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Abstract

The aim of this final project elaborated at "University of Padova" and at "Aalto

University" is to determine the parameters that characterize the behavior of the flux

intensifying interior permanent magnet motor and to study the reference calculations

in order to implement suitable lookup tables in a Simulink sensorless model. In the

first part of the work a series of tests have been carried out in order to collect data

related to the motor developed by the team of Edlab in Padova. The description

of the test benches, the used software and the obtained results are reported in the

first chapters which are dedicated to the measurements. Thanks to the tests carried

out on the bench for slow speed it has been possible to collect the data about the

trends of the cogging torque, of the torque as function of the angle of the current

and of the torque in MTPA (maximum torque per ampere) conditions. Furthermore

the mapping of the torque has been obtained. The tests carried out on the bench

for high speed have been used to achieve a map of the flux and a second map of

the torque which has been used to check the correctness of the results obtained

with the tests on the bench for slow speed. In order to extrapolate the information

relative to the fluxes a method has been used which permits the knowledge of the

resistance to be avoided. This method consists of two tests, the first at (Id, Iq) and

the second at (Id, Iq). If the two tests are carried out in a relatively short temporal

range, the resistance value can be considered unvaried and this aspect has been use

to solve the system of equation which has been used for the test. The second part is

dedicated to the achievement of lookup tables. Using an algebraic magnetic model it

has been possible to use the collected data for the realization of the lookup tables

which replace an operation of computation with a simpler indexing operation and

consequently retrieving a value from the memory. This can save significant processing

time. At the end, the lookup tables have been implemented in a Simulink sensorless

model in order to realize the simulation to evaluate the correctness of the reference

calculations. The achieved results have confirmed the quality of the fitting and of

reference calculations.

Keywords measurements , torque control , flux intensifying interior permanent

magnent
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1 Introduction and thesis statement

Chapter 1

Introduction and thesis
statement

The interior permanent magnet (IPM) motors have been studied for years
by researchers since this kind of machines is characterized by high power den-
sity and efficiency. In flux weakening conditions, the common IPM motors
require a negative current along the d axis to induce a positive contribution
to the reluctance torque. Because of the rare earth magnets, the production
costs of the permanent magnet motors are higher than the induction motors
and higher than the reluctance machines. This is one of the reasons why a
special IPM machine has been proposed and studied in the last years. It
can work at load conditions with a positive value of the reluctance torque
that is obtained by a positive current along the d axis. This is possible be-
cause of the particularity of this machine, in which the q-axis inductance
Lq is smaller than the d-axis inductance Ld. This aspect enables to prevent
the demagnetization of the magnets. This type of machine is known as flux
intensifying interior permanent magnet (FI-IPm) motors.

1.1 State of the art

In the following pages the main results, that have been reached for the
FI-IPM up to now, are reported.

1.1.1 Rated current and operations at high speed

In the last twenty years researches and studies were carried out. In many
of them the goal was to identify a way to design the machine in order to get
the desired saliency ratio. Therefore in this section a description of the state
of the art and of the main results is reported.
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1.1 State of the art 1 Introduction and thesis statement

One of the first publications, released in 1999, was written by professors
Bianchi and Bolognani, [2]. In that paper a structure of the IPM motor
was examined, showing how the flux barriers should be designed to improve
the motor performance. The characteristic reverse saliency, that is the ratio
between Ld and Lq greater than the unity, can be obtained by implementing
a given number of flux barriers that must have a particular shape in order
to obstruct the q axis heavily without affecting the d axis. The reluctance
motors design is based on a similar concept. The simplest solution was to
add one barrier along the interpolar axis, though this does not allow the sa-
liency ratio to reach a high value. The second possibility was characterized
by the addition of four extra flux barriers per pole. As it was demonstrated
by professors Bianchi and Bolognani, the position and the shape of the flux
barriers are crucial not only for the saliency ratio, but also for the optimiza-
tion of the torque ripple. The finite element analysis was used to compare
the two solutions with a classic IPM. In the analysis both the permanent
magnets and the stator configuration were not modified while modifying the
rotor structure. As a result of this study, it was shown that the flux density
at the air-gap, produced by the permanent magnet, is not affected by the
flux barriers. Furthermore the flux density at the air-gap due to the cur-
rent along the d axis is not modified by the interpolar barrier, but a small
reduction was observed introducing the additional flux barriers. Vice versa
the flux density at the air-gap due to the current along q axis is especially
affected by the additional barriers. In the same analysis it was highlighted
that the flux along the q axis decreases, adding the flux barriers, while for
the d axis flux the variation is moderate and can only be observed for high
value of d current. An operation point that seldom is used. In addition, a
series of tests were carried out to evaluate the mechanical characteristics of
the three different motors. Consequently it can be affirmed that below the
base speed, the FI-IPM delivers a smaller torque than the one produced by
the classic IPM. In the flux weakening area the roles are turned and this
is due to a smaller Lq, which allows the same current vector to be kept by
the drive up to a higher speed. The main contribution of this study was to
confirm that the FI-IPM presents higher maximum speed and higher torque
to current ratio than a normal IPM.

In 2000 an article produced by the same authors, Bianchi and Bolognani,
was published [2]. In it an innovative design was investigated and compa-
red with a classic one. In particular, the role of the saliency ratio and its
influence on the other parameters were taken into account as well as the
maximum feasible flux weakening speed and current vector control charac-
teristics, considering the same drive performance. As already mentioned in
the previous article, the flux barriers are introduced into a surface mounted
permanent magnet or an interior permanent magnet to obtain the desired

10



1 Introduction and thesis statement 1.1 State of the art

saliency ratio, although it is not the only way, in fact it is possible to adopt
a two-part rotor [4]-[5]. In the paper was shown that a lower value of the
flux produced by the magnet is necessary to reach higher flux-weakening
performance. Furthermore the PM flux linkage of an IPM decreases when
the saliency ratio decreases and at the base point, the motor results in a
reluctance torque higher than the torque due to the magnets. In contrast
to this kind of machine, in the FI-IPM the PM flux linkage decreases, al-
though slightly, when the saliency ratio increases. This leads to a higher PM
torque component at base point with a lower current. Generally it can be
affirmed that the main inductance, that is Ld for the FI-IPM and Lq for the
IPM, is higher in an IPM than in a FI-IPM. In fact the associated flux to
the main inductance crosses the air-gap and the magnets in a FI-IPM, whe-
reas it crosses the air-gap twice in a IPM. A lower main inductance allows
a faster current dynamic. Another important aspect that was underlined is
the possibility of the FI-IPM motors to operate at higher maximum speed,
and it increases with the saliency ratio and with the required flux weakening
capabilities. It was also pointed out that the variation of the current vector
angle from the base point to flux weakening point is larger and this allows
the usage of encoders with a lower resolution.

1.1.2 Cross saturation and self-sensing performance

The cross saturation impact on the IPM machines and its consequently
effect on sensorless drives was the central point of researches in studies like
[9]-[11]. The sensorless ac drives allow the reduction of the costs and the
sensors cabling and thanks to their increasing reliability this technology has
been used for a wide class of applications. Unfortunately the cross saturation
can lead to important errors on the estimation of the position, which is based
on the differential anisotropy of the system. In the technical literature many
options for the excitation have been proposed, like several types of carrier
signals and modified PWM patterns. Rotating or pulsating vectors have
been tested as well as the injection of both current and voltage signals.
The flux-current characteristic is for a general IPM far from being linear
and both saturation and cross saturation affect the motor anisotropy. This
causes difficulties in the detection of the rotor position based on the signal
injections. In the analysis carried out in the paper a small-signal linearized
model was considered. This was necessary due to the small flux and current
oscillation at the injected carrier frequency. Introducing a rotating voltage
vector, having a given carrier pulsation, the presence of an error on the angle
estimation due to the cross saturation was shown. A similar problem was
observed when using a sinusoidal pulsating voltage. The error is variable
and its magnitude depends on the differential inductance and thus on the
working point. Consequently also the estimation of the position is affected
by the working point. In the conclusions, the researchers affirm that the
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1.1 State of the art 1 Introduction and thesis statement

resulting error is mostly due to the machine magnetic behavior than the
signal injection strategy. The error can reach some tenths of degrees and a
suitable compensation is necessary for accurate control actions. It was also
affirmed that the effect of the cross-saturation causes less problems in the
FI-IPM.

Even though is not part of this thesis it is important to bear in mind that
many additional studies have been carried out on self-sensing performance
at slow speed based on saliency tracking with high-frequency rotating vector
carrier signal injection methods, [14]-[13]. In the cited references the supe-
riority of the FI-IPM to the IPM was shown. In addition, a lower harmonic
distortion and a smaller saliency angular offset were observed, [12] and [13].

1.1.3 IPM vs FI-IPM

One of the most interesting works done about FI-IPM is [8]. The pa-
per proposes a rotor design that allows a better performance for self-sensing
control at zero/very slow speed based on saliency tracking methods. A FI-
IPM structure was developed as well as one conventional IPM having similar
torque-speed capability. This was done in order to proceed to a fair evalua-
tion and comparison of the performances. The FI-IPM is built on a baseline
IPM design and the magnet volume in it is slightly smaller than in the base
IPM. Therefore also the magnet flux linkage is slightly reduced. A weakness
of this study is that these inductances are evaluated with the injection in
the corresponding axis individually and this might not represent the real
inductances during a load conditions where the machine is fed by both cur-
rents. Fundamental aspects of the machine like the torque production, the
efficiency and the power conversion capabilities were investigated. As known
the maximum torque per ampere current vector control is used to minimize
copper losses and it was underlined that for the proposed FI-IPM the rated
torque is lower than the baseline type, because of the lower magnetic mate-
rial. The FI-IPM machine can operate both in flux intensifying and in flux
weakening conditions, while the conventional IPM has a working area that is
restricted to the flux weakening. In a FI-IPM having a saliency ratio slightly
higher than the unity, just a small positive quantity of current along the d

axis is necessary to work in a constant torque region. When the machine
operates with a positive id it gains the contribution of the reluctance torque.
When a higher speed is required and the voltage limit is reached, the current
vector has to move towards the second quadrant to work in flux weakening
condition to further suppress the induced voltage. In this condition the reluc-
tance torque becomes negative though the produced torque by the FI-IPM
is still higher than the one produced by the IPM and this is due to a larger
iq. The magnetic saturation has an important role in the power conversion
capability of the machine. The conventional IPM motors can lose saliency

12



1 Introduction and thesis statement 1.1 State of the art

and reluctance torque and this leads to more complex control structures. In
a IPM motor, generally, both inