the observer regulators designed with the DS and the IMP ap-
proaches.

Table 5.1: Main motor parameters.

Parameter Symbol Value
Resistance R 2.726 Q2
d-axis inductance Ly 26.5 mH
g-axis inductance L, 114.7mH
Permanent magnet A, 0.22Vs
Nominal current Iy 42A
Nominal torque Tn 4.7Nm
Rated speed wN 3000 rpm

5.3.1 Observer Time Response

Different controllers with DS and IMP methods are designed with several
desired CL bandwidth and by exploiting the two observer TF models. The
aim of the test is to verify the feasibility of the regulators and to prove the
effectiveness of the proposed observer TF compared to the existing approach.
Results of some combinations of required bandwidth and type of designed
regulators are bundled in Tab. 5.3, the stable combinations are marked. A sta-
ble behaviour for all the considered bandwidth is achieved by the DS method
with the proposed observer TF P2p¥ (s) proving that the observer is well de-
scribed. Regulators designed with the proposed TF and the IMP approach
shows a stable behaviour for OL bandwidth from 10 Hz to 50 Hz. Stable low-
frequency response confirms the effectiveness of (5.14). Whereas, an unstable
behaviour appears for large desired observer bandwidth. This behaviour is
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Table 5.2: Sensorless drive parameters.

Parameter Symbol Value
Injection frequency In 1000 Hz
Injection magnitude U 60V
HPF cutoff frequency fy 100 Hz
LPF cutoff frequency  fr 200 Hz

due to the IMP design method that imposes only the OL bandwidth. As a
consequence the closed loop one is always greater than the imposed one. If a
too large actual bandwidth results, the system becomes unstable. Regulators
designed both with DS and IMP approaches and the conventional Pl (s)
shows a stable behaviour only at high frequencies where the Fypr(s) in the
observer model coincides with the proposed one Fjpp(s) as shown in Fig. 5.3.
The P7¢¥(s) is the proposed observer TF where Fjpp(s) is retrieved by con-
sidering the modulation/demodulation effects on the high-pass filter TF in
the Laplace-domain. The different description of the conventional approach is
responsible for the unstable behaviour of the regulator designed with Pl (s)
in the low frequency range.

The transient response to a step reference of ¢,.y = 0.1rad applied at
t = 0.01ms is studied to prove the dynamic behaviour of all the obtained
feasible regulators. The results are shown in Fig. 5.6. The desired CL response
€'+ is obtained by applying ¢',..f on (5.16). It is worth remembering that if the
plant is well described, the measured €’ perfectly overlaps with the theoretical
one ¢y -. Hence, the desired response of the regulator is perfectly obtained.
The controllers designed with the DS approach and the proposed PLEY (s)
allow achieving a CL response of the observer TF that is perfectly overlapped
to the theoretical step response to the closed loop TF reported in (5.16) for
all the chosen bandwidth. Hence, the proposed plant description is accurate.
The closed loop responses obtained using the DS method to synthesize the
controller and the conventional observer TF P9 (s) are not always feasible.
The flaws of the conventional approach are highlighted especially in the low-
frequency range, leading to instability issues if a reduced bandwidth is desired.
Finally, it is worth noting that PIs tuning are not feasible for all the desired
bandwidth and that PIs tuned with (5.2) are not feasible in the low-frequency
range. Moreover, the transient behaviour of all the Pls is faster than the desired
one. The faster transient response of the regulators designed with the IMP
approach is responsible for the unstable behaviour at high-frequency of the
PIs designed with P2;¥(s) as shown in Tab. 5.3. The open loop TF is used by

the IMP approach to design the regulators, hence an high open loop cut-off
frequency results in an higher CL bandwidth not sustainable by the observer.
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Table 5.3: Stable observer combinations as a function of the required bandwidth

10 Hz

30Hz 50Hz 100Hz 150Hz
DS + by (s) v v v v v
DS + POl () v v
PI+ PoY (s) v v v
PI+ Pg{)ds (s) v v v
—— DS+ Pg(s) DS+ Pgi(s) ——PI+PYi(s) —— PI+Py¥(s) €
0.2
Zo1
0
0 0.05 0.1 0.05 0.1
time (s) time (s)
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0.2
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Figure 5.6: Observer response to a step reference of ¢,y of all synthesized regulator
listed in Tab. 5.3 and comparison with the nominal response €’y =
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Figure 5.7: Closed loop dynamic test. Two regulators are designed with the IMP
approach with a desired bandwidth of 40 Hz and a phase margin of 75° by using the
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conventional Pgy(s) and the proposed Pgyy (s) observer TFs.

5.3.2 Position Tracking

In this test two different regulators are designed with the IMP approach using
both the conventional TF P2l (s) and the proposed one P1¢¥(s).

The desired closed loop bandwidth is set to 40 Hz with a phase margin
of 75° for both regulators. The test are performed with the motor operating
sensorless. The regulators are designed to highlight the flaws of the con-
ventional approach compared to the proposed one regarding the position
tracking. Current and speed loops are closed on the estimated position and
speed, respectively. A ramp speed reference of 300 rpm and a torque ramp-
wise disturbance of 2N m are applied at the motor shaft as shown in Fig. 5.7a

and Fig. 5.7b.

66



5.4. CONCLUSION

The performance of the designed position observers is studied by means
of the position error A¥,,. as shown in Fig. 5.7c. The PI tuned with PI¥(s)
shows a position error that is almost zero and it able to fully reject the actual
position disturbance. An initial stable behaviour is shown by the PI designed
with P2l (s), however when the ramp-wise speed reference reaches its nomi-
nal value at 1s, the CL response of the system is almost unstable according
to the transient analysis pointed out in Section 5.3.1. Furthermore, when the
load is applied the peak value of A, is about 0.15 rad leading to a detrimen-
tal performance of the electric drive. Finally, the operating conditions of the
test show the effectiveness of the proposed approach. Indeed, the observer
designed with the proposed TF allow controlling the motor sensorless with
up to 10% of its nominal speed and with a torque disturb of about 50% of the
nominal one.

The inaccuracy in the description of the observer TF due to the use of

time and Laplace-domain variables makes impossible to design a regulator in

old

the low-frequency range with P2,$

Tab. 5.3.

(s) according to the analysis carried out in

5.4 Conclusion

A new transfer function model for rotating injection-based position observer
by exploiting the modulation/demodulation theory is proposed. The con-
ventional TF blends together time and Laplace-domain variables neglecting
demodulation effects on the high-pass filter TF. The proposed plant descrip-
tion differs from the classical one for a different high-pass filter function due
to the demodulation process. The main difference between the conventional
and the proposed observer TF is in the low-frequency response.

Several regulators were obtained with different bandwidth and by using
two design approaches, namely, direct synthesis and internal model principle.
The former approach allow achieving a desired closed loop bandwidth if
a proper transfer function is provided. The transient response of different
regulators is compared to the theoretical one obtained by applying a step
reference to the desired closed loop TF according to the DS approach. The
regulators designed with the proposed observer TF perfectly match the theo-
retical response, confirming the correctness of the proposed observer model.
In the second test, two different regulators with the internal model principle
are designed at low frequency. Sensorless control is performed and the perfor-
mance of the two regulators compared. The regulator designed by using the
conventional observer TF is almost unstable, whereas the PI designed with
the proposed observer TF perfectly attains the desired behaviour.

67






6 GENERAL CONCLUSION

Electric motors have a fundamental role in the electrification process. Follow-
ing the upcoming regulations in terms of climate change and energy savings,
in the next years electric motors are going to gain more and more importance
in several sectors such as industrial, transportation and domestic. Efficiency,
reduced size of the motor and fault-tolerant capability for instance are going to
be key specifications both on motor and electric drive design. Already today,
for instance, electric motors are one of the biggest energy consumers in the
world due to their wide use in the aforementioned sectors. In these scenario, in
the field of electric drives, a lot can be done by investigating different control
techniques.

In this thesis, low speed sensorless control is deeply investigated both for
three-phase and multiphase machines. The reason is that by implementing
motor control algorithms without position sensor, most of the design specifi-
cations can be satisfied. Sensorless control allow achieving redundancy and
fault-tolerant capability if a fault in the position sensor appears. Moreover, a
reduced cost and motor frame size can by satisfied by removing the position
sensor. However, sensorless control suffers from magnetic saturation and cross
coupling. The former one reduces the motor anisotropy creating a problem
in the low speed region since the rotor position is retrieved by depicting the
anisotropy of the motor. If the anisotropy is reduced, for instance when the
motor operates at high current, the estimated position can be detrimental
and not correct. The latter one introduces an estimation error, hence the rotor
position may differ from the actual one. These aforementioned flaws modify
the actual operating point of the machine when sensorless control is applied.
Inaccuracy of the model is another key factor that can undermine the per-
formance of sensorless control. Model based design is often used to model
the position observer used to retrieve the rotor position. Hence, efficiency
problems and even instability issues could arise. Low speed sensorless control
is investigated for different electric motors.

The first part deals with low speed sensorless control applied for a mul-
tiphase machine. The reference scenario is a fault in the position sensor. The
winding arrangement is chosen accordingly to control the machine as a dual
three-phase motor. One three phase winding is distributed at the top of the
stator whereas the second one at the bottom. Both three-phase winding are
supplied with a dedicated inverter. This allow both controlling each set at
different operating points and the estimation of two rotor positions. The ability
of the motor to be controlled sensorless is investigated in the first work. A full
study of the motor is carried out both with finite element analysis and simula-
tion tools and experimental validation. Observer trajectories are depicted in
the dg plane and through their study a sensorless control that enhances the
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fault-tolerant of the motor is designed. An investigation of sensor fusion appli-
cation to perform sensorless control is reported in the second study. The rotor
position is estimated by both winding sets. As aforementioned, the accuracy of
the estimated position depends on the operating point of the machine. Hence,
since the two three-phase sets can be controlled at different operating points,
this results in two different estimated positions. Depending on the operating
point of the machine, one estimated position may have more relevance than
another one. Sensor fusion aims at combining together the two estimated
rotor positions to have only one estimated and properly weighted variable.
Sensorless control is finally performed by closing both control loops on the
fused state from the Kalman filter algorithm showing good performance.

The second part of the thesis deals with the third study. It is related on
the modelling of a position observer for the rotating voltage signal injection.
The proposed approach aims at modelling the observer plant completely
in the Laplace domain. The novelty of the study is that the demodulation
effects on the filters transfer functions are considered. As a consequence, a
correct observer plant is obtained compared to the conventional approach that
blends together time and Laplace domain variables. The correctness of the
proposed observer transfer function is validated through simulation results.
As a result, the tuning of the observer regulator can be done by using model
based techniques such as direct synthesis or the internal model principle. The
proposed approach allow reaching an optimal tuning of the regulator in the
whole frequency range whereas by using the conventional one only a tuning
at high frequency range is possible. Moreover, the reached performance are
not the same as the required one since an incorrect plant is used.

6.1 Future Works

Low speed and standstill sensorless control with rotating injection technique
has been deeply investigated in the dissertation both for three-phase and
multiphase machines. However, the activities reported may have multiple
development or interesting insight to investigate.

Further improvements can be implemented on the post fault tolerant
strategies developed for the multiphase motor in the first part of the thesis.
The effects of the Q — PLL tuning on the slightly variation on the estimated
position can be investigated. Moreover, a different configuration of the stator
windings can be used to highlight and investigate the effect of the mutual
coupling between the multiple three-phase sets on the estimated position.
Finally, pulsating injection techniques can be implemented to analyze the
differences in the control strategy compared to the rotating one that was
implemented.

An experimental verification of the work carried out regarding the mod-
elling of a position observer for rotating voltage signal injection should be
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done to validate the simulation results. Moreover, further validation on the
influence of the motor speed on the observer plant is needed. Finally, a com-
parison between the observer plant of the rotating and pulsating injection
techniques could be performed to highlight the differences.
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