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ABSTRACT

The aim of this work is to analyze and implement techniques which al-

low to run a sensorless control over an Interior Permanent Magnet (IPM)

synchronous motor These methods have to be robust and precise enough

to be applied to both industrial and traction applications, saving the space

and fault possibility of rotational transducers and therefore saving weight

and cost.

After an accurate study of the electrical machine considered, the sensorless

methods for identifying the rotor position and speed available in literature

will be review and analyzed, together with their strengths and weaknesses.

Overall, the sensorless control can be sub-divided into two speed ranges:

one including standstill and very low rotational speeds and one concerning

high velocities. Methods which exploit the saliency of the IPM by means of

a continuous high frequency voltage injection and those that make use of a

virtual stator flux observer are considered the most suitable for each speed

range, respectively.

These techniques will be implemented in a simulation environment, which

will show that good results can be obtained, with a position estimation er-

ror in the range of 1÷5 degrees for low speeds and of 0÷2 degrees for high

speeds. The methods will also be merged by means of transition algorithms

to obtain a wide-speed range sensorless control until the base speed (and

presumably even above).

Finally, the developed methods will be experimentally implemented and
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validated to assess the feasibility of a sensorless control over an IPM mo-

tor. The test conducted will show that this is possible, at least in no load

conditions, with a position estimation error in the range of 5 ÷ 10 degrees.

This error, together with its noisiness, of course reflect on the estimated

speed, anyway not hindering too much the robustness of the control itself,

which, with several further improvement, can be used without any doubt

in industrial applications.



ESTRATTO IN ITALIANO

L’obbiettivo di questo lavoro è quello di analizzare ed implementare

tecniche che permettano di eseguire il controllo senza sensori di un mo-

tore sincrono a magneti permanenti affogati (IPM). Questi metodi devono

essere abbastanza robusti e precisi da poter essere applicati sia in ambito

industriale che di trazione, risparmiando spazio ed evitando i guasti rela-

tivi all’usura dei sensori, quindi alleggerendo il peso degli azionamenti ed

il loro costo.

Dopo un accurato studio della macchina elettrica considerata, i metodi sen-

sorless per l’identificazione di posizione e velocità rotorica esistenti in let-

teratura saranno riassunti ed analizzati nei loro punti di forza e debolezze.

In generale, i controlli sensorless possono essere suddivisi, rispetto alla

velocità di rotazione, in due macro-categorie: quelli che operano a rotore

fermo o a basse velocità e quelli che funzionano ad alte velocità. I metodi

che sfruttano la salienza rotorica del motore IPM tramite l’iniezione di un

segnale ad alta frequenza e le tecniche che fanno uso di osservatori di un

flusso rotorico virtuale sono considerate le più promettenti e adatte alle due

categorie, rispettivamente.

Queste tecniche verranno implementate in un ambiente di simulazione, in

quale mostrerà che buoni risultati possono essere ottenuti, quali un errore

di posizione di 1 ÷ 5 gradi a basse velocità e di 0 ÷ 2 ad alte velocità. I

metodi verranno inoltre interconnessi per ottenere un controllo capace di

operare su tutto il range di velocità fino alla velocità di base (e prevedibil-
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mente oltre).

Infine, i metodi sviluppati saranno implementati sperimentalmente e val-

idati per verificare l’applicabilità del controllo sensorless su di un motore

IPM. I test condotti mostreranno che tutto ciò è possibile, con un errore di

stima della posizione nel range di 5 ÷ 10 gradi. Questo errore, insieme alla

sua varianza dovuta al rumore, certamente si riflette sulla stima vi velocità,

senza però intaccare fortemente la robustezza del controllo che, certamente

con alcune migliorie, potrà essere utilizzato in ambito industriale.
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INTRODUCTION

The majority of industrial applications that involve motion is nowadays

achieved with electrical machines, which make use of electro-magnetic ef-

fects to generate high density power with little losses. Besides, due to pol-

lution constraints, also electric traction applications are taking over the re-

search activities and a big attention from factories is starting to being given.

Although DC motors were very common in past years, most of the motion

control is now achieved with three-phase AC systems, such as induction

machines (IM), permanent magnet synchronous motors (PMSM) and re-

luctance machines (RM). This thesis will focus on the synchronous motor

because, further than not needing brushes and having a high precision ca-

pability in torque control, elements which are in common with IMs, they

bring the advantages of having an high efficiency, an high ratio between

generated torque and inertia and an high accuracy possibility in position

and speed control. These advantages are even more highlighted by the fact

that the control of PMSM is even easier with respect to those of different

motor technologies. The only weakness they present is the cost: high per-

forming PM are limited to find in nature, so as rare heart materials they

could be synthetized from, but this drawback is not hindering their grow-

ing application in EV and HEV in a large variety of fields, from automotive

to aeronautics, from agriculture to marine, without of course forgetting of

industrial high precision and high torque demanding applications.

In the topic of synchronous motor two macro-categories exist: those with

1
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the PM mounted on the rotor surface and those with PM buried inside it.

The former requires an high number of magnets for performing operation,

but its model is quite simple and well-studied. The latter on the opposite

have the advantage of being cheaper but their behavior is highly non-linear

and their control hugely depends on the identified parameters. Addition-

ally, while SPM synchronous machines can only count on the torque gener-

ated by the interaction of the PM with the stator currents (magnetic torque),

IPM motors also exhibit a reluctance torque component deriving from the

inductance difference between its axis. This feature allows buried-magnets

motors to perform better and provide higher torque, especially over the

base speed in the field weakening region, which is a big concern in auto-

motive applications.

Recently, due to space, cost and hardware reliability constraints there is a

trend in of avoiding the usage of position, speed and torque sensors. Of

course, the control of any kind of electrical machine can not make without

the position information for operating in the maximum torque condition

by means of the MTPA controls, which allows to optimize the usage of bat-

teries internal energy; furthermore, a speed feedback is required in a wide

range of applications. A solution to this demanding request is represented

by the developing of sensorless controls, which only require the knowl-

edge of the voltages applied to the motors and the measurement of the

currents generated from them. By means of specific estimators it is possi-

ble to retrieve mechanical informations about the rotor with the only usage

of electrical quantities. In the wide variety of electrical machines only IPM

motors and reluctance motors, in both their switched reluctance (SRM) and

synchronous reluctance (SynRM) configurations, are the ones that can un-

dergo a wide speed range sensorless control. This is because in the actual

state of art all the control methods based on traditional observers fail at

standstill or very low speeds due to the barely null back-EMF and very low
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flux linkage present. The above mentioned motors, on the contrary, thanks

to their constructive intrinsically generated saliency, are feasible of being

applied methods for the precise estimation of the rotor position and speed.

The aim of this thesis is therefore to study and implement the techniques

allowing the sensorless control of an IPM synchronous motors and develop

an application based on the introduced methods capable of satisfying strict

accuracy constraints, while providing an high torque.

This thesis is structured in this way:

In chapter 1 the main features of the IPM motor will be described and com-

pared to those of classical SPM machines. The mathematical modelling

used in the following chapters will also be introduced and explained.

In chapter 2 the state of art in sensorless identification methods will be

reported, together with a comparison between the better-promising tech-

niques. High frequency injection methods and flux reconstructors will be

chosen among all.

In chapter 3 the development of a sensorless algorithm combining the cho-

sen methods will be described and a model will be set up with the help

of MAtlab and Simulink. The results obtained from simulations will be an-

alyzed and the expectation from the experimental implementation intro-

duced.

In chapter 4 the hardware setup used in a practical implementation of the

sensorless control will be described and several tests will be performed to

assess its performances in both unloaded and loaded operation.

At last, conclusion from the work will be drawn, together with possible

future developments proposals.



Chapter 1

INTERIOR PERMANENT

MAGNET MOTOR

In this chapter the permanent magnet synchronous motor (PMSM) will be

described in both its constructive and electrical features. The focus will be on the

internal permanent magnet (IPM) configuration of the rotor, whose properties will

be analyzed.

1.1 Introduction

The synchronous PM machine is constituted by a stator and a rotor. The

stator is, as in IMs, a piece of ferromagnetic material which exhibits slots

on its surface, filled with distributed three phase windings. Those are fed

by sinusoidal currents generated by a current-controlled voltage source in-

verter (VSI) in order to give rise to a continuously rotating magnetic field,

which is revolving at the so called synchronous speed. The rotor, also made

of ferromagnetic material, is equipped with permanent magnets (PM), that

introduce the advantage of requiring little space for the creation of a dense

magnetic field; their presence introduce barely null losses in rotor iron mag-

netization, contrary to what happens with rotor windings in IMs, resulting

4
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in higher torque density and efficiency. Furthermore, the PMs own a high

energy density and thus require very small space for the magnetization of

the rotor with a dense magnetic field capable of sustaining high coercive

torque. In addition to that, the cost of PM in recent years is continuously

decreasing, which combined to an high attention to energy saving applica-

tion, is pushing PMSM to being increasingly studied and developed.

1.2 Constructive feature

The PM on the synchronous machine’s rotors can be positioned in vari-

ous manners, defining the behavior and the characteristics of the machine;

the main configurations are showed in figure 1 and can be classified into

two classes which the name of surface-mounted PM (SPM) and internal-

mounted PM (IPM).

Figure 1.1 shows a cross-section of a 4-poles SPM machine with the PM

Figure 1.1: SPM 4-poles motor [2] Figure 1.2: IPM 6-poles motor [2]

attached on the external surface of the rotor. The magnetic flux generated

by the PM crosses the same amount of steel, air and magnets along the d

and q axes, making this machine isotropic. This means that its properties

are independent with respect to the direction in which the magnetic phe-

nomena are considered and in particular that the inductance L is constant
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and independent on the rotor position. This kind of motors are employed

in low speed application because at high speeds the magnets would tend

to fly apart due to the centrifugal force.

Figure 1.2 shows a cross-section of a 6-poles IPM rotor, in which the PM

are buried inside the ferromagnetic core with alternating polarity. It can be

noticed that the magnetic flux along the d axis crosses the PM, whose per-

meability is close to that of the air, while the flux along the q axis does not.

This results in a difference of magnetic inductances on the axis, in particu-

lar to the inductance Ld to be noticeably lower than Lq, leading the motor

to be anisotropic. This configuration has the drawback of requiring a more

complex and accurate parameter identification concerning the inductance

difference, to the aim of control, but on the other hand it is mechanically

stronger and can undergo higher velocities without the risk of the PM fly-

ing apart from their position. IPM motors also have the capability of gen-

erating higher torque with respect to SPM motors, being it composed by

two terms: the PM torque (present in the SPM as well) and the reluctance

torque given by the dq axis inductance difference.

From an electro-magnetic point of view it is important to emphasize that

burying the PM inside the rotor introduces a saliency in the machine, fea-

ture that is not present in any other motor. The saliency can be better ex-

plained and understood by looking at the interaction between the PM flux

and the magnetic field produced by the stator currents. First of all it is nec-

essary to recall that we are dealing with a 2-axis system obtained by means

of Clarke-Parke transformation (see section 1.3) and that the d and q axis

are shifted by 90o
np

, where np is the number of pole pairs. As it can be seen

in figure 1.3, in a SPM machine both the flux generated by the PM and the

one generated by the current id are aligned on the d axis (they will thus be

summed), while the quadrature component generated by the q axis current

is shifted by 45 electrical degrees (for a 4-poles machine). Being the PM at-
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Figure 1.3: SPM 4-poles motor flux lines [3]

tached on the periphery of the rotor the flux on both axes sees the same

path at each rotor position, resulting in an inductance L which is constant.

The situation is different in a IPM motor: figure 1.4 shows how the mag-

Figure 1.4: IPM 4-poles motor flux lines [3]

netic flux along the d axis has to cross, in addition to two air gaps between

stator and rotor, also 2 magnets. Recalling that the ceramic and rare earth

magnets permeability is close to the one of air, it follows that the d axis flux

path must pass through a considerably large air gap. Looking at the q axis

path it can be noticed instead that the flux can avoid passing through the

magnets and only crosses the two air gaps between stator and rotor and

the ferromagnetic material. This results in a difference of the flux path seen

by the axis and more precisely an higher magnetic inductance with q axis

rotor orientation.
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1.3 Model of the motor

1.3.1 Three-phase electrical model

Figure 1.5: Schematic IPM synchonous machine in abc reference frame [4]

The synchronous IPM motor is shown schematically in figure 1.5. It con-

sists of a stator with three windings, a, b and c, phase shifted by 2
3π and a

rotor. The latter is represented as a salient pole magnet in order to outline

the magnetic anisotropy caused by the PM buried in the iron. The magnetic

flux provided by the PM is considered constant and equal to Ψm.

The quantities of our interest are the electrical position (θr) and speed,

which is defined as:

ωr =
dθr

dt
(1.1)

They are linked to the periodicity by which the angular position affects the

stator windings, while the mechanical ones actually describe the movement

and are calculated as θm = pθr andωm = pωr. The rotor absolute position

is measured between the a stator phase axis and the d rotor magnetic axis.

Throughout this thesis it will be assumed that the inductance on the d axis
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is smaller than the one on q axis, as it is in nowadays practice and in most

physical realizations more common.

Given the previous assumptions and applying the Kirchhoff’s second law

to the stator windings, the following system of equations is obtained (for

simplicity in notation the dependence on time of the voltage V(t), current

i(t) and flux linkage Ψ(t) will be omitted):
va = Raia + dΨa

dt

vb = Rbib + dΨb
dt

vc = Rcic +
dΨc
dt

(1.2)

Assuming that there is symmetrical construction of the machine, the phase

resistances Ra, Rb and Rc will be all considered equal to Rs.

To better exploit the behavior of the machine, under the hypothesis of lin-

earity in the magnetic circuits, each phase’s flux linkage component can be

re-written as: 
Ψa = Laaia + Labib + Lacic + ΨaM

Ψb = Lbaia + Lbbib + Lbcic + ΨbM

Ψc = Lcaia + Lcbib + Lccic + ΨcM

(1.3)

where:

− The self-inductances Laa, Lbb and Lcc take into account the flux link-

age of each winding with itself, arising due to the current flowing

into each winding. They are function of the rotor position because of

its saliency: 
Laa = Lσs + Lms0 + Lma cos

(
2θr
)

Lbb = Lσs + Lms0 + Lma cos
(

2θr + 2
3π
)

Lcc = Lσs + Lms0 + Lma cos
(

2θr − 2
3π
) (1.4)

being:
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◦ Lσs the leakage induction, meaning the amount of the flux that

can’t make it through the iron and reach the rotor;

◦ Lms0 the constant component of the magnetizing induction;

◦ Lma the anisotropy component of the magnetizing induction,

function of twice the angular position.

− The mutual-inductances take into account the flux linkage of a wind-

ing arising from the current flowing in the other two windings. They

are still function of twice the rotor angle as follows:
Lab = Lba =Ms + Lma cos

(
2θr − 2

3π
)

Lbc = Lcb =Ms + Lma cos
(

2θr + 2
3π
)

Lac = Lca =Ms + Lma cos
(

2θr
) (1.5)

with

Ms = Lms0 cos

(
2
3
π

)
= −

Lms0

2

being the fraction of the constant magnetizing component obtained

considering the phase shifting between the axis.

− The stator flux linkage components due to the permanent magnets

are function of the rotor position:
ΨaM = Ψm cos

(
θr

)
ΨbM = Ψm cos

(
θr −

2
3π
)

ΨcM = Ψm cos
(
θr +

2
3π
) (1.6)

To ease the notation and allow for a faster understanding, the previously

explained model can be re-written in matrix form as follows:
v = [Rs]i+

dΨ
dt

Ψ = [Lss(2θr)]i+ ΨM(θr)

(1.7)
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where

v =


va

vb

vc

 [Rs] =


Rs 0 0

0 Rs 0

0 0 Rs

 i =


ia

ib

ic

 Ψ =


Ψa

Ψb

Ψc

 (1.8)

The PM flux linkage and the inductance matrix read:

ΨM = Ψm


cos
(
θr

)
cos
(
θr −

2
3π
)

cos
(
θr +

2
3π
)
 (1.9)

Lss = [Lss0] + [Lsm(2θr)] (1.10)

From equations (1.4) and (1.5) it also follows that:

[Lss0] =


Lms0 + Lσs −1

2Lms0 −1
2Lms0

−1
2Lms0 Lms0 + Lσs −1

2Lms0

−1
2Lms0 −1

2Lms0 Lms0 + Lσs

 (1.11)

and

[Lsm] = Lma


cos
(

2θr
)

cos
(

2θr − 2
3π
)

cos
(

2θr + 2
3π
)

cos
(

2θr − 2
3π
)

cos
(

2θr + 2
3π
)

cos
(

2θr
)

cos
(

2θr + 2
3π
)

cos
(

2θr
)

cos
(

2θr − 2
3π
)
 (1.12)

1.3.2 Clarke transform and model in stator αβ reference frame

Once the motor model has been found starting from the electrical equiv-

alent circuit and all its component has been described, it is convenient for

simplicity to move from a three-phase reference system to a two-axis frame.

This is possible by applying the so-called Clarke transform, consisting in

a transformation matrix allowing to shift the electrical quantities without

modifying their amplitude:

TClarke =
2
3


1 −1

2 −1
2

0
√

3
2 −

√
3

2

1
2

1
2

1
2

 (1.13)
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Figure 1.6: Clarke transform [4]

The α axis of the transformed system is chose to coincide with the a axis of

the original reference frame, while the β axis will be orthogonal to it.

Applying the transformation to the original system (matrix notation is

used):

vαβ = [TClarke]v iαβ = [TClarke]i Ψαβ = [TClarke]Ψ (1.14)

The following model is obtained:
vαβ = [Rs]i

αβ + dΨαβ

dt

Ψαβ = [Lss(2θr)]iαβ + ΨαβM (θr)

(1.15)

where:

vαβ =


vα

vβ

0

 iαβ =


iα

iβ

0

 Ψαβ =


Ψα

Ψβ

0

 (1.16)

The flux linkage due to the permanent magnet still keeps its dependance

from rotor position but becomes:

Ψ
αβ
M =

√
3
2
Ψm


cos(θr)

sin(θr)

0

 (1.17)
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Figure 1.7: Schematic IPM synchonous machine in αβ reference frame [4]

Similarly, the two components of the inductance matrix now take the form:

[Lss0] =


3
2Lms0 + Lσs 0 0

0 3
2Lms0 + Lσs 0

0 0 Lσs

 (1.18)

and

[Lsm] =
3
2
Lma


cos(2θr) sin(2θr) 0

sin(2θr) − cos(2θr) 0

0 0 0

 (1.19)

Since we assumed at first that the system is considered symmetric by con-

struction the third row of the inductance matrix, the so-called omopolar

component, can be neglected: the procedure thus transformed the three-

phase machine into an equivalent two-phase one with orthogonal axes.

1.3.3 Park transform and model in rotor dq reference framee

To the aim of control, it is necessary not only to have the model of the

machine in a 2-axis form, but to have it also in a rotating reference frame
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Figure 1.8: Park transform [4]

synchronous with the motor. This is achieved by means of the Park trans-

form, a matrix operation similar to the Clark transform that shifts the or-

thogonal and stationary α and β axis to the rotating d and q ones. An or-

thogonal transformation matrix is introduced:

TPark =


cos(θr) sin(θr) 0

− sin(θr) cos(θr) 0

0 0 1

 (1.20)

Similarly to the Clarke transform, the Park transform is applied to the sys-

tem:

vdq = [TPark]v
αβ idq = [TPark]i

αβ Ψdq = [TPark]Ψ
αβ (1.21)

and the model rotating synchronously with the rotor is obtained:
vdq = [Rs]i

dq + dΨdq

dt + [J]ωrΨ
dq

Ψdq = [Lss]i
dq + ΨdqM

(1.22)

where:

vdq =


vd

vq

0

 idq =


id

iq

0

 Ψdq =


Ψd

Ψq

0

 [J] =


0 −1 0

1 0 0

0 0 0

 (1.23)
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Figure 1.9: Schematic IPM synchonous machine in dq reference frame [4]

Note that the dependence on position is eliminated from both the PM flux

linkage component and the inductance matrix, which now read:

Ψ
dq
M =

√
3
2


Ψm

0

0

 (1.24)

[Lss] = [Lss0] + [Lsm] (1.25)

with [Lss0] the same as equation (1.18) and

[Lsm] =
3
2
Lma


1 0 0

0 −1 0

0 0 0

 (1.26)

Park transform allowed to obtain a model of the IPM machine on two axis

rotating synchronously with the rotor and we will see that this is a key

point for designing a robust control scheme. Still there is one simplification

that can be done and it regards the so-called synchronous inductances.

Having eliminated the dependence over position from the inductance ma-



CHAPTER 1. INTERIOR PERMANENT MAGNET MOTOR 16

trix, equation (1.25) can be rewritten as:

[Lss] =


Ld 0 0

0 Lq 0

0 0 Lσs

 (1.27)

where

Ld = Lσs + Lmd Lq = Lσs + Lmq (1.28)

are, respectively, the synchronous inductance of the direct and quadrature

axis, with

Lmd =
3
2
(Lms0 + Lma) Lmq =

3
2
(Lms0 − Lma) (1.29)

the coresponding magnetizing inductances.

1.3.4 Model simplification for high frequency injection

In the following a further simplification for the model described above

will be reported. It is a topic case in which the machine is operating under

high frequency excitation. A preliminary assumption has to be made and

it is that the motor windings resistance and inductance are supposed to be

constant in the whole frequency range. The simplification consists of can-

celling the terms of the model that at high enough frequencies become neg-

ligible with respect to others. The simplified equations of the model will be

very useful in the following of this thesis when sensorless algorithms will

be employed for running the control of the machine.

Each of the three phases of the machine windings can be seen as a transfer

function from voltage to current. These transfer function are very likely to

be low-pass filters of first order, being the inductance impedance propor-

tional to the frequency. These transfer function have time constant τRL =

ΣL
R so, for frequencies ωhf >> 1

τRL
resistive losses can be neglected, so

as the PM flux linkage. The model described by equation (1.22) will thus
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become: 
vdq = dΨdq

dt + [J]ωrΨ
dq

Ψdq = [Lss]i
dq

(1.30)

Applying the Park anti-transform to the least obtained system or, alterna-

tively, neglecting the same terms in equation (1.15), it can be found that

this simplification is even more appreciable in the stator reference frame,

leading the system to be:
vαβ = dΨαβ

dt = [Lss(2θr)]
diαβ

dt

Ψαβ = [Lss(2θr)]iαβ
(1.31)

For what concerns the interaction with the mechanical system, the injec-

tion of signals (be them currents or voltages) at high frequencies will not

disturb it and their effects will be neglected. This is understandable think-

ing that usually the mechanical time constants are much greater than the

electrical ones. So, applying signals at a frequency higher than the cut-off

frequency of the electrical system, would mean to apply to the mechanical

system a disturbance at a huge frequency, where it is more likely to atten-

uate any input. To sum up, in presence of a high frequency signal injection

the mechanical speed and acceleration of the rotor can be considered null.

1.3.5 State-space models

To implement a control scheme and work out control algorithms it is

convenient to re-write the previously obtained Park model into state-space

form, highlighting the dependence of flux or current over voltage. Doing

so will also ease the tuning of the controllers, being the transfer function

from voltage to flux or current easily available from this representation.
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Manipulating equation (1.22) a more explicit notation can be found as:

vd = Rsid + dΨd
dt −ωrΨq

vq = Rsiq +
dΨq
dt +ωrΨd

Ψd = Ldid + Ψm

Ψq = Lqiq

(1.32)

In the following two models will be considered, taking as state variables

the fluxes or the currents.

Fluxes as state variables

The first step is to work out the current dependence over the fluxes,

from the latter’s equations:

id =
Ψd − Ψm
Ld

iq =
Ψq

Lq
(1.33)

Substituting them into the voltage equation gives:

vd =
Rs

Ld
(Ψd − Ψm) +

dΨd
dt

−ωrΨq

vq =
Rs

Lq
Ψq +

dΨq

dt
+ωrΨd

(1.34)

Finally, re-arranging the fluxes derivatives can be found

dΨd
dt

= −
Rs

Ld
Ψd +ωrΨq + vd +

Rs

Ld
Ψm

dΨq

dt
= −ωrΨd −

Rs

Lq
Ψq + vq

(1.35)

In matrix form this system takes the form

ẋ = [A]x+ [B]v+ [C] (1.36)

where

[A] =

−RsLd ωr

−ωr −RsLq

 [B] =

1 0

0 1

 [C] =

RsLdΨm
0

 (1.37)
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One can notice that matrix [A] is not constant but depends on the rotor

velocity, which can be also considered as a state variable in a mechani-

cal equation, resulting in a non-linear model. One last remark should be

done on this representation and it is the presence of the [C] matrix, giving

a constant contribute to the first equation: this may at first seem not to be a

big concern, but when dealing with mathematical integration in the control

scheme it turns out to be very uncomfortable (and tricky to remember) to

set the integrator initial value to avoid spikes in the first instants. For this

reason taking the currents as state variables is preferable.

Currents as state variables

Building a state-space model that takes the currents as state variables is

very easy and consist of directly substituting the fluxes equations into the

voltage ones:

vd = Rsid +
d

dt
(Ldid + Ψm) −ωrLqiq

vq = Rsiq +
d

dt
(Lqiq) +ωr(Ldid + Ψm)

(1.38)

Being the flux given by the PM constant its derivative can be considered

null and the differential equation can be found rearranging:

did
dt

=
1
Ld

(−Rsid +ωrLqiq + vd)

diq

dt
=

1
Lq

(−Rsiq −ωrLdid + vq −ωrΨm)
(1.39)

In matrix form this system takes again the form

ẋ = [A]x+ [B]v+ [C] (1.40)

where

[A] =

 −RsLd ωr
Lq
Ld

−ωr
Ld
Lq

−RsLq

 [B] =

 1
Ld

0

0 1
Lq

 [C] =

 0

−ωr
Ψm
Lq

 (1.41)
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This model still yields the same consideration done for the fluxes one about

non-linearity of the [A] matrix and the need of one more mechanical equa-

tion for accounting the speed. On the other hand the [C] matrix is not con-

stant anymore but it is also dependent on speed; this means that, consider-

ing the motor starting from null steady state, the issues given by the inte-

grators are avoided in the control scheme.

1.3.6 Torque production

As said in the introduction of this chapter the main feature of the IPM

synchronous machine is having a much higher torque production due to

the magnetic anisotropy with respect of both induction machines and SPM

synchronous motors. To better analyze this feature an energy balance has

to be performed (for simplicity over the model in the synchronous rotor

reference frame), obtaining the following equation:

Re(vi∗) = Rsi2 + Re(i∗
d

dt
Ψ) + Re(jωrΨi∗) (1.42)

The left-hand side term represents the total active energy entering the sys-

tem, while the righ-hand side terms are, respectively, the Joule losses, the

variation of the internal magnetic energy stored into the system in the in-

ductances Ld and Lq and the mechanical power. Going into deeper level of

detail the latter can be expressed as:

Pm = Re(jωrΨsi
∗) = −ωr Im(Ψi∗)

= −ωr Im[(Ldid + Ψm + jLqiq)(id − iq)]

= ωr[(Ld − Lq)idiq + Ψmiq]

(1.43)

Now, recalling that the electrical and mechanical velocities are linked by

the relation ωr = npωm (where np is the number of pole pairs), the me-

chanical torque can be expressed as:

Tm =
Pm

ωm
= np

Pm

ωr
= np[(Ld − Lq)idiq + Ψmiq] (1.44)
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It is evident how torque is composed by two terms; the first one is called

the anisotropy component while the second takes the name of excitation

component. The latter, present also in the SPM machines, denotes how the

d-axis oriented flux of the permanent magnets interacts with the q-axis sta-

tor current to create magnetic field alignment and therefore torque propor-

tional to current iq flowing into the windings. The most interesting feature

of an IPM motor is represented by the anisotropy component, created by

the magnetic fluxes along the d and q axes interacting with each other. This

term is clearly generated because of the rotor saliency and is therefore pro-

portional to the difference of inductances (Ld − Lq)



Chapter 2

SENSORLESS DRIVING

TECHNIQUES

In this chapter the main sensorless control techniques for driving an IPM syn-

chronous motor will be listed and analyzed, evaluating their strengths and draw-

backs. At first the main difficulties in sensorless control will be described and a

subdivision into different categories will be made. Secondly each technique will be

explained and a comparison between them will be performed.

2.1 Overview

Nowadays synchronous machines are becoming more and more pop-

ular both in industrial and HEV or EV applications. This growth is asso-

ciated with a major desire of system’s reliability and with a big concern

on costs reduction, both at first in the constructive phase and secondly in

the maintenance period. Under this view the most problem-causing de-

vices are without any doubt the sensors measuring the position and speed

of the motors and the torque produced by them: they are very expensive

and fragile, other than requiring additional space in the drive and constant

maintenance. Anyway the measure of physical quantities is something of

22
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which it can’t be done without in control system, due to the need of in-

formation on the state of the machine to close a control loop. The goal of

research in the last decade has therefore focused on developing algorithms

able to estimate more or less precisely the physical quantities related to the

machine at any time during its operation, so as to avoid mounting expen-

sive and fragile sensors on the newly developed drivers.

At first model-based techniques have been developed, rapidly followed by

observers. These techniques allowed to run both the synchronous and the

asynchronous motor at medium and high speeds with little errors in the

position and speed estimation; however, since their operating principle is

to make use of flux and back-EMF reconstructions to identify the position

of the rotor, they fail at zero or very low speeds, where no back electromo-

tive force is generated and little magnetic flux is present. It is in fact very

difficult to derive a precise information about the rotor angular displace-

ment when the measured voltages and currents are very little, due both to

microprocessors limitations and intrinsic uncertainty. To this aim IPM syn-

chronous motors, which present a magnetic saliency, started to be studied

and developed because their anisotropy could be used to retrieve informa-

tion both at standstill and at very low speeds. In the following a subdivision

into two macro-categories will be made, basically to distinguish techniques

that operate at zero or low speed, the so-called Saliency based methods, from

those which need higher rotational speeds, called Traditional and model based

methods. Figure 2.1 better explains this subdivision and also describes the

sub-categories that come from them.

At first saliency based methods will be analyzed, starting from the most

popular high frequency continuous signal injection techniques, which con-

sist of superimposing a carrier signal at high frequency over the fundamen-

tal excitation of the motor. An overview on methods based on discontinu-

ous injection will also be made, in addition to techniques that try to esti-
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Figure 2.1: Categories of sensorless algorithms

mate the position of the rotor without injecting any signal but retrieving

information from the so-called 0 sequence in fundamental excitation. Sec-

ondly high speed techniques will be described, such as traditional methods

based on a model of the machine, estimators which make use of the mag-

netic fluxes of the machine and observers of various kinds.

2.2 Saliency based methods

In order to run a control over the PMSM there is the need of a contin-

uous knowledge of the rotor angle. This is due to the fact that the most

effective controls work in dq rotating reference frame, thus employing Park

conversions that require the rotor angle. In sensorless control the only mea-
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sured variables are voltages and currents fed to the motor, from which the

necessary informations are taken to retrieve the rotor’s angular position.

Since the contro has to act from the first moment at which the machine is

switched on, but electromotive force is not present at standstill or very low

speeds, a difficulty in identifying the mechanical variables arises. Methods

based on magnetic saliency, which is an intrinsic characteristic of IPM ma-

chines, are then used to overcome this problem.

2.2.1 High frequency continuous signal injection techniques

The most studied and used techniques for identifying the rotor angle

at zero or very low speeds is the injection of a high frequency signal, that

can be either a voltage or a current (see paragraph 2.2.2), superimposed to

the fundamental excitation used to drive the machine. The injected voltage

(or current) interacts with the saliency of the machine, generating a current

(or voltage) at the same frequency which contains information about the

position of the saliency in its phase. In the following voltage injection will

be taken as reference as it is the most commonly used signal.

Considering only carrier excitation, the model of the machine is that de-

scribed in paragraph 1.3.4, in which resistive drops and back-EMF are ne-

glected respectively because of their small amplitude compared to induc-

tive losses and slow rotational velocity. The behavior of the machine in both

rotor and stator reference frame can be seen therefore as a purely inductive

load with induction matrices given by equations 2.1 and 2.2 depending on

the reference frame considered:

Ldq =

Ld 0

0 Lq

 (2.1)

Lαβ =

ΣL+ ∆L cos(hθr) −∆L sin(hθr)

−∆L sin(hθr) ΣL− ∆L cos(hθr)

 (2.2)
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where

ΣL =
Lq + Ld

2
∆L =

Lq − Ld
2

(2.3)

are the avarage and differential stator transient inductances and h is the

spatial harmonic order of the magnetic saliency, which is h = 2 for an IPM.

It is worth to notice that the stator induction matrix 2.2 is just a manpulation

of 1.18 and 1.19 by means of equations 1.28 and 1.29.

Two kinds of injection can be applied and take the name of Rotating injection

and Pulsating injection, depending whether the HF signal is superimposed

onto stator or rotor reference frame; moreover a variety of signals can be

injected, but the most common ones are sines or cosines and square waves.

Rotating injection

The most common approach consists in injecting in stator reference

frame a balanced polyphase vector continuously rotating at a high fre-

quencyωc = 200 ÷ 2000Hz:

v
αβ
hf = Vinje

jθc = Vinje
j(ωct+φ) = Vinj(cos(ωct) + j sin(ωct)) (2.4)

The phase shift φ can be any multiple of π2 .

Figure 2.2: Rotating injection method [7]

This voltage injection interacts with the IPM saliency and gives rise to
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position-dependent stator currents at the same frequency that can be ob-

tained through mathematical substitutions in the previously recalled model:

i
αβ
hf = Ipe

j(ωct−
π
2 ) + Ine

j(−ωct+2θr+π
2 ) (2.5)

It can be noticed that the high frequency currents are made of two compo-

nents, called positive and negative sequence, whose coefficients are function

of, respectively, the mean and differential stator inductance:

Ip =
Vinj

ωc

ΣL

ΣL2 − ∆L2 In =
Vinj

ωc

∆L

ΣL2 − ∆L2 (2.6)

The positive sequence component does not contain any useful information

about rotor position, while the negative sequence is phase modulated by the

saliency angle and is therefore employed by several methods to extract an

error signal. The more remarkable ones are heterodyning techniques and

synchronous filtering; the former make use of frequency multiplication in

order to change the frequency of a signal and obtain a better isolation from

other spectral components, while the latter consist in transforming the HF

measured currents into differently rotating frames, filtering off each time a

component of the signal not containing spatial information. The remaining

current negative sequence iαβHFn and the rotor estimated position θ̂r are then

used to form a phase error by means of vector cross-product

ε∆θ = −iαHFn cos(2θ̂r −ωct) − iβHFn sin(2θ̂r −ωct)

= In sin(2(θ̂r − θr)) ≈ 2In∆θ
(2.7)

where ∆θ = θ̂r − θr is the angular error and the last approximation holds

for small values of it.

The phase error is fed to a Phase Lock Loop (PLL) or an observer to recur-

sively retrieve the angular position of the rotor.

Pulsating injection

The second class of HF injection consists in superimposing a HF signal

over an estimated axis rotating synchronously with the rotor: the corre-
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sponding signal vector then appears as it oscillates in a specific direction

in space. An arbitrary axis can be chosen between the estimated de or qe,

but the de axis is commonly preferred because of its lower inductance due

to larger air gap, leading to a smaller perturbation of the stator flux and

smaller torque ripple. Coherently to this the injected voltage takes the form

v
dq
hf = Vinj

cos(ωct+ φ)

0

 (2.8)

where φ can be again any multiple of π2 .

Figure 2.3: Pulsating injection method [7]

The most common injection scheme is the orthogonal current method, con-

sisting in taking as measurement frame dqm the one on which the signal

is injected, as depicted in figure 2.3 (with δ = 0). Due to HF impedance

difference of d and q axes, if the signal is injected in an estimated frame

dqe which is different from the actual dq one, the voltage component will

result not only in the injection axis but also in the other one. Consequently,

the generated HF current vector will not be in phase with the injected HF

voltage and a current component can be detected on the axis orthogonal to

the injection axis (i.e. the q axis for d axis injection). The carrier HF currents

are obtained from the interaction between the stator voltage and the spatial
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saliency as

i
dq
hf =

Ip + In cos(2∆θ)

In sin(2∆θ)

 sin(ωct) (2.9)

The q axis component, which is similar to the error signal found in equation

2.7, is then fed to a PLL to force it to 0, which is equivalent to adjusting

the direction of the voltage injection until no current is found in the axis

orthogonal to the injection one.

An alternative to the orthogonal method described above is the quadrature

method, consisting in measuring the HF current in a reference frame dqm

shifted by 45o from the estimated injection one, thus with δ = 45o in figure

2.3. Not many benefits come from this method, which for sure introduces

several complications in demodulation.

Rotating synchronous injection

This method is a combination between the two introduced above; it con-

sists in injecting a rotating carrier voltage into the estimated rotor reference

frame:

v
dqe

hf = Vinje
jθc = Vinje

j(ωct+φ) = Vinj
(
cos(ωct) + j sin(ωct)

)
(2.10)

where φ = nπ2 , with n integer number.

Figure 2.4: Synchronous rotating injection method [7]
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The generation of HF currents and their demodulation to obtain an error

signal are similar to those described for rotating stationary injection, with

the only difference that a position error signal is directly driven from them

ε
dq
∆θ =

 In cos(2∆θ)

−In sin(2∆θ)

 (2.11)

and the estimated position error ∆̂θ is obtained through the arctangent

function:

∆̂θ =
1
2

tan−1

(
−
ε
q
∆θ

εd∆θ

)
(2.12)

It is remarkable to notice that this method yields a pair of quadrature position-

error signals, hence maximizing the information for a harmonic compen-

sator [7]

Pulsating square wave injection

At last it is worth analyzing one signal injection technique which is not

based on sine/cosine waves in order to appreciate the difference with other

signals. The second more commonly injected waveform is square wave

voltage injectio[11][15]n; current square wave injection is feasible but very

uncommon do to the difficulty in generating and managing it. This injec-

tion can be done both in stationary and synchronous estimated reference

frames, but in this case the reference frame of injection is not relevant as the

square wave signal is injected only on one axis (commonly the α axis for

stationary and de axis for synchronous injection) and the generated current

response analyzed on the orthogonal one. In the following synchronous in-

jection will be analyzed in order to remain coherent with the name of this

section. The injected voltage can be expressed as follows:

vd
e

hf =


Vinj 0 < t 6 Tinj

2

−Vinj
Tinj

2 < t 6 Tinj

; v
qe

hf = 0 (2.13)
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Figure 2.5: Injected square wave [11]

Again neglecting resistive losses and electromotive force and under the

assumption that

i
dqe

hf ≈
∫ Ld 0

0 Lq

−1

v
dqe

hf (2.14)

holds, the HF currents can be expressed in stator reference frame as:

∆i
αβ
hf = VinjTinj

 cos(θr) cos(∆theta)
Ld

+
sin(θr) sin(∆θ)

Lq

sin(θr) cos(∆θ)
Ld

−
cos(θr) sin(∆θ)

Lq

 (2.15)

The polarity of injected voltage is hidden in mathematical calculation that

have been omitted. Note that the notation ∆i implies the current difference

over the sampling period, thus implying a derivative operation which is in

practice not easy to be realized and has the drawback of being very sensi-

ble to noise and disturbances. Finally, under the hypothesis of small errors

equation 2.15 can be simplified as

∆i
αβ
hf = VinjTinj

 cos(θr)
Ld

sin(θr)
Ld

 (2.16)

leading to an easy calculation of the rotor angle via the arctangent function:

θcal = tan−1

(
∆i
β
hf

∆iαhf

)
(2.17)

From this calculation an error signal can be generated and fed to an ob-

server or a PLL in order to minimize it and get a more accurate estimation

of the saliency position:

ε∆θ = θcal − θ̂r =
Lq − Ld
Lq

∆θ (2.18)
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Using 2.17 and 2.18, θcal and ε∆θ can be obtained at every sampling in-

stant, with no filtering process. This means that the error signal could be

obtained without time delay, which is crucial for extending the bandwidth

of a sensorless control. Hence, position estimation performance can be en-

hanced remarkably [11].

2.2.2 Polarity detection at standstill

The above mentioned methods allow to identify the rotor position at

very low rotational speed, but still present a weakness in detecting the

right rotor orientation at standstill. In fact, they estimate the position of

the saliency quite precisely without giving any information about the po-

larity, resulting in a possible ±180ř error: the estimation can therefore con-

verge either to the correct +d-axis or to the opposite −d-axis, which would

cause instability in the control of the machine. To overcome this problem

and get a correct initial angle estimation a compensation scheme based on

stator iron magnetic saturation is needed. The idea behind this compensa-

tion is that when the north pole of the PM is aligned with the stator coil,

the injected current increases the magnetic flux linked with that coil, which

increases stator magnetic saturation and therefore slightly decreases the d-

axis inductance; on the opposite, when the current in injected in the south

pole, and therefore on the opposite of the d-axis, magnetic saturation de-

creases and inductance decreases [31]. This phenomenon can be described

by considering a saturated flux linkage model of the motor, which simply

consists in modelling non-linear d-axis flux linkage or current, depending

weather one is injecting a current or voltage signal, respectively. For the

first case the flux linkage is approximated by the Taylor series expansion

and neglecting terms of order higher than two reads

Ψd ≈ Ψm+Ldid+
1
2
d2Ψd

di2d
(0)i2d+· · · = Ψm+

dΨd
did

(0)id+
1
2
d2Ψd

di2d
(0)i2d (2.19)
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Figure 2.6: Linear (black) and saturated (blue) d-axis magnetic flux behaviour [30]

where d
2Ψd
di2
d

(0) < 0.

When a high frequency current is injected a standstill, neglecting resistance

losses, the stator voltages at the positive and negative poles are

v±d ≈

(
dΨd
did

(0)± 1
2
d2Ψd

di2d
(0)i±d

)
di±d
dt

(2.20)

In the case of voltage injection, of much more interest in this thesis, it is

better to expand in Taylor series the d-axis current to highlight the effect of

flux linkage

id ≈ 1
Ld

(Ψd − Ψm) +
1
2
d2id

dΨ2
d

(Ψm)(Ψd − Ψm)2 + . . . (2.21)

where d
2id
dΨ2

d

(Ψm) > 0.

When a high frequency voltage is injected at standstill, the generated cur-

rent at both poles become

i±d ≈ 1
Ld

∫
v±ddt±

1
2
d2id

dΨ2
d

(Ψm)

(∫
v±d

)2

(2.22)

In both current and voltage injection cases the polarity identification can be

performed by looking at the sign of the second order terms in eq. 2.20 and

2.22. Notice that the q-axis has not been taken in consideration for polar-

ity detection since, assuming zero as the center of its operating point, the

related flux linkage is an odd function of the current and therefore has no

even-order terms when expressed by the Taylor series with center the ori-

gin [28].
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Given the above modelling representing the stator iron magnetic satura-

tion, the processing of the generated currents due to a high frequency volt-

age injection remains the same in order to extract the negative sequence

component, carrying the information about the rotor position. The only

modification in the algorithm comes from a compensation to the estima-

tion based on the polarity information. In the case of rotating injection, the

current bringing this information is obtained by a heterodyning demodu-

lation in the estimated rotor reference frame and reads

ipol = 2LPF(BPF(id,est) cos(2ωct− θ̂r)

= −
V2
inj

8ω2
c

d2id

dΨ2
d

(Ψm) cos
(
2(θ̂r − θr)

)
cos(θ̂r − θr)

(2.23)

The sign of this current component depends on the tracked polarity and is

used to eventually compensate of +π the angle estimation.

In case of pulsating injection, the current component holding the informa-

tion about the magnetic polarity can be extracted as

ipol = 2LPF(BPF(id,est) cos(2ωct))

= −
V2
inj

8ω2
c

d2id

dΨ2
d

(Ψm) cos2(θ̂r − θr) cos(θ̂r − θr)
(2.24)

and it is used the same way as in rotating injection.

2.2.3 Issues caused by non-ideal physical attributes

Now that the main HF injection methods have been described in both

their theoretical and practical realization features, an overview about their

weaknesses has to be made in order to point out where they could fail

during operation and how these lacks can be fixed. In literature the most

studied and analyzed weakness is the rising of multiple saliencies in the

machine due to constructive features and heavy load operation [6]. Fur-

thermore the effect of cross-saturation and non-negligible stator resistance

are considered [8] and their influence on the above introduced methods

explained, together with techniques to overcome the related problems [7].
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Multiple saliencies

As it has been explained above the injection of a carrier voltage pro-

duces a position dependent spatial saliency current. However several fac-

tors may interact with the voltage injection, producing additional saliencies

that may ruin the behavior of the PLL or the observer and thus the position

estimation. Taking as example a voltage injection on induction machines,

the presence of multiple saliencies can be represented by the sum of com-

plex current vectors:

ihf = Ipe
j(ωct−

π
2 ) +

∑
k

Ine
j(−ωct+kθr+Φk) (2.25)

Odd saliencies (k = ±1, 3, 5 . . . ) have been explained as caused by physical

asymmetries in stator windings, eccentricity of the rotor, inverter switching

harmonics, aliasing effects in current measurement and other nonlineari-

ties in hardware construction. They are anyway not relevant in magnitude

compared to even saliencies (k = 0,±2, 4 . . . ) induced by magnetic satura-

tion and additional physical spatial saliencies.

To go deeper in detail for an IPM, current components generated by rotat-

ing and pulsating voltage injection can be modelled as:

i
αβ
hf = Ipe

j(ωct−
π
2 ) +

∑
k

In,2ke
j(−ωct+2kθr+Φk) (2.26)

i
dq
hf =

∑
k

Ip,2ke
j(ωct+2k∆θ) +

∑
k

In,2ke
j(−ωct+2k∆θ) (2.27)

In both cases the DC saliency (k = 0) is an offset arising from unbalanced

current measurement. The main saliency, which is caused by spatial differ-

ence between d and q axis inductance, is identified by k = 1 and is there-

fore the one of interest for tracking. The source of all the other saliency

(k = −1,±2, 3 . . . ) with their respective harmonics are asymmetries in ma-

chine construction and loaded machine operation. It is worth noticing that

the presence of these saliencies also alters the amplitude of positive and
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negative current sequences; this amplitude modulation will anyway not

affect position estimation as it will cancel out when building the error sig-

nal. Although modelling this non-linearity of the IPM is very useful, it is

not enough for improving the position estimation and reduce the distur-

bance on the PLL or the observer. To this means two main processes for

saliency decoupling (or harmonic compensation) are employed. The first

one is called Space Modulation Profiling (SPM) and consists of storing the

corrupting harmonics profile over one full electrical cycle of the rotor at

different load condition. This procedure is carried out over time domain

and this is helps also to include inverter non-linearities. Once the profiles

are identified for different values of the load currents they are simply em-

ployed to compensate the error signals during real-time operation. This

method is largely employed in rotating carrier injection but presents sev-

eral difficulties in pulsating injection as the compensation would be func-

tion of the angle estimation error, which is continuously updated. To de-

couple the useless saliencies components in the second kind of injection

Kalman filtering is used, with the only requirement of knowing which are

the main corrupting harmonics (in literature it is reported that these are the

6th and 8th ones).

Cross-saturation effects

Another non-linearity which affects the behavior of the signal injection

is the cross-coupling between the axes of the machine. This effect can be

modelled by modifying the high-frequency inductance matrices reported

in equation 2.1 and 2.2 as:

Ldq =

 Ld Ldq

Ldq Lq

 (2.28)
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Lαβ =

ΣL+ ∆L cos(hθr) + Ldq sin(hθr) −∆L sin(hθr) + Ldq cos(hθr)

−∆L sin(hθr) + Ldq cos(hθr) ΣL− ∆L cos(hθr) − Ldq sin(hθr)


(2.29)

The cross-coupling matrix in stationary reference frame can be viewed as a

special case of multiple saliency as it introduces a current component that

travels at the same speed of the HF injection, but with 90o lag. This results

in an angular offset that translates in a mean estimation error between the

actual and estimated rotor position. Furthermore, because of the fact that

the cross-coupling between the machine axes is load dependent, the esti-

mation error will be itself load dependent:

∆θ(iload) =
1
h

sin−1

(
Ldq(iload)

∆L

)
(2.30)

Stator resistance effect and carrier voltage distortion

At the very begin of this section the assumption of negligible stator

resistance under high frequency operation has been made, which is ac-

ceptable but not true, as it can be shown that stator resistance affects the

rotor position estimation. Furthermore, several researches model the in-

verter non-linearities as a resistance [13] that corrupts the estimation. To

this means it is worth analyzing the effect of such non-ideality on both ro-

tating and pulsating carrier signal injection. Voltage injection will be taken

as reference for coherence with the above, but same results hold for current

injection.

In case of rotating injection the induced currents in the motor take the form

i
αβ
hf = Ipe

j(ωct−
π
2 +φp) + Ine

j(−ωct+2θr+π
2 −φn) (2.31)

Their amplitude and phase are not function of inductance and rotor speed

only, but also include the resistance terms; the following equation are to be
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compared with (2.6) for appreciating the difference.

Ip =
Vc

2

√√√√( ωcLd

R2
s +ω

2
cL

2
d

+
ωcLq

R2
s +ω

2
cL

2
q

)2

+

(
Rs

R2
s +ω

2
cL

2
d

+
Rs

R2
s +ω

2
cL

2
q

)2

(2.32)

In =
Vc

2

√√√√( ωcLd

R2
s +ω

2
cL

2
d

−
ωcLq

R2
s +ω

2
cL

2
q

)2

+

(
Rs

R2
s +ω

2
cL

2
d

−
Rs

R2
s +ω

2
cL

2
q

)2

(2.33)

φp ≈
Rs(L

2
d + L2

q)

ωcLdLq(Ld + Lq)
(2.34)

φp ≈
Rs(Ld + Lq)

ωcLdLq
(2.35)

Because the non-zero stator resistance affects both magnitude and phase of

the stator induced currents and the position information is retrieved from

the phase of the negative sequence component, the position estimation er-

ror results to be a function or the resistance itself

∆θ ≈ 1
2
arctan

(
Rs(Ld + Lq)

ωcLdLq

)
(2.36)

Concerning pulsating injection a carrier current vector can be obtained by

superimposing the effects of d and q axis injected voltage as

i
dq
hf,vd

=
Ip

2
ej(ωct−

π
2 +φp) +

In

2
ej(−ωct+2θr−2θ̂r+π

2 −φn) (2.37)

i
dq
hf,vq =

Ip

2
ej(−ωct+

π
2 −φp) +

In

2
ej(ωct+2θr−2θ̂r−π

2 +φn) (2.38)

i
dq
hf = idqhf,vd + i

dq
hf,vq = Ip sin(ωct+ φp) + Inej2∆θ sin(ωct+ φn) (2.39)

The above equations differ from (2.9) only in the phase shift introduced

by the accounting of the stator resistance. The tracking observer used to

retrieve the angular position is then driven by the error signal

ε∆θ ≈ In cos(φn) sin(2∆θ) (2.40)

which is affected by the phase shift only in its magnitude, thus not intro-

ducing any position estimation error. This holds true only if a correct ex-

traction of the position information from (2.31) and (2.32) was performed,
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using two unit vectors up = ej(ωct−
π
2 ) and un = ej(−ωct+

π
2 ) rotating at the

same speed but in different directions. If only one was used the error signal

would contain the phase shift induced by the stator resistance in its phase,

corrupting the position estimation and resulting in an error way larger than

the one obtained with rotating injection.

2.2.4 Comparison between rotating, pulsating and square wave

signal injection

In order to assess which injection method is better to apply for per-

forming a sensorless control over an IPM motor, a quick comparison be-

tween the above mentioned methods must be performed. The detection al-

gorithms are assessed to be mostly influenced by the number of poles of the

machine, magnetic saturation effect, current measurement noise (in case of

voltage injection) and time delay into signal demodulation process [21].

The following considerations are obtained with of the same control param-

eters among different techniques, same injection frequency and magnitude.

Concerning the number of pole pairs of the machine, it can be noticed that

as they increase the response to the speed estimation becomes faster but

in general more oscillating; the rotating injection is the only which shows

a better intrinsic damping and less oscillating response. The most critical

point for signal injection arises when magnetic saturation occurs, causing

the machine saliency ratio to be nearly equal to one (Ld ≈ Lq) and therefore

the loss of the basic principle on which this kind of techniques are based on.

It is shown that pulsating and square wave injection become hugely unsta-

ble, while rotating injection manages to keep a stable behavior. Concern-

ing measurement noise in current measurement the behavior of rotating

and pulsating injection is very likely the same, degrading the estimation

as noise increases; square wave injection instead shows a largely worst de-

pendency, due to the differentiation operations needed to extract the po-
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sition information. It is remarkable to notice that measurement noise can

be almost eliminated by using filtering techniques, like analog filter, which

introduce a time delay, and Kalman filters, which are considered the opti-

mal solution. The time delay introduced by current filters, combined with

that carried by the demodulation process is also investigated to assess the

stability of speed estimation: again, rotating signal injection shows the bet-

ter performance, while pulsating and square wave injection exhibit an in-

crease of oscillations. Regarding the position estimation, well-tuned dq axis

injection, either sine wave or square wave, performs better that rotating

injection, as it is less influenced non-ideal physical attributes [22]. The dif-

ference between injection methods amplifies with the increase of injection

frequency. Table 2.1 resumes the comparison between different techniques.

Table 2.1: High frequency injection methods comparison

Rotating Pulsating Square wave

injection injection injection

Implementation easy difficult medium

Pole number effect small medium medium

Saliency effect medium high high

Measurement noise

effect
small medium high

Time delay effect less sensible mid-sensible very sensitive

Non-ideal physical

attributes effect
high low medium

Feasible injection

frequencies
small small high

Accuracy medium high high

Bandwidth high medium medium
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2.2.5 Comparison between voltage and current injection

As said above the signal injected into the SPM motor can be either a

voltage or a current [12]. Intuitively the two methods are not equivalent in

terms of performance and implementation complexity: a voltage injection

is easier to produce because the motors are generally driven by three-phase

inverters, which can easily implement the injection; the only drawback

consists in the fact that the bandwidth of the current regulators must be

kept smaller than the carrier frequency in order to not introduce distortion.

On the other hand, a current injection has the advantage of producing a

larger voltage signal containing spatial information, thanks to the increase

in magnitude of impedance with frequency. The latter seems to be a nice

feature, but it’s important to remark that injecting a high frequency car-

rier requires a hardware capable to cope with it in terms of generation and

acquisition. The current injection therefore must be applied only at high

frequencies because of the null advantage brought at low ones, also caus-

ing an elevated torque ripple. Other criticalities of current injection are the

very tiny spectral separation, which makes the negative component extrac-

tion from the fundamental one tough and the need of a very well working

regulator capable to precisely regulating the small but high frequency car-

rier currents further than the fundamental ones. In fact, if the latter is not

performed properly, the carrier currents themselves will have both pos-

itive and negative components, resulting in a loss of spatial information

contained in the generated voltage. To overcome this problem, three solu-

tions can be adopted: increase the control bandwidth, decrease the carrier

frequency or adopt a very complex regulating scheme. The first and second

are unfeasible due to the too high bandwidth required and loss of effective-

ness described above. The third solution appears to be the only applicable

one; it consists of splitting the regulation of fundamental and carrier cur-

rents, performed by three independent regulators acting respectively on
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the synchronous, positive carrier and negative carrier frame. This solution

can be slighty simplified by using just one regulator for both the positive

and negative carrier sequence. Given the above, the comparison between

voltage and current injection techniques comes down to three main points:

processing requirements, estimation bandwidth and accuracy.

Processing requirements

To better highlight the processing complexity of the two methods it is

useful to describe how the extraction of the information from the gener-

ated high frequency currents or voltages is performed. In case of voltage

injection and current injection without the complex regulation structure,

the negative sequence is extraction is performed as in figure (2.6): firstly

the signal is rotated onto the fundamental synchronous frame and an high-

pass filter is applied to filter off the fundamental frequency; then the signal

is rotated again to the positive sequence carrier synchronous frame and

another high pass filter is applied to eliminate the positive sequence. Fi-

nally the signal containing only the negative sequence component is ro-

tated back to the stationary reference frame, where the effects of multiple

saliencies can be better decoupled. In case of signal injection with the com-

plex regulation scheme the main difference is that one more regulator is

used, but the signal used is the voltage command from the output of the

carrier current regulator, thus making the filtering of the fundamental fre-

quency unnecessary. After the extraction of the negative sequence has been

performed, both injection methods make use of a PLL or an observer to

retrieve the angular information. The processing requirements for voltage

and current injection are thus very similiar, with no significant difference

between them.
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Estimation bandwidth

For the case of voltage injection, the estimation bandwidth is directly

limited by the observer bandwidth, while one has to remind to set the con-

trol bandwidth to be insensible to the carrier injection. Note that a too high

estimation bandwidth does not introduce an advantage, also leading to an

unstable or more oscillating response. On the other hand, the bandwidth

of the observer for the current injection is limited by the carrier current

regulators bandwidth: even if the observer was tuned to be faster than the

regulation, no appreciable benefit could be noticed. The only way to make

the estimation faster would be to increase also the control speed, but a too

high carrier control bandwidth negatively affects the fundamental regula-

tor, distorting its bandwidth. To sum up, the tuning of the estimation band-

width for the current signal injection is of significative higher complexity

with respect to the one of voltage injection.

Accuracy

This is probably the point of more interest when it comes to choose

whether to perform a voltage or current high frequency injection. Actu-

ally, the two methods provide nearly the same results: the voltage injection

seems to be the worst one, with little noise on the estimated position and

greater estimation error. Current injection, on the other hand, has the ad-

vantage of being capable to produce a very clean output signal, especially

when compared at non-zero rotor speed. In literature the outcome of the

comparisons and the opinion of the authors largely depend on the injection

frequency: thanks to the fact that at high frequencies the impedance mag-

nitude increase, when it is possible to cope with them a current injection

would be preferred. If the hardware only allows to use an injection below

1KHz probably a voltage injection would be preferable for the simplicity of

implementation and tuning.
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2.2.6 Transient signal injection techniques

As seen above inverter non-linearities and dead times can badly influ-

ence the behavior of continuous signal injection techniques. To this mean

an alternative saliency exploiting technique has been developed and takes

the name of INFORM (Indirect Flux detection by On-line Reactance Mea-

surement) method. The idea behind it is to apply three impulse voltage

vectors during the 0-sequence of a normal PWM period and measuring the

corresponding current response. A couple of voltage vectors with opposite

direction on the voltage phase plane are applied, so as to have null effect on

the output voltage [17]; furthermore, they are not applied in a single PWM

cycle because of sampling time restriction, but three PWM cycles are used

for one estimation, as shown in figure 2.6.

Figure 2.7: INFORM measurement cycle [16]

The current differentiation in stator reference frame is:

diαβ,n

dt
=
diα

dt
+ j
diβ

dt
=
Vinj(ΣL− ∆Le

j2(θ̂r−2nπ))

ΣL2 − ∆L2 ej
2nπ

3 (2.41)

Where n = 0, 1, 2 represents the PWM cycles. The rotor position can finally

be estimated from the combination C of the three measurements of the cur-
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rent phase directions

C =

2∑
n=0

(
diαβ,n

dt
ej

2nπ
3

)
=

3∆L
ΣL2 − ∆L2Vinje

j2θ̂r (2.42)

∠P = 2θ̂r (2.43)

It is remarkable to notice that the INFORM method, further than saving

inverter losses and distortion effects, also avoids the acoustic noise caused

by the injection of a high frequency signal into the machine. As a drawback

a very sophisticated and precise hardware is needed to calculate the current

derivatives in very small time intervals.

2.2.7 Techniques without signal injection

The last method that is worth analyzing is the application of simple

PWM excitation to extract from the currents generated information about

the rotor position. This method is commonly applied to IM and surface

mounted PMSM where there little saliency, while are generally disregarded

for IPM motors because of the applicability of more suitable methods; they

have the great advantage of not requiring any kind of further signal injec-

tion in the machine as they exploit the normal PWM excitation with SV

modulation already applied by the inverter and avoid additional current

ripple, higher switching losses and limited dwelling time of zero voltage

vector. The idea behind these methods is similar to the one of transient sig-

nal injection: as the null voltage vectors (0, 0, 0) and (1, 1, 1) are applied dur-

ing standard PWM operation, current derivative in these time instants can

be computed for extracting the rotor position information. The most com-

mon approach to the problem is the zero vector current derivative (ZVCD)

[18]. Under the assumption that there is a angular difference ∆θ between

the real and estimated dq reference frame, the current derivatives take the
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form

did
dt

=
R

LdLq

((
(Ld − Lq) cos(∆θ)2 − Ld

)
id,est+

− (Ld − Lq) sin(∆θ) cos(∆θ)iq,est

)
−
keωr

Lq
sin(∆θ) (2.44)

diq

dt
=

R

LdLq

(
(Ld − Lq) sin(∆θ) cos(∆θ)id,est+

+ ((Ld − Lq) cos(∆θ)2 + Lq)iq,est
)
−
keωr

Lq
cos(∆θ) (2.45)

Since in general operation the vector controller is set to force id,est to zero

in order to introduce only currents which produce effective torque, the pre-

vious equations become

did
dt

=
R(Ld − Lq)

2LdLq
sin(2∆θ)iq,est −

keωr

Lq
sin(∆θ) (2.46)

diq

dt
=
R(Ld − Lq)

2LdLq

(
1+cos(2∆θ)+

2Lq
Ld − Lq

)
iq,est−

keωr

Lq
cos(∆θ) (2.47)

Equation 2.40 is of particular interest as it show the current derivative in

the estimated d axis depends on both the cross coupling due to the machine

saliency and to the back-electromotive force. The former is proportional to

sin(2∆θ), the latter to sin(∆θ) and both could be used to build an error sig-

nal from which to retrieve the rotor position. A very basic approach consists

in forcing did,est
dt to zero and hence lock the dqest reference frame to the real

rotor frame by means of a PLL.

Many other ways for building a combination of measured current deriva-

tives in response of specific voltage vector for building an appropriate error

signal exist in literature [19] [20]. An issue that all the method share is the

impossibility to guarantee the minimum duration of the applied voltage

vector, since the duty cycle of the PWM is dependent only on the funda-

mental excitation. To solve this problem several techniques has been pro-

posed, such as edge-shifting or extended modulation.



CHAPTER 2. SENSORLESS DRIVING TECHNIQUES 47

2.3 Traditional and model based methods

In the previous section feasible methods for retrieving the rotor posi-

tion at standstill and very low speed have been described in detail. Un-

fortunately, these methods fail in their purpose at increasing rotor speed

because of the limited signal injection frequency and limited PLL and ob-

server’s bandwidths. For the high speed operation of SPM machines clas-

sical methods based on their model or recently studied observers are used,

with very little difference in performance from one to another.

2.3.1 Flux linkage methods

The most classical method used to reconstruct the rotor position from

the current measurement is the usage of a stator flux observer, also called

V-I Estimator, which allows to obtain both stator flux magnitude and orien-

tation information. Starting from equation 1.15 of the IPM in αβ reference

frame and inverting the relationship one obtains the stator fluxes as
Ψα =

∫
(vα − Rsiα)dt

Ψβ =
∫
(vβ − Rsiβ)dt

(2.48)

Those can be combined to obtain the magnitude of the stator flux

Ψs =
√
Ψ2
α + Ψ2

β (2.49)

and its position 
cos(θs) = Ψα

Ψs

sin(θs) =
Ψβ
Ψs

(2.50)

Deriving the position directly from these equations would anyway lead to

an imprecise estimation due to the misalignment of stator and rotor flux

caused by the load angle δ. In fact the rotor flux is never perfectly aligned

with the stator one, but they are linked by the relationship θs = θr + δ as
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shown in figure 2.7.

There are several methods in literature that allow to identify the correct ro-

Figure 2.8: Load angle [24]

tor position starting from the reconstruction of the stator flux. One consists

in calculating the position of a fictious rotor flux aligned with the perma-

nent magnet flux along the d axis[23]. Defining the virtual flux

Ψv = Ψm + (Ld − Lq)id (2.51)

the saliency of the machine can be rewritten with some manipulation in dq

coordinates as 
vd = Rsid + Lqpid −ωrLqiq + pΨv

vq = Rsiq + Lqpiq +ωrLqid +ωrΨv

(2.52)

with the associated magnetic fluxes
Ψd = Ψv + Lqid

Ψq = Lqiq

(2.53)
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By applying the Park anti-transform, the above equations are translated

into stationary αβ reference frame
Ψα = Ψd cos(θr) − Ψq sin(θr) = Lqiα + Ψv cos(θr)

Ψβ = Ψd sin(θr) + Ψq cos(θr) = Lqiβ + Ψv sin(θr)
(2.54)

and the correct angle estimation is given by

θ̂r = tan−1

(
Ψβ − Lqiβ
Ψα − Lqiα

)
(2.55)

Notice that this estimation is done recursively in open loop, thus without

any corrective action on its performance. It can be therefore be schematized

as the blue square of figure 2.8. In order to add a feedback for improving

Figure 2.9: Block scheme of a stator flux observer

the rotor position estimation, a current model can be derived from eq. 2.49

and exploited to calculate an estimation of the stator currents. These will

be compared with the real measured ones to form an error forced to 0 by a

PI or PID regulator. The outcome of this regulator is a compensation term

for the stator flux calculator, transforming eq. 2.42 into
Ψα =

∫
(vα − Rsiα + vc,α)dt

Ψβ =
∫
(vβ − Rsiβ + vc,β)dt

(2.56)



CHAPTER 2. SENSORLESS DRIVING TECHNIQUES 50

Another method used in literature does not make use of the virtual flux

construction [25] and is based on a two-stage calculation instead. At first

the stator flux is obtained by means of equation 2.42, with the only differ-

ence that the feedback is not given by an overall current error, but by direct

comparison between the estimated flux from the voltage model Ψαβ and

the one from the flux model in dq reference frame, transformed into the

stationary frame making use of the Park anti-transform

Ψ̃
αβ

=
[
TPark(θ̃r)

]−1
([
TPark(θ̃r)

]
(iαβ)Ldq + ΨM

)
(2.57)

where θ̃r is obtained from

θ̃r = tan−1

(
Ψαβ ∧ Ψ̃

dq

Ψαβ · Ψ̃dq

)
(2.58)

In the second stage an inverted flux model fed with the estimated stator

flux is used to retrieve the stator currents, which are compared with the

real measured ones to form a current error. Then a dynamical model of the

permanent magnets flux linkage is derived from eq. 1.17 and an observer is

build using both the current error and flux error obtained in the first stage

dΨ̂
αβ

M

dt
= ω̂rJΨ̂

αβ

M + Kiei + KΨeΨ (2.59)

where Ki and KΨ are 2x2 matrices and J =
[
0 −1//1 0

]
.

Finally the rotor position is derived as

θ̂r = tan−1

(
Ψ̂M,β

Ψ̂M,α

)
(2.60)

One last method which can be used consists in a slight modification of the

above described method, schematically depicted in figure 2.9. Instead of a

constant continuous usage of the flux correction performed by means of eq.

2.51, the pole/zero couple of the feedback regulator is tuned to weight its

contribution at different speeds, until the retroaction is completely elimi-

nated over a certain rotating frequency in order to avoid the usage of the

estimated rotor position information and save computations [26].
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Figure 2.10: Schematic of the alternative flux observer [25]

2.3.2 Observer based methods

Beside flux linkage methods in recent years arose a new technique for

estimating the stator fluxes and the rotor position and speed of a PM ma-

chine: the usage of state observers, which have their best realization in

Kalman Filters (KF), for linear dynamics, and Extended Kalman Filters

(EKF), for non-linear dynamics. Those observers work by replicating the

system dynamics, adding a correction term proportional to the difference

between the real output, given as input, and their estimated one. This closed-

loop compensation makes their behavior very robust and insensitive to

measurement noise and modelling errors or uncertainties. KF and EKF are

moreover considered optimal predictors, in the sense that they minimize

the state estimation error variance

Given a generic linear time invariant discrete-time system
x(k+ 1) = Fx(k) +Gu(k) + Rvx(k)

y(k) = Hx(k) +Du(k) +Qvy(k)

(2.61)

where x, u and y are the state, input and output vectors, vx and vy are

the vectors of modelling uncertainties measurement noises, with associated
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covariance matrices Q and R, its predictor is
x̂(k+ 1|k) = Fx̂(k|k− 1) +Gu(k) + K(k)e(k)

ŷ(k|k− 1) = Hx̂(k-̨1) +Du(k)
(2.62)

where K(k) is a time-varying gain matrix and e(k) = y(k) − ŷ(k) is the so

called innovation term. The estimation is then performed recursively in two

steps: firstly the new state vector is predicted based on its previous value,

together with the gain matrix to be applied, and secondly the state esti-

mation is corrected by means of the innovation term, which represents the

“correctness” of the estimation: in fact, if the estimated output given by the

estimated state vector is close to the real output, the innovation term will be

small, resulting in a barely null correction of the state prediction. In Kalman

filters the gain is provided by K(k) = F(k)P(k)H(k)T
(
H(k)P(k)H(k)T + R

)
and P(k) is provided by the Riccati equation.

The above results can be generalized to a non-linear system simply by im-

plementing time-varying matrices F, G, and H (matrix D is generally con-

sidered null) that must be evaluated at any time with the estimated state

vector.

In view of the theory described above, many realizations have been per-

formed in literature to deal with rotor position estimation. Some authors

implemented a linearized system with 2 [27] or 4 [28] state equations in or-

der to obtain a optimal estimation of the stator fluxes from which to retrieve

the rotor position information. In these researches flux equations have been

implemented in stator reference frame, feeding the predictors with mea-

sured currents and input voltages, leading in a very precise estimation of

the stator fluxes, consequently used in flux linkage techniques to obtain the

rotor position.

A different approach have been followed in [29]: the non-linear system in

dq coordinates has been implemented beside two state equation for the pre-

diction of rotor position and speed, scarifying computational complexity
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on behalf of a more complete and precise algorithm. The overall system is

described by



Ψ̇d

Ψ̇q

ω̇r

θ̇r


=



−RsLdΨd +ωrΨq + Rs
Ld
Ψm + vα cos(θr) + vβ sin(θr)

−ωrΨd − Rs
Lq
Ψq − vα sin(θr) + vβ cos(θr)

0

ωR


iα
iβ

 =

Ψd−ΨmLd
cos(θr) −

Ψq
Lq

sin(θr)

Ψd−Ψm
Ld

sin(θr) +
Ψq
Lq

cos(θr)


(2.63)

and the gradient matrices used for the implementation of the EKF are

F
(
x̂(t), t

)
=
δf
(
x(t),u(t), t

)
δxT (t)

∣∣∣∣∣
x(t)=x̂(t)

=


−RsLdΨd ωr Ψq vα sin(θr) + vβ cos(θr)

−ωr −RsLq −Ψd −vα cos(θr) − vβ sin(θr)

0 0 0 0

0 0 1 0


(2.64)

and

H
(
x̂(t), t

)
=
δh
(
x(t), t

)
δxT (t)

∣∣∣∣∣
x(t)=x̂(t)

=

 1
Ld

cos(θr) − 1
Lq

sin(θr) 0 −Ψd−ΨmLd
sin(θr) −

Ψq
Lq

cos(θr)

− 1
Ld

sin(θr) 1
Lq

cos(θr) 0 Ψd−Ψm
Ld

cos(θr) −
Ψq
Lq

sin(θr)


(2.65)



Chapter 3

SIMULATIONS AND

RESULTS

The aim of this chapter is to describe the setup used for running the simula-

tions, together with its implementation and the results obtained.

3.1 Simulation components built in Simulink

In this section the models built in Simulink environment will be re-

ported and described in order to give a full view over the control scheme

adopted to run the IPM synchronous machine’s simulation of the sensor-

less control. All the blocks adopted can be found in the Simulink Standard

library, Control System toolbox and Digital Signal Processing toolbox.

3.1.1 IPM linear model

The first step was to build a model of the IPM motor. Both linear models

described in section 1.3.5 were developed and tested to assess their equal-

ity. Both take as input the two phases stator voltage in rotor reference frame

vdq (which can be obtained by means of Park transform) and the rotor

electrical speed ωe and output the stator fluxes Ψdq and currents idq. In

54
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the simulation stage only the current model has been used thanks to its

strenght of not requiring pre-charging of the integrator providing the d-

axis flux linkage.

(a) Flux model

(b) Current model

Figure 3.1: IPM motor models
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The models are built using the IPM motor characteristic equation assuming

a linearity of the parameters, which are reported in table 3.1.

Table 3.1: Simulation parameters

Symbol Description Value

Rs Winding resistance 8.7[mΩ]

Ld d-axis inductance 65[µH]

Lq q-axis inductance 150[µH]

Ψm Magnetic flux linkage 9.1
[

V
1000rpm

]
Vs,max Maximum phase voltage 1√

2
√

3
48[V]

Is,max Maximum phase current 250[A]

ωmax Maximum speed 6000[rpm]

np Number of pole pairs 4

J Overall inertia 0.1[Kgm2]

beta Friction coefficient 0.0005
[
Kgm2

s

]

3.1.2 IPM non-linear model

The linear model of the IPM described above allows to simulate a con-

trol over the motor, further than the sensorless identification of position

and speed at both low to high speeds. In order to simulate also the standstill

polarity identification of the rotor, a non-linear model of the IPM was to be

designed. To this means a LUT (Look Up Table) was designed to implement

a dependency of d-axis inductance from d-axis current. It’s remarkable to

notice that at standstill the control is not active, thus the only currents in-

duced into the motor are driven by the high frequency voltage injection of

few volts. This means that their magnitude will be small (20−30 [A] at max-

imum) and the implemented non-linearity will not be exploited completely.

One should also remind that when tuning the control scheme, which will
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Figure 3.2: Ld dependency on d-axis current

be analyzed hereafter, this non-linearity must be taken into account in or-

der for it to work effectively.

3.1.3 Coordinate transformations

The above mentioned models require as input quantities described into

rotor reference frame. This choice has been done for simplification in the

implementation but is actually not feasible in practice, as dq-axis voltages

and currents are not measurable. To overcome this problem and transform

physical three-phase voltages, currents and magnetic fluxes into two phase

stationary or rotating orthogonal reference frames (and vice-versa), Clark

and Park transforms and anti-transforms have been implemented by means

of “function” blocks. This allows to feed the model with three-phase volt-

ages and measure three-phase currents, of greater practical meaning. No-
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tice that having at disposition a rotational transducer would hide the need

of Clark transforms, since the rotor angle would be known precisely at any

time and the control scheme could be simulated directly with the position

information driven by the model. However, the aim of this work is to iden-

tify the position of the rotor without a transducer, thus the transformation

by means of the estimated angle of voltages to feed the motor and of the

currents measured to feedback the controls plays a crucial role to assess the

performance of the studied methods.

Figure 3.3: Coordinate transformations

3.1.4 Torque production model

Furthermore, two models for simulating the torque production and the op-

erating behavior under a load torque were created and can be seen as at-

tached in cascade to the motor model; they are reported in figure 3.2: For

the first, equation 1.44 was used, while the second derives from a simple

energy balance at the shaft of the motor:

Jω̇m + βωm = np(Te − Tl) (3.1)

where J is the rotor inertia and the parameter β represents the friction coef-

ficient, which can be either found by a parameter identification or consid-

ered small and neglected.

Finally a last manipulation has to be made on the model in order to make it
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(a) Torque model

(b) Load model

Figure 3.4: Torque and load models

coherent with the sensorless operation: no speed, torque or position trans-

ducer is in fact available in the developed application and therefore the mo-

tor has to be fed with a three-phase voltage coming from the inverter, while

the only quantities available to measure are the three-phase currents gener-

ated (or, alternatively, the quantities in αβ coordinates coming from Clarke

transforms); to this means the motor and torque models into dq reference

frame have been connected and enveloped into Park transform and anti-

transform, which make use of fictious and non-accessible position infor-

mation coming from the speed integration. The complete machine model

is therefore shown in figure 3.5, where the blu square delimits the non phys-

ically accessible variables. Note that the integrator is wrapped, meaning that
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the position only varies between 0 and 359 degrees to better emphasize the

rotation or the rotor.

Figure 3.5: Sensorless full IPM machine model

3.1.5 Control scheme

In order to test and validate the models created for the motor, a basic

control scheme has been developed and implemented in Simulink. It con-

sists of a cascade control, with outer speed loop and inner current control

loops. The former compares the electrical speed setpoint with the feedback

and calculates a reference torque for the motor. This, by means of LUT com-

piled with the MTPA (Maximum Torque Per Ampere) theory [32], is trans-

formed into optimal current setpoints in dq coordinates and fed to the inner

control loop. The latter generates two current errors (one for each axis) and

calculates the input voltage to be applied to the motor by the power con-

verter stage. The transfer function from speed to torque and from currents

to voltages read

ωe

Tm
=

np

beta+ sJ

id
vd

=
1

Rs + sLd

iq

vq
=

1
Rs + sLq

(3.2)

With time constant, respectively,

τωe =
J

beta
τid =

Ld
Rs

τiq =
Lq

Rs
(3.3)
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Note also that the speed considered is the electrical one, linked to the me-

chanical speed by the relationshipωe = npωm.

The PI regulators are tuned simply by cancelling the pole of the transfer

functions and replacing it with a faster one to achieve the desired perfor-

mance. Those are obtained starting from the inner loop: since the current

regulators, in view of the signal injection, should be insensitive to the high

frequency currents, they are tuned to have a bandwidth of 40Hz. It follows

that the outer loop, which should be at least one decade slower that the

inner one, is tuned to have a 0.4Hz bandwidth. As it can be noticed the per-

formance of this control scheme has been disregarded in view of a higher

robustness to signal injection. Finally, it is important to remark that all PI

regulators are built using an anti-windup structure in order to avoid the

over-charging of integrators during saturation and delays in the control ac-

tion. A simulation of the controlled motor is reported in figure 3.6, which

shows how the speed and current loops work as desired. It is remarkable

to notice that the 150Hz setpoint to the electrical speed highlights how the

base speed of the motor is around 120 ÷ 130Hz, as one can notice from

the knee in the speed response. Above that rotational velocities the control

scheme should include a flux weakening, but this is not in the interest of

this thesis.

The complete control scheme is reported in figure 3.7; it supposes the pres-

ence of a rotational transduced to obtain rotor position and speed and

the operation is therefore non-sensorless. The sensorless identification al-

gorithms are firstly run in parallel to this scheme and only subsequently

implemented in a simulated sensorless control.
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(a) Speed response

(b) Current response

Figure 3.6: Sensored control
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Figure 3.7: Control scheme
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3.2 Sensorless control at standstill to low speeds

In this section the algorithm used to retrieve the angular position and

speed of the rotor exploiting the IPM saliency will be described. The choice

fell on a rotating voltage injection since from the literature research it seemed

to be the best in the tradeoff between complexity, robustness and perfor-

mance. The injection parameters are chosen as in table 3.2; the injection fre-

quency is limited in view of the sampling time of the hardware that will be

used in the experiments, while the amplitude is decided according by the

generated currents: even though the error in the estimation is not depen-

dent on the current amplitude, it is better for the fixed point microprocessor

that will be used in experiment not to work with very small quantities. Of

course, a higher voltage applied results in higher currents generated and

a greater rotation of the motor, but a 90o rotation in 10 seconds has been

considered acceptable, also considering that the estimation should be per-

formed in several milliseconds.

Table 3.2: High frequency injection parameters

Parameter Value

vinj 10[V]

finj 800[Hz]

3.2.1 Signal analysis

Given the above injected signal, with no control acting over the ma-

chine, the generated currents into αβ reference frame are shown in figure

3.8. It is evident how the phase of the generated currents exhibits a distor-

tion due to the saliency; moreover, their magnitude is different due to the

difference inductance on the injection axis: a lower inductance on the α-axis

results in fact in a greater current. The saliency of the rotor can be analyzed
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(a) Injected voltages (b) Generated currents

Figure 3.8: High frequency injection

by plotting one current versus the other for different rotor positions. An-

alyzing figure 3.9 one can notice that the position information is of course

present in the currents generated by the high frequency injection. One last

analysis must be performed on the signal before proceeding to demodula-

tion: the spectrum of the currents must be analyzed to verify that the signal

contained is at the frequency predicted by theory. To this means two set

of simulation will be considered; the first one is performed at zero-speed,

while in the second the rotor is brought by the control at ωe = 30Hz. The

resulting spectra, obtained by means of a FFT (Fast Fourier Transform) of

the signal, are reported in figure 3.10 for the current iα.

From the spectral analysis it is evident how at standstill the current only

has the high frequency injection component, while, when the motor is ro-

tating, also lower frequencies arises (figure 3.9c) until the rotational speed.

Note also from figure 3.9d that the saliency of the motor moves the high

frequency component by a factor of 2ωe.

3.2.2 Signal demodulation

Once that the signal carrying the position information have been ana-

lyzed, a demodulation scheme for extracting the useful components must
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(a) 0o (b) 30o

(c) 60o (d) 90o

Figure 3.9: Saliency information contained in iαβ for different rotor positions

be designed.

Position information

Concerning the isolation of the signal carrying the saliency position in-

formation, the measured currents in stator reference frame are transformed

into axis rotating at the frequency of injection. Doing so allows to decou-

ple three components: the fundamental frequency introduced by the speed

control, rotating at (ωc − ωe)Hz, and the positive and negative compo-

nents introduced by the high frequency injection, respectively at 0Hz and

2(ωc −ωe)Hz. Since the useful information is contained only in the nega-
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(a)ωe = 0Hz (b)ωe = 30Hz

(c)ωe = 30Hz,

focus on low frequencies

(d)ωe = 30Hz,

focus on high frequencies

Figure 3.10: Spectral analysis of iα under HF injection

tive sequence, a high pass filter is designed to get rid of the slow compo-

nents. Alternatively, a pass-band filter can be implemented to cut-off also

the high frequency harmonics of the signal, resulting in a cleaner demod-

ulation. The frequency and order of the mentioned filters are chosen ac-

cording to the desired operational range of this estimator: since the goal is

to obtain the position estimation from standstill to a rotational speed high

enough for the flux observer to work properly, which will be proven to be

10Hz, several simulations are carried out to explore different possibilities.

Figure 3.11 shows the result of simulating the complete estimation algo-

rithm (thus it is a tuning done at posteriori) with four different pass-band
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filters at different rotational speeds. The simulations are started with the

motor at standstill and every four seconds it is accelerated of 5Hz.

Results show how an increase of the pass-band towards the lower fre-

Figure 3.11: Estimation error with different pass-band filters at different speeds

quencies decrease the estimation error at lower rotational speeds. Simula-

tions with an increase of the pass-band towards higher frequencies have

not been reported because, due to the missed rejection of signal harmon-

ics, the estimation error tends to be higher and growing faster with speed.

Furthermore, higher order filters have been discarded due to the delays in-

troduced and to the higher hardware requirements in view of experimental

implementation. The final choice fell of the pass-band 1475 ÷ 1700, which

allows to commit an error lower that 1 degree at standstill, growing to 4

degrees at 10Hz, which seems a reasonable performance.

After the signal has been filtered, it is rotated back to the stationary refer-

ence frame, where vector cross-product is performed in order to build an

error feasible of being fed to a PLL or a position observer. The overall de-

modulation scheme is depicted in figure 3.12; it also includes the polarity

detection algorithm described hereafter.
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Figure 3.12: Position and polarity signal demodulation

Polarity information

As explained in chapter 2.2.2, identifying the position of the rotor is not

enough for a robust control because of the 180o uncertainty about the es-

timated d-axis. To this means the current in αβ reference frame are used

in another demodulation algorithm, which works in parallel with respect

to the previously explained one and has the aim of extracting a polariza-

tion information to correct the rotor position estimation. This demodulation

consists in rotating the signal synchronous to the estimated rotor frame and

apply an heterodyning technique to isolate the desired frequency, which is

dependent to the difference between the real and estimated rotor position.

The signal is then low-passed to discard higher frequencies and its sign

contains the desired information: if it is greater than 0 the estimation should

be corrected on +π, otherwise the identified saliency estimation is already

correct. The low-pass filtered is tuned to cut frequencies below 5Hz in view

of the fact that the estimation is corrected only after having converged to a

stable value, thus the difference (θr− θ̂r) is almost at zero-frequency. Mind

that to simulate this part of the algorithm the implementation of the induc-

tance non-linearity, at least on the d-axis is strictly necessary, as it relies on
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the magnetic saturation effect to detect the sign of the higher-magnitude

current peaks.

Figure 3.13 shows some example of active and inactive compensation: it

(a) θr = 30o (b) θr = 135o

(c) θr = 200o (d) θr = 310o

Figure 3.13: Examples of polarity correction

can be noticed that the algorithm misses the polarity identification in the

second and third quarter of the Cartesian plane, while the rotor polarity is

estimated correctly in the first and fourth quarters. Once that the estimation

has been corrected by means of the polarity detection, the second demodu-

lation scheme can be disregarded because the basic algorithm will manage

to keep linked with the correct polarity.
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3.2.3 Rotor position and speed estimation

The demodulation algorithms described in the previous paragraphs make

use of a position estimation feedback. For them to work properly it is thus

necessary to complete this estimation, starting from the error and compen-

sation signals obtained in section 3.2.2. The former is fed to a PLL, which

is basically a PI regulator, that outputs the rotational speed of the saliency:

the position estimation is therefore achieved by integration. The latter is ap-

plied on the estimation only after it converged to a stable value. For tuning

the regulator, it is convenient to analyze the spectrum of the error signal

in order to assess where to place its zero. It appears that the spectrum has

three main components: the first at very low frequencies (0 ÷ 50Hz), the

second at (ωc − ωe)Hz and the third at 2(ωc − ωe)Hz. Since the second

and third components only arise because of the frequency multiplication

introduced by the cross-product used to build the error, all the useful infor-

mation is contained in the first component, generated by the displacement

between the real and estimated position. The zero of the PI is therefore

placed by trial and error in order to obtain a time constant τz ≈ 200rads
and to avoid as much as possible oscillation in the estimation.

Concerning the speed estimation, which should be used as feedback in a

sensorless control, the one obtained as output from the PLL results of be-

ing very noisy and not precise. To this means three approached have been

implemented to retrieve a clean estimation: discrete time derivative, cascade

PLL and discrete-time Kalman filtering. The former simply consists in a dif-

ferentiation of the position signal, while the second consists in a second PLL

connected in cascade to the first one, fed with the difference between the

estimated position and a fictious position generated by himself and used

as feedback. Both methods are precise but suffer of the “spiking” problem:

since both position information are wrapped over the range 0 ÷ 360o (to

give it a physical meaning and in view of avoiding the problem of overflow
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in the implementation on a microprocessor) and are not precisely aligned

(principle on which the PLL bases its working behavior), when one jumps

to 0o the resulting error experiences an instantaneous spike of ±π and the

speed estimation therefore tends to inf. Figure 3.14 shows this problem.

To fix this issue a discrete time function to be triggered at the desired fre-

Figure 3.14: Spikes in speed estimation

quency has been created: it takes as input the current and previous values

of the two angular positions, obtained by means of unitary delays, and de-

tects the instants at which those are wrapped to 0o. Doing so, by means of

logic operators, allows to compensate of ±π the angular error and avoid

the spikes. This method applies both to the cascade PLL and the discrete

time triggered differentiation. The obtained results are shown in figure 3.15

for speed estimation up to 30Hz, thus well above the limit at which the

observer-based control should take over.
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(a) Overview

(b) Transient focus

Figure 3.15: Speed estimation with HF injection

3.2.4 Sensorless implementation

The above studies have been performed in parallel to a classical control

assuming to have a rotational transducer providing the correct informa-
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tion about rotor position and speed. The results assessed how the saliency-

based estimator manages to correctly retrieve the rotor electrical quantities

with low error. Therefore the last step that should be performed is a simu-

lation of the sensorless control over the machine, using the data obtained

trough the estimator. To this purpose, the control scheme reported in fig-

ure 3.6 has been modified according to sensorless operation and is shown

in figure 3.17. By comparison one can notice how the position and speed

feedbacks from the motor motel are not used anymore in favor of the newly

introduced estimated quantities, thus the currents fed as feedback to the

inner loop come from a Park transform over the estimated rotor position.

Mind that the control scheme follows a precise temporization:

• At time t = 0s the HF injection is activated and the estimated rotor

position is found;

• At time t = 0.5s the estimated rotor position is eventually corrected

with the polarity information;

• At time t = 0.6s the speed estimation is switched on;

• At time t = 1s the control is switched on and subsequently any speed-

set point can be sent.

This temporization is set for several reasons. Firstly, for the control to not

influence the initial angle estimation: if the control was switched on, even

with a zero-speed set point, at t = 0s, it would regulate the speed of the

rotor (not perfectly still due to the HF injection), introducing fundamental

currents that might degrade the estimation. Secondly, in order to add the

eventual compensation only when both the estimated position and demod-

ulated polarity information are settled. Thirdly, in order to have a precise

speed estimation in case a compensation was added to the estimated po-

sition due to the polarity identification: since the estimation is performed
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by means of a cascade PLL, in case a compensation was added, the error

would undergo something similar to the “spike” problem described above;

to avoid this the integrator of the PLL is pre-charged to the estimated rotor

position and released only when the compensation has been added. This

also assures a smooth initial transition for the speed estimation, thanks to

the fact that the fictious position is close to the estimated one and big error

jumps are avoided. Fourthly, to allow the control to start acting only when

all the sensorless-obtained quantities are at steady state and no transient is

still active in the machine.

A simulation of the sensorless operation is reported in figure 3.16. It shows

how the saliency estimator manages to correctly estimate the position at

standstill and in stationary conditions, while it suffers sudden setpoint

changes. This also reflects on the speed estimation which is worst during

transients. It is important to notice that even very steep ramps are far better

that a step change of the setpoint for the sensorless operation of the IPM.

Finally, four remarks should be highlighted; at first one should remember

that the parameter tuning of the control scheme has not been changed, thus

the sensorless control manages to reach the same performances of the “sen-

sored” one. Secondly, the IPM model on which the control is operating also

includes the non-linearity of the d-axis inductance, which itself introduces

a degradation of the control and the estimation: given that the same pass-

band filers employed in the previous simulation are used, one should no-

tice that the position estimation error is slightly larger. This might lead to

the choice of an increase of the pass-band towards lower frequencies to de-

crease the error at higher speeds, but it is not the choice I have followed,

rather preferring small errors at standstill. At third, it is important to re-

mark that the tuning of both PLLs have been enlarged in order to be faster

during sensorless operation. One should therefore pay attention to not in-

creasing too much the speed of the loops, for not introducing higher order
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harmonics which would bring instability into the system.

(a) Speed behavior

(b) Position error

Figure 3.16: Sensorless operation at standstill and low speeds with the saliency estimator

Finally it should be noticed that even trough the outer speed loop has been
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de-activated, the inner current loops are active. This means that the current

regulators should be tuned to have a pass-band insensitive to the high fre-

quency injection, otherwise they would regulate those currents to 0 intro-

ducing small fundamental voltages and currents that may ruin the estima-

tion. In this case the simulation have been ran with those regulators active

in order to degrade the estimation on purpose for simulating a “wort-case”

scenario in which inverter non-linearities come into play, for assessing the

robustness of the estimation method. Of course the estimation could only

increase its accuracy if also the inner current loops were deactivated.
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Figure 3.17: Sensorless control scheme
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3.3 Sensorless control at medium to high speeds

In this section the algorithm implemented for the identification of the

rotor position and speed at medium to high speeds will be developed. The

choice fell on the one described in section 2.3.1, and in particular the virtual

flux observer depicted in figure 2.9.

3.3.1 Observer design and simulation

The flux observer adopted for retrieving the position of the rotor at

medium to high speeds is fed with only stator voltages and currents and

can reconstruct the desired information with very good accuracy trough

the introduction of a fictious rotor flux. This is built starting from the mo-

tor characteristic torque equation and by making use of the αβ currents

transformed onto the estimated dq coordinates. The rotor speed is obtained

by triggered discrete time differentiation of the position, with the method

described in the previous section to avoid spikes due to the wrapping of

the rotor position. The most remarkable thing about this observer is that it

makes use of pure integrators in the voltage model to reconstruct the stator

flux: this is acceptable in simulation, but one muse recall that a pure inte-

gral action is not able to reject the continuous component of a signal with

non-zero mean. This could cause a drift of the integral action, especially

during the flux-establishing in the machine and during speed transient. To

overcome this issue, one could thing on employing a low-pass filter, whose

ability to reject the continuous component increases with the increase of its

pass-band, but it also introduces delays in the signal processing and limi-

tation in the operational speed-range. Therefore, it has been chosen not to

implement a low pass filter at first and go with the pure integrator; to sup-

port this choice one should recall that the voltage model containing the in-

tegrators is not in open-loop but contains a feedback which should already
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help to compensate drifts and offsets. The mentioned feedback is based on

a current model of the motor, employing the virtual flux and the estimated

rotor position.

(a) Position estimation error

(b) Speed estimation

Figure 3.18: Observer behavior without initial position feeding
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Since at zero or very low speeds there is barely null magnetization of the

rotor, resulting in a very little magnetic flux, the above described observer

has no information to work on and is not able to correctly estimate the ro-

tor position. Since the initial estimation is intrinsically 0o, the observer only

works if the real position is aligned to it, which is very unlikely. An exam-

ple of estimation with a real rotor position different from 0o is reported in

figure 3.18, together with its estimated speed. It is clear how there is an

initial transient which causes oscillations in the estimation that take time

to vanish. This reflects on the speed estimate which is really poor and can-

not be used for a sensorless control below 20Hz. This lower speed limit has

been validated by repeating several simulations with different initial angu-

lar positions.

It is therefore proven that the usage of an algorithm which provides an ini-

tial estimation of the real rotor angle is crucial for the correct operation of

this observer. One has therefore two choices: to feed the V-I estimator with

the real rotor position or with the estimation coming from the saliency-

based algorithm. In order to be coherent with the aim of this theris the first

option has been discarded; figure 3.19 shows a simulation in which the ro-

tor position is retrieved at standstill by the saliency estimator and fed to

the V-I observer. Then the injection is switched on and the sensored con-

trol is activated in order to allow the motor to follow a speed ramp. It is

interesting to notice how the flux estimator, which is running in parallel to

the control, manages to estimate the rotor position since very low speeds

thanks to the initial position feeding.

One can notice from figure 3.19 that the convergence of the observer’s esti-

mated position to the initially fed estimation is fast and that the speed esti-

mate is performed with nearly 0 error. Furthermore, the effect of the initial

estimation error of the saliency-based observer tends to vanish rapidly as

the speed increases, showing an excellent estimation capability of the vir-
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tual flux observer. Finally, note that the flux observer estimated position

contains an oscillation due to the voltage and current high frequency com-

ponents, which disappears instantaneously when the injection is turned off.

(a) Angle estimation

(b) Speed estimation

Figure 3.19: Observer behavior with initial position feeding
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3.3.2 Sensorless implementation

As done for the saliency-based estimator, also the flux observer has been

set up in parallel to a “sensored” control and only consequently imple-

mented sensorless. To make the two estimation methods cohoperate in a

sensorless control one has three choices: the first one is to start the machine

with the feedback provided by the saliency estimator and wait for the flux

observer to reach stability before switching to its estimation; the second is

to feed the position estimated at standstill to the flux estimator and op-

erate the sensorless control with the latter since low speeds; the third is

to still feed the estimated position from the saliency observer to the flux

observer, but to start the machine with the signal injection activated and

switch the estimation method “on the run”. The first method is of course

discarded because its effectiveness, as shown in figure 3.18 is very poor and

the switching cannot be performed below 20Hz, rotational speed at which

the saliency-based method is already losing efficiency. The second method

seems the most attractive due to its simplicity: it is in fact only necessary to

find the real rotor position, feed it to the observer at standstill and then run

the motor. Anyway, the third one is surely more precise and reliable since at

low speeds very little magnetic flux is present and the virtual flux observer,

even if aligned with the real rotor position, is not robust and a load applied

to the machine could ruin the estimation. In figure 3.20 the behavior of the

flux observer fed with an initial position estimation and used for the sen-

sorless feedback is shown. Thus it is here shown only the case of machine

started directly with the feedback coming from the flux estimator, since the

case of switching “on fly” will be analyzed together with the complete con-

trol scheme in the next sections.

The temporization of the scheme is as follows:

• At time t = 0s the HF injection is activated and the estimated rotor

position is found; at the same time the estimated position is overwrit-
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ten into the flux observer, which starts settling on that;

• At time t = 0.4s the estimated rotor position is eventually corrected

with the polarity information;

• At time t = 0.5s the signal injection is de-activated and the overwrit-

ing is stop, meaning that the flux observer is now working on its own;

• At time t = 1s the control is switched on and subsequently any speed-

set point can be sent.

This is nearly the same described in section 3.2.4 for the operation of the

saliency-based estimator from which to retrieve the initial position. Only

one temporization is added for overwriting the initial position in the flux

observer, which, thanks to the retroaction, settles to a correct estimation.

Once this is performed, the overwriting is disabled and the control is switched

on from standstill with the only estimation coming from the virtual flux

observer. Again, this is not the best achievable operation in terms of ro-

bustness but is reported to show that it could work. An improvement will

be described in the next section with the correct switching logic between

the two estimators. Note that the injection in this case is turned off simul-

taneously to the end of the position overwriting in order to achieve a less

oscillatory position and speed estimation. Figure 3.20 shows the sensorless

behavior of the control scheme using the information coming from the vir-

tual flux observer.

As expected no big difference from the “sensored” case are highlighted,

since the basic flux observer is well known to provide a very good esti-

mation and the enhancing with the current feedback improves its perfor-

mances. From figure 3.20(a) it can be noted the effect of the high frequency

injection on the estimation, that gets clearer once it is deactivated. The error

graph is reported to highlight this phenomenon and the fact that when the

control brings the rotor in movement the estimator manages to retrieve the
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position with 0 error, even during speed transients.

(a) Angle estimation error (only initial significative segment)

(b) Speed estimation

Figure 3.20: Sensorless operation from standstill to high speeds using V-I estimator
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From the speed graph one can notice that the estimated speed coincides

with the real one perfectly even without using a Kalman filter to retrieve it,

but simply differentiating the position information. It is important to high-

light that this estimator manages to stick to the correct position and speed

even when the latter is decreased back to 0 and successively increased

again, making the high frequency injection useful only when it is turned

on at first or when some external cause moves the rotor when at standstill.

3.4 Whole speed range sensorless control

After assessing the performance of the two sensorless control methods

at different speeds alone, one last step consists in merging the techniques

in order to achieve a wide speed range control capable of driving the IPM

motor from standstill to the base speed. In order to do so the major critical

issues are represented by the transition between the two estimations and

the hooking of one estimator to another in not-usage condition. This means

that for increasing speed, the flux observer must be initially fed with the

position information coming from the saliency observer in order to achieve

a correct estimation and a smooth transition. On the other hand, during

deceleration transients, the HF-based observer has to re-start working and,

due to the stop of HF injection at higher speeds, it is critical for it to cor-

rectly retrieve an estimation because of the non-zero speed and the pres-

ence of fundamental currents.

As for the first issue, a naïve solution has been implemented: there are

two switches that commutate from one estimation to another based on the

speed estimation provided by the flux observer. The switching condition

is set to be an hysteresis with thresholds 10Hz for acceleration transients

and 0.2Hz for deceleration ones. In parallel to this another switch has been

introduced with the aim of cutting the signal injection and therefore avoid
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useless acoustic noises when unnecessary.

Concerning the overwriting of the initial rotor position into the V-I ob-

server, again a switch has been introduced in order to overwrite the po-

sition feedback, which in turn will be translated in a current one, with the

correct estimation at standstill. This switch is driven by the speed estima-

tion of the HF-based observer, which commutates from one position to an-

other at a speed of 5Hz. This choice is lead by the fact that, once the flux

observer has aligned its estimation with the other estimator and gets un-

hooked, a transient in position and speed estimation rises because of the

different pass-bands employed. Thus, since the speed estimation from the

flux observer is the one used to drive the whole switching mechanism, it is

left some time to settle before its usage.

As said before, once the rotor speed has gone over 10Hz the HF injection

gets cut-off and therefore the estimation provided by the saliency estimator

is of any use. When the motor is eventually stopped, the HF injection is re-

activated, but due to the presence of fundamental currents and the motion

of the rotor, it is hard for the corresponding estimator to retrieve dynami-

cally a correct estimation.

To solve this issue the PLL has been modified as in figure 3.20: a switch

Figure 3.21: Modified PLL for re-hooking the estimation

driven by the presence of the signal injection forces the PI gain to 0 and

shuts it off during not-estimating transient for avoiding the residual charg-

ing of proportional and integral actions. Furthermore, the integrator pro-
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viding the position estimation is set to track the information provided by

the flux observer. When the injection is re-activated during deceleration,

the initial feedback is the real position of the rotor and the PI starts work-

ing without accumulated error.

At last a simulation in which the motor is driven from standstill up to the

base speed is reported in figure 3.22. It is shown that the sensorless control

manages to follow quite closely a speed setpoint either in increasing and

decreasing speed conditions. Furthermore, one can notice that the saliency-

based estimator can manage to retrieve the rotor position when it is ap-

proaching zero-speeds, thus providing the correct position even when the

motor is stopped. The angle estimation error is similar to the one shown in

the previous sections when analyzing the two estimators alone.
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(a) Speed tracking

(b) Angle estimation error

Figure 3.22: Whole speed range sensorless control

The overall control scheme implementing the described solutions is re-

ported in figure 3.23.
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Figure 3.23: Wide speed range sensorless control scheme



Chapter 4

EXPERIMENTAL RESULTS

The aim of this chapter is to describe the setup used for the practical implemen-

tation of the sensorless techniques previously simulated, together with a descrip-

tion of the experiments conducted and the results obtained in running a sensorless

control over the IPM motor.

4.1 Hardware setup

A schematic representation of the hardware components used to per-

form experimental verification of the above introduced methods is shown

in figure 4.1.

Figure 4.1: Hardware setup functional block diagram

91
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It includes the following items:

• Two 12V , 250A power converters that supply the inverter;

• The SuperSigma2 traction controller by DMC [33], consisting of both

programmable software and inverter with rated voltage 48V and max-

imum current 250A.

• The IPM-L33 motor by Ashwood [34], a three phase synchronous ma-

chine with the following characteristics:

Table 4.1: Motor parameters

Symbol Description Value

Rs Winding resistance 8.7[mΩ]

Ld d-axis inductance 100[µH]

Lq q-axis inductance 130[µH]

Ψm Magnetic flux linkage 9.1[V]@1000rpm

Vn Rated voltage 48[V]

Is,max Maximum phase current 250[A]

ωmax Maximum speed 6000[rpm]

np Number of pole pairs 4

Tn Rated torque 20[Nm]

Tp Peak torque 34[Nm]@250A

Pn Rated power 7[Kw]

Pp Peak torque 12[Kw]

η Peak efficiency 94[%]
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Figure 4.2: Experimental setup

Several considerations have to be done about this configuration and in gen-

eral about the hardware used. At first one should notice that the power

converters employed, even if connected in series, can only provide a 24V

supply, thus just half of the motor rated voltage: this means that the range

of speed reachable by the machine is strongly limited by this configuration.

Also, not being the converters able to absorb power, one should care about

the braking stage of the motor, which generates back-currents that drive

the converter in protection mode. Secondly, a CAN communication is used

to retrieve data out of the control logic: a CAN interface for Windows has

been employed, allowing to manage CAN message, quantity scaling and

to provide a scope for the acquired data. Those information have been ex-

ported trough .csv files and elaborated in Matlab environment. Regarding

the CAN communication, it must be said that the message rate is set to be

10ms, thus only allowing to gather slowly varying or continuous signals;
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to this means faster signals have been software-stored at the current control

loop speed (125µs) and then sent via CAN messages a-posteriori. Third, the

programmable logic embedded on the SeperSigma 2 employs a fixed-point

microprocessor. This leads to the problem of integer number programming

and per unit scaling of the variables, on whose a brief overview will be

given in the following subsection.

4.1.1 Integer programming and per unit scaling

The problem of integer number programming arises when the micro-

processor employed can not handle floating point (or rational) numbers

in a sufficiently fast way to guarantee real-time operation. Of course, the

floating-point operation can be performed into an initialization phase, but

the control loops must be coded with integer number operations. Given

that a microprocessor can easily handle 16 bit quantities, one should set

a “base number” which corresponds to the unity and retrieve the rational

numbers by comparison with this quantity. Usually a power of 2 is chosen

as base number to make the handling even faster for the microprocessor.

The range and resolution of this transformation are so defined:

RANGE = −
2nbit−1

nbase
÷ 2nbit−1

nbase
RES =

1
nbase

(4.1)

for example, if a base number of 214 was chosen, one could represent num-

bers within the interval [−2; 2] having a resolution of 0.00006104. If one

wants to translate a rational number into the fixed-point representing sys-

tem, it is enough to multiply it by the base number.

Given the above explanation one more problem arises: the range or repre-

sentation is limited. In fact, with 16 bit one could represent numbers be-

tween [−32768; 32767], while with fixed-point scaling the range hugely re-

duces. To overcome this issue the concept of per unit (p.u.) is introduced:

the idea behind it consists in scaling all the quantities referring to a base
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(maximum) value, in order to come up with rational numbers contained

into the range given by the fixed-point scaling. This method has the limita-

tion of not being capable to handle too big quantities with high precision,

as the resolution limits the representation accuracy.

4.2 Experimental tests with no load

In order to validate the techniques developed in this thesis the above

mentioned hardware setup was used to implement them and draw con-

clusions on the practical aspects thay may influence the estimation. At first

the high frequency voltage injection and the saliency-based estimator have

been implemented and let run on they own with the motor at standstill.

The next step was to switch on the control and verify if that estimator could

provide good results even at low speeds. At third the virtual flux observer

was implemented and, fed with the initial real rotor position, was tested to

verify if it could provide a good estimation. Finally, the whole-speer range

sensorless control has been ran with the knowledge from the previous ex-

periments.

4.2.1 Standstill position estimation with high frequency signal

injection

The first step in the implementation of the sensorless control was to add

the signal injection. Since the maximum sampling frequency of the ADC

available was 8kHz, the maximum injection frequency was set to be 800Hz

in order to be able to capture at least 10 point per sinusoid. An increase of

the injection frequency above that threshold would mean to poorly recon-

struct the generated current, resulting a worst position and speed estima-

tion. To assure a larger margin and a better accuracy, the tests were initially

conducted injecting a 10V voltage signal at 400Hz in the synchronous ref-
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erence frame. This led to reconstruct the resulting currents with 20 point

per period, which was considered enough. A preliminary Fourier analysis

was performed to verify that the generated currents are at the expected fre-

quency.

From figure 4.3 it is clear that the high frequency voltage injection produces

Figure 4.3: Fourier analysis of the α-axis current

the expected results, with the high frequency current that also contains the

even order harmonics harmonics produced by the inverter non-linearities

and the multiple saliencies phenomenon.

To assess that those high frequency currents actually contain the desired in-

formation several experiments were carried out at different rotor position

and the results, reported in figure 4.4, show how the phase shift between

the α and β currents stretches the current circle towards the real rotor orien-

tation. In view of the polarization signal extraction one should also notice

that the produced ellipse is not symmetric with respect to the origin, but

points toward the correct d axis.

After verifying that there is actually a signal to be extracted, the demod-
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(a) θo = 65o (b) θo = 310o

Figure 4.4: Current ellipse generated by inductance difference

ulation algorithm described in the previous chapter has been written in

C-code onto the microprocessor. All the continuous-time integrators and

filters were discretized with the Tustin (trapezoidal) method. At first only

the position information without the polarity information was extracted

to assess whether the signal at 400Hz was enough to retrieve a low-error

position estimation. In the very first version of the algorithm a first order

high-pass filter with 50Hz cut-off frequency was used to separate the neg-

ative and positive current components. This choice was supported by the

Fourier analysis of the currents rotated to a frame synchronous with the

signal injection, showed in figure 4.5.

It is evident how, rotating the motor currents to a frame rotating syn-

chronously with the injection, the positive component shifts in DC, while

the negative component appears as rotating at two times the injection fre-

quency. Thus, the high-pass filtering of this signal simply consists in remov-

ing the current offset. This can be seen in figure 4.6, together with the fact

that, since the positive component carries most of the signal’s power, once

the current is rotated back to a stationary frame its amplitude is noticeably

reduced. This supports the injection of a voltage equal to 60% the motor

rated voltage: if a lower amplitude signal was injected too little residual
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(a) unfiltered current (b) filtered current

Figure 4.5: Fourier analysis of the α current rotated to a synchronous injection frame

information after the filtering process would be present, resulting in a loss

of accuracy of the identification algorithm due to the usage of a fixed-point

microprocessor with per unit scaling.

At this stage, by means of the demodulation algorithm described in sec-

(a) α-axis current before and after filtering (b) d-axis current before and after filtering

Figure 4.6: Comparison between currents before and after high-pass filtering

tion 2.2.1 and tested in simulation, it was possible to already provide a

standstill estimation of the rotor angle. The proportional and integral gains

of the PLL were tuned experimentally in order to achieve a satisfying fast

response, accepting a small over-elongation and avoiding an oscillating be-

havior.
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Before showing the experimental results, it is worth analyzing also the po-

larity identification signal, in order to give a complete demonstration of the

identification method. Figure 4.7 shows the α axis current rotated to the es-

timated angle frame, togheter with the resulting polarity signal.

When the estimated angle corresponds to the real one, thus the injection

(a) Correct angle estimation (b) Opposite angle estimation

Figure 4.7: Signal’s peak difference in polarity detection procedre

is being performed along the correct d axis, the current has higher positive

peaks, while when it is performed on the opposite direction, due to the 180

degrees error, the negative peaks have greater magnitude. This is also high-

lighted in table 4.2.

Table 4.2: Peak values of figure 2.7

(a) Correct estimation (b) Wrong estimation

Signal Higher peak Lower peak Higher peak Lower peak

d-axis current [A] 29.5 -27.6 27.9 -28.9

Polarity signal [A] 26.5 -28 26.5 -28
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This is the proof that the signal contains the polarity information. The

latter is extracted by highlighting this magnitude difference, multiplying a

fictiously generated cosine signal that also inverts the peak magnitude in-

formation, and low-pass filtering the resulting sinusoidal waveform: if the

filtered signal is negative, the angle has been estimated correctly, otherwise

a correction of 180o must be added to the estimation.

Two problems arose with this algorithm; the first one consisted in the us-

Figure 4.8: Comparison between filtered and moving averaged polarization signal

age of the lowpass filter: since the current at 400Hz is multiplied with a

400Hz cosine signal, the polarization signal travels at a speed of 800Hz and

can thus be acquired with only 10 points per period. As it can be seen from

figure 4.7, the polarization signal is not very clear and the outcome of the

lowpass filter depends on where the samples are taken along the sinusoidal

waveform, not resulting in a clear positive/negative separation and push-

ing towards the introduction of a different dividing threshold. To overcome

this issue the filter was substituted with a moving average, which provides

a much better separation and takes also less computational requirements.
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The second problem consists in the fact that the filtered (or moving aver-

aged) signal is not perfectly stable but undergoes variations when the rotor

is moved or when vibrations affect the motor shaft. Since the magnitude of

the useful signal, shown in figure 4.8, is very small, its variations are very

likely to cause the crossing of the polarity identification threshold, lead-

ing to a discontinuous correction of the estimated angle which undergoes

jumps of 180o. This problem has been avoided by not giving the estimated

angle as feedback to the estimator and endlessly correcting it with the po-

larization signal but correcting the estimation just once and feed back the

compensated estimation to the saliency estimator, which manages to hook

on it and provide a correct estimation without further compensation. This

method also allows to de-activate the polarity identification algorithm after

few instants, leading to a more robust real-time performance.

Finally, the performance of the saliency-based estimator can be seen in fig-

ure 4.9: the algorithm manages to retrieve correctly the rotor position in the

first and fourth quadrant, while it needs the compensation in the second

and third ones. The tests consisted in starting the identification algorithm

when the rotor was at 30o and 92o, respectively figure (a) and (b), and rotate

it by hand counter-clockwise of 360o, before restoring its original position

with a clockwise rotation. One can notice that the estimation dynamically

follows the rotor orientation with nearly constant estimation error, which

is also a good starting point for moving estimation.

Figure 4.10 shows the average estimation error at standstill for two differ-

ent injection frequencies, 400 and 200Hz. This comparisons is interesting

since it highlights the hardware limitation for the estimation: the limited

numbers of samples (20 per period in the first case, 40 per period in the

second one) and the useful filtered current magnitude resulting form the

injection (two times greater in the second case, thus with higher precision

in per unit handling) make the difference.
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(a) 30o starting angle

(b) 92o starting angle, not compensated

(c) 92o starting angle, compensated

Figure 4.9: Estimation of the rotor angle at standstill at different imposed steps; (a) without

necessity of polarity correction, (b) with necessity of polarity correction not

performed, (c) performed polarity correction
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In fact with a 400Hz injection a mean error of 5o is committed, while with a

200Hz injection there is only a mean error of 2o. In the following the 400Hz

injection has been employed even if it carries a larger estimation error, be-

cause in practical implementation this little error difference doesn’t pro-

duce a much different control behavior. Furthermore, in view of a moving

position estimation, it is better to have a higher frequency injection in or-

der to be able to correctly filter off the fundamental current component, as

explained in section 3.2.2.

(a) 400Hz injection (b) 200Hz injection

Figure 4.10: Estimation error for (a) 400Hz, (b) 200Hz injction at several imposed angular

positions

4.2.2 Moving position and speed estimation with high frequency

signal injection

Once the position at standstill has been correctly detected, the motor is

brought with the sensored control at different rotational speeds to investi-

gate what happens to the position signal. Recall that the polarity has been

compensated as feedback when at standstill, thus it will not be investigated

anymore, assuming that the algorithm manages to hook on the correct d-

axis orientation.
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(a) Spectrum at 5Hz, 75rpm (b) Spectrum at 15Hz, 225rpm

(c) Spectrum at 25Hz, 375rpm (d) Spectrum at 35Hz, 525rpm

(e) Spectrum at 45Hz, 675rpm (f) Focus on negative sequence

Figure 4.11: Fourier analysis of the α current rotated to a synchronous injection frame for

several rotational speeds
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A Fourier analysis has been performed once again to verify that the high

frequency current, once transformed onto axes rotating at the injection fre-

quency, exhibits the expected frequency components. Figure 4.11 reports

the superimposed Fourier analysis for rotating frequency from 5 to 45Hz,

from which it is evident that there are three main groups of components;

the first one is in DC and corresponds to the positive sequence of the car-

rier current, the second one is slightly above 400Hz, it is representative of

the fundamental currents and rotates at (ωc + ωr), while the third one is

below 800Hz and represents the negative sequence component rotating at

2(ωc −ωr). Of course, there are also harmonics groups at even multiples

of the latter component.

It it remarkable to remember that those tests were performed with no load

applied to the motor, thus the amplitude of the injected current is much

higher that the fundamental. This corresponds to a good estimate because

those fundamental components do not bother it. When it will come to loaded

experiments it is expected to have a worsening of the estimation because

the high-pass filter with cut-off frequency 50Hz employed will not manage

to eliminate them.

Anyway, since at the moment the motor is driven with no load, the estima-

tion error, reported in figure 4.12, is barely influenced by this phenomenon,

which is slightly visible at rotating frequency of 30 − 45Hz where, due to

the higher torque required to overcome the friction losses, the resulting

fundamental currents are slightly higher in magnitude and degrade the es-

timation.

As for the speed estimation, it has been retrieved by simply differentiating

the position signal. Since the outcome contains a lot of noise, it has been

low-pass filtered in order for the control to see a more clear feedback sig-

nal and avoid as much as possible torque ripple. The problem of the spikes

produced by the wrapping method is easily avoidable with the integer pro-
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Figure 4.12: Estimation error at increasing speeds

gramming method and per-unit scaling.

Sensorless implementation

The conclusion of this set of experiments consists in driving the motor

with the position and speed feedback provided by the saliency estimator.

To this means the Park transforms make use of the estimated angle, out of

which the speed used to close the outer loop is driven. Figure 4.13 shows

how the control manages to follow closely a speed setpoint, with a very

small position estimation error. The only modification with respect to the

sensored control has been the tuning of the PLL’s gains, which were in-

creased in order for it to be more reactive to steep increases and decreases

of speed. This was balanced by a corresponding increase of the noisiness of

the estimation, which was anyway considered acceptable since the control

system was made more robust.
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(a) Sped tracking

(b) Position estimation error

Figure 4.13: Sensorless drive at low speeds using the HF injection based estimator
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4.2.3 Position and speed estimation with virtual flux observer

It has been demonstrated that, at least in no-load conditions, the saliency-

based estimator can drive the motor without requiring a physical position

information. On the other hand, this method produces a very annoying

acoustic noise, which is unacceptable for industrial applications. The im-

plementation of the virtual flux observer is then necessary and will be in-

vestigated hereafter. Both V-I observers introduced in section 2.3.1 have

been tested in order to assess whether one could provide better results

that the other. At first the “virtual flux” observer, with the compensation

feedback provided by the comparison between the real and reconstructed

motor currents was implemented. To assure a stable behavior the current

error is only amplified by a proportional gain, since there is another inte-

gral action in the flux-model and is well known that two integrators in a

loop cause instability. Furthermore, their effect would be to integrate too

much the noise introduced by the motor currents, causing a worsening of

the estimation. Of course one could think of substituting the integration

in the flux-reconstruction model with a low-pass filter, but, since at stand-

still the current variations are very slow, this would not introduce any im-

provement unless to set a very low cutting frequency, which would result

in having something very similar to the integrator. Concerning the second

observer, the one with the corrective feedback provided by the flux com-

parison, the block scheme of figure 2.10 has been manipulated in order to

hide the presence of the integrator. The resulting transfer function reads:

Ψ̂αβ =
s

s+ g

(Vαβ − Riαβ
s

)
+

g

s+ g
Ψ̃αβ (4.2)

It can be noticed that the integration of the back-EMF is weighted by an

high-pass filter, thus providing a correct estimation at high speeds or dur-

ing fast transients. On the other hand, the flux reconstructed trough the

magnetic model is weighted by a low-pass filter, which assures a correct
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compensation at low-speeds, standstill and low-dynamic conditions.

Since neither of the observers can retrieve the correct position at stand-

still, they are fed with the estimation coming from the saliency estimator,

in order to be coherent with the spirit of this thesis. Again a temporization

is introduced: when the motor is switched on, the high frequency injec-

tion kicks in and the V-I observers are hooked on the estimation provided

by the saliency-estimator. After several seconds the injection is deactivated

and the V-I observers are left free to estimate the position by themselves.

Alternatively, one experiment has been carried out not deactivating the sig-

nal injection.

(a) Unhooking while disactivating injection (b) Unhooking with active injection

Figure 4.14: Standstill estimation comparison between V-I estimators

Results reported in figure 4.14 show as expected that at standstill they can-

not stick to the correct angle estimation but slowly drift away because of

the integration of the noisy back-EMF. The V-I observer employing the flux

feedback manages to provide a better estimation, but this is still insufficient

for a sensorless driving of the motor from standstill.

To assess whether they can be used when the rotor is in motion, the sen-

sored control has been re-introduced and the motor is driven at several

rotational speeds. Figure 4.15 shows that since there is few movement, and
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subsequently some back-EMF, the two observers manage to reconstruct the

flux correctly, providing a very good estimation.

This test were carried out with inactive signal injection since it will be used

(a) Estimation from ”Current-feedback” V-I

estimator

(b) Associated estimation error at different speeds

(c) Estimation from ”Flux-feedback” V-I

estimator

(d) Associated estimation error at different speeds

Figure 4.15: Moving estimation comparison between V-I observers

only at standstill and very low speeds (below 5 ÷ 10Hz). The mean angle

estimation error is found out to oscillate inside the range [−8;+6], which is

considered an acceptable result for driving the motor sensorless. It is nec-

essary to remark that the current-feedback observer, employing the pure

integration of the back-EMF, manages to retrieve the rotor position, with

some error of course, even at very low speeds, while the flux-feedback one
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only works above the threshold defined by the filters cutting-frequency.

Even though this may seem limiting, the final choice fell on the second ob-

server, since at very low speeds the signal injection will be used. One more

test has been performed, consisting in tuning this cutting frequency to very

high values close 100Hz: the results showed how in that case the lowpass

filtering applied to the reconstructed flux prevails over the highpass filter

applied to the integral action, leading the observer to stick on the initially

fed position. On the other hand, of course, this high cutting frequency lim-

its the bandwidth of the observer which could only work at very high fre-

quencies. Results are not reported for this since is of any practical use.

Due to the limitation arising at standstill it was not possible to run safe

experiments introducing a sensorless control based solely on the flux ob-

servers: the control can in fact manage to keep stability only with position

estimation errors of 25o at maximum, which the V-I observer cannot guar-

antee at standstill. The decision thus fell on trusting the results of the sen-

sored experiments and proceed to the whole speed range implementation.

4.2.4 Complete sensorless control

As in simulation the last step consists of merging the two estimation

techniques to obtain a sensorless control which can drive the motor from

standstill to very high speeds. To this means the issues introduced in sec-

tion 3.4 were faced in practical implementation. It is actually easier to over-

come them when writing C-code because the feedback can be always pro-

vided by the position calculated from the V-I oserver. This estimation is

overwritten at low speeds with the one coming from the high-frequency

injection estimator, with an hysteresis threshold based on the rotational

speed. The obtained control scheme has been tested in both low speed op-

eration, threshold crossing in both accelerating and decelerating conditions

and high speed operation.
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(a) Speed tracking

(b) Angle estimation error at different speeds

Figure 4.16: Whole speed range sensorless control performance

Furthermore a “start-and-stop” experiment was performed to evaluate the

re-hooking performance of the saliency-based estimator. Figure 4.16 shows
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the reference speed tracking capability of the whole speed range sensorless

control, together with the associated position estimation error.

For this final implementation the “flux-feedback” V-I observer has been

used and it is interesting to notice how the position estimation error always

stays between the 10o boundaries. This results in a very stable and robust

control. Furthermore, since the high-frequency injection is de-activated when

the rotor speed goes above 10 Hz, the driving of this motor produces barely

null acoustic noise, which is probably one of the critical problem for an in-

dustrial application. At last one should notice that when the rotor is being

decelerated and the signal injection is re-activated the saliency-based esti-

mator manage to retrieve the correct rotor position with the correct polar-

ity: this means that when the speed is brought back to zero the V-I observer,

which would normally loose the position information, gets re-hooked on a

correct estimation and can thus be used again for a sensorless control when

an acceleration demand is requested by the user.

4.3 Loaded experimental tests

After assessing the behavior of the sensorless control in unloaded con-

ditions, it is fundamental to verify the developed application can robustly

provide some torque. To this means the motor is linked to a dynamometer

controlled in torque, brought to a certain speed and loaded by increasing

the torque setpoint of the brake. Tests have been performed both in the low

speed and high speed regions to assess that the sensorless control can ro-

bustly operate both under the saliency estimator and the V-I observer. The

experimental configuration is shown in figure 4.17.
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Figure 4.17: Experimental setup for loaded experiments

4.3.1 Low speed loaded experiments

To follow the logic scheme of this thesis the first tests were performed

with active high frequency injection and the position estimation was per-

formed by the saliency observer. At first a consideration about the demod-

ulation of the high frequency currents generated should be done: as high-

lighted in section 4.2.2 the extraction of the useful saliency information con-

tained in the negative sequence current component is done by means of an

high-pass filter with a pass-band of 50Hz.

Figure 4.18 shows the spectrum of the current on the α-axis under load

conditions rotated to the injection frame. Comparing this spectrum with

the one of figure 4.11 it is evident how the fundamental component, located

around 400Hz is of highly greater magnitude due to the torque production.

It is naïve to understand that the simple high-pass filter employed in un-

loaded conditions can not manage to filter off that component and that the

estimation can not be performed without adjusting the demodulation. To

this mean a Butterworth band-pass filter has been designed with passing
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Figure 4.18: Spectrum of the α current rotated to the injection frame under load conditions

bandwidth 740 ÷ 840Hz, in order for it to have the best performance at

5 − 10Hz rotational speed. The bandwidth is very narrow but increasing

it is not necessary since the high frequency injection and related estimator

should work only at very low speeds. First and second order filters were

(a) First order (b) Second order

Figure 4.19: Band pass filters effect comparison

tested at 5Hz rotational speed and the results are shown in figure 4.19: it

can be noticed that the fundamental component is highly reduced with
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the first order filter, which could already be enough. Employing the sec-

ond order filter assures an higher system robustness in view of the barely

complete fundamental signal elimination: in fact, even if the speed was in-

creased above 30Hz with the negative sequence signal falling out of the

pass-band getting attenuated, the fundamental component would be any-

way of smaller magnitude and would not ruin the estimation. Figure 4.20

reports the performance of the signal extraction process with the second

order band pass filter for a for a rotating speed of 150rpm.

Another criticality of the saliency estimator highlighted by the load ex-

(a) α-axis current before and after filtering (b) d-axis current before and after filtering

Figure 4.20: Comparison between currents before and after second order band-pass

filtering

periments is the PLL performance’s dependency on the gains. From the

very first experiments, in which an high proportional gain was set, it was

noted that the estimator performance was very good at standstill and with

small loads, but greatly suffers high loads. This is because the PLL was very

“aggressive” with the position estimation, causing sudden upgrades in the

angle estimation, which sooner or later would result in a loss of estimation

and consequently of the control. To overcome this issue the proportional

gain was decreased by one order of magnitude and the estimation resulted

smoother at any load, with a little decrease of static performances. Figure
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4.21 shows the difference in the estimation for two tests at 5Hz and 14Nm

in which the gain was decreased from 1000 to 100. In the first case the es-

timation is really noisy and the control is lost, while in the second case the

estimation is very smooth and the experiment continued up to 20Nm.

Once a satisfying setup was found, four tests were conducted at 5, 10, 20

(a) High proportional action, loss of control (b) Small proportional action

Figure 4.21: Effect of the PLL gain on the angular estimation at 5Hz, 14Nm

and 30Hz (respectively 75, 150, 300 and 450rpm). They were performed

by bringing the motor to the desired speed with the developed sensorless

speed control and applying a ramp torque with the dynamometer. Results

are reported for the 10Hz case in figure 4.22, those for other speeds are the

same. They show that the control manages to maintain the reference speed

and that it can bear an high resistive torque, up to its nominal value. Finally

notice that the angular error is kept very small and only increases when the

control is about to lose stability. In the following figures the reconstructed

torque is shown because the dynamometer did not allow to export data.

Anyway, the real value and the reconstructed ones are very close.
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(a) Speed (b) Angular error

(c) Torque

Figure 4.22: Load experiment adopting the saliency estimator at 150rpm with increasing

load up to 21Nm

To conclude this set of experiments, the torque production capability at

standstill and startup was evaluated. The test consisted in activating the

sensorless control with zero reference speed and load the motor with the

dynamometer up to 10Nm. Then the sensorless control is used to spin the

motor at very low speed and brake it back to zero. Figure 4.23 shows that

the experiment succeeded, proving that the sensorless control can provide

quite good torque even at standstill.
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(a) Speed tracking (b) Torque applied

Figure 4.23: Load test with 10Nm from standstill to 120rpm and back to zero

4.3.2 High speed loaded experiments

At last the V-I observer was tested under load conditions to assess whether

the sensorless control could effectively operate in a wide speed range. This

set of tests takes into consideration speeds from 10Hz (150rpm) up to 40Hz

(600rpm). This range is surely limited by the fact that the motor is fed with

a 24V power supply instead of the rated 48V one. As a consequence, the

base speed is around 800rpm and the loaded test are conducted below this

threshold as the control does not have a flux weakening implemented.

The first experiment has been run under the same condition of the load-free

test and failed when the load was at 5Nm. This poor performance was ad-

dressed to the parameter dependence of the flux reconstruction and of the

magnetic model used as a feedback. In fact those models take into account

a constant electrical resistance value, which is known to vary with temper-

ature, further than constant magnetic inductances on the d and q axes. A

more accurate test conducted in parallel to this thesis reported how mag-

netic saturation hugely varies the value of the q-axis inductance, parameter

on which the rotor position estimation strongly relies on; its values for dif-
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ferent load currents are reported in table 4.3.

Table 4.3: q-axis inductance variation under load conditions

q-axis current [A] Lq [µH]

3.5 156

15 152

26 150

39 150

51 147

66 141

85 127

109 117

142 104

175 94

193 89

Since the model with constant parameters failed in the flux reconstruc-

tion with very low loads, the parameter variation was implemented real

time based on the measured current, both in the rotor angle estimation and

in the magnetic model. Doing so allowed to achieve far way better perfor-

mances, such as reaching the motor’s rated torque in the whole speed range

tested. Mind that the high torque capability of the V-I observer at 10Hz en-

sures a smooth transition between the two estimation methods even un-

der load. Figure 4.24 shows the torque reconstructed by means of the mea-

sured currents and the performance of the estimator, represented by the

very small position estimation error and the tight speed setpoint mainte-

nance.
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(a) Speed (b) Angular error

(c) Speed (d) Angular error

(e) Torque

Figure 4.24: Load experiment adopting the V-I estimator at 150rpm (a and b) and 600rpm

(c and d) with increasing load up to 21Nm



CONCLUSIONS

In this thesis the methods for allowing a sensorless control of an IPM

motor have been studied, implemented and experimentally validated. This

means that with the developed application it is possible to retrieve the rotor

position and speed with the only need of electrical quantities, such volt-

ages applied to the motor and currents generated; the need of any rota-

tional position or speed transducer has been eliminated. This represents a

huge advantage in term of space occupied by the motor and motor cost,

further than a decrease in system maintenance and longer application life.

The techniques developed during this work find their applicability in a

wide range of industrial and vehicular applications: hydraulic pumps, ma-

rine propulsion, agricultural autonomous vehicles and quadcopters are just

few examples of them.

The sensorless drive at medium to high speeds of both Induction Machines

and SPM synchronous motors has been widely studies in the past and is a

well-known and used technology. Methods for this speed range consist in

using either full-order observers based on the complete machine model or

simple and more implementable stator flux estimators, which reconstruct

the back-EMF to retrieve the rotor position. In this thesis the latter have

been further enhanced in order to reconstruct also the rotor flux, which

under load conditions differs from the stator one due to the load angle.

Furthermore, a feedback in the back-EMF calculation has been introduced

for the correction of the well-known drifting problems of the integrators
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employed.

Even if the above-mentioned developments are relevant, the major im-

provement introduced by this thesis is the possibility to retrieve the ro-

tor position at standstill and to drive the motor even at very low or zero

speeds. This is possible thanks to an intrinsic characteristic of the IPM mo-

tor: the presence of a rotor spatial saliency, meaning that the inductance

is different on the rotor axes. This physical characteristic can be exploited

with various techniques, such as an high frequency injection of a carrier

signal or modification of the basic PWM switching sequence. Since the fre-

quency injection methods seemed the most promising ones, they have been

investigated deeply, analyzing the possibility of voltage or current injec-

tion on either stationary (αβ) or rotating (dq) axes frames. Furthermore,

the effect of physical non-idealities which could affect the estimation were

investigated. The major difference between current and voltage injection

is the complexity of the control behind them: in the case of voltage injec-

tion, the inverter can directly generate the desired signal, while in case of

current injection two regulators should be added to the control scheme to

generate the carrier signal. The tuning of the control bandwidth plays a

crucial role in both methods: while in the voltage-based one the inner cur-

rent loops must be kept pretty slow to not regulate to zero the injected sig-

nal, in the current-based method the current regulators must be tuned pre-

cisely to avoid introducing instability in the control and loss of producible

torque. Regarding the kind of injected signal, a sinusoid is generally cho-

sen for simplicity, but square wave-based of impulse-based methods are

also present in literature. The last discrimination should be performed on

the injection reference frame: if the HF injection is performed on fixed stator

axes, the position information will be contained in the phase of the signals

coming from the motor since the difference of inductance between the axis

will phase modulate them; the injection on a non-stationary reference frame
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is generally performed over an estimated direct axis, while the information

is contained in the magnitude of the resulting signal in the quadrature one.

All those methods suffer of an annoying issue, which is the impossibility to

detect the correct rotor orientation; this means that once the angular posi-

tion has been found there is still an uncertainty of 180o, given by the sym-

metry of the rotor. Methods exploiting the presence of permanent magnets

were discovered in literature and used to correct the estimation when nec-

essary: they are based on the peak-recognition of the signal generated from

the high frequency injection. In fact, since the permanent magnets flux is

considered aligned on the real direct axis, if a current is injected on that the

resulting signal will have greater positive magnitude, while if the signal is

injected on the opposite direction the generated signal will encounter an ob-

stacle and will have greater negative peaks.

It must be specified that the aim of this development is to create a driving

technique which should be scalable, both on the hardware and on the ap-

plication point of view. This means that the outcome of this work has the

aim of being implementable on a large variety or hardware, constraining

the computation complexity to be low and the economic requirements for

building it very strict. Furthermore, the developed algorithm should work

for a very large range of motor sizes, from hundreds of Watt to hundreds

of Kilowatts. These constraints perfectly reflect the employed hardware,

the SuperSigma2 motion controller by DMC: a low-cost product based on

a mosfet inverter and a fixed-point 32 bit microprocessor. Due to the men-

tioned constraints the application will not have the best obtainable features

but will have the great strength to be highly scalable and easily customiz-

able and upgradable.

Given the considerations above, not all the techniques found throughout

the literature research have been simulated and implemented. The work

particularly focused on an high-frequency sinusoidal voltage injection into
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stationary reference frame for standstill or very low speed operation and

on a V-I estimator which reconstruct a fictious precise rotor flux with the

help of a feedback generated by means of the estimated angle. The meth-

ods based on impulse and square wave injection and the ones requiring

the modification of the PWM were discarded since they employed several

differentiation operations, which contrast with the target hardware perfor-

mance. Regarding high speed operations, full-order observers were not de-

veloped as they rely on a great number of model parameters, hindering the

possibility to scale the application on a large variety of motors.

Experimental results performed after the implementation of the above de-

scribed algorithm show how the sensorless driving of the IPM motor is

surely possible even at low speeds: the angular estimation error with the

employed configuration (400Hz injection of 60% the motor rated voltage)

is bounded in the range [−10;+10] degrees, which is sufficient for provid-

ing enough torque for the mentioned applications. The settling time of the

algorithm, including the eventual polarity correction, is dependent on the

tuning of the Phase Locked Loop employed and has been set to be of few

milliseconds. During experimental results it is evident how the estimation

behavior is highly dependent on the hardware employed, particularly on

the sampling time of the ADC: the 8kHz available only allow the recon-

struction of the high frequency signals with 20 points per period, while a

higher sampling rate would surely assure better precision and estimation.

Concerning the medium to high speed range, the results obtained from the

V-I estimator are very good: it manages to drive the motor until 2000rpm

with an angle estimation error in the range [−5;+5] degrees, meaning nearly

full torque capability.

Finally, loaded test were performed to assess that the sensorless control can

reach the performance of a traditional sensored one. Both the saliency and

the V-I estimator manage to provide a really good estimation up to a 20Nm
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load, which turns to be motor rated torque production. This result was ob-

tained in a very large speed range, going from standstill to the motor’s base

speed.

Even if the results obtained were considered very good, there are still a

few points which deserve further investigation for this method to be fully

reliable and used in industrial applications. Firstly, the speed reconstruc-

tion should not be performed anymore with position differentiation, but

more sophisticated techniques, like a Kalman Filter should be employed

to minimize its variance and thus assure a smoother control action, which

would in turn resolve into a longer battery life. Secondly, loaded conditions

should be analyzed more carefully since both the saliency-based estimator

and the V-I estimator could be made more robust. Static loaded tests have

been performed, while dynamic test, such as acceleration and deceleration

under load condition should be analyzed deeply.
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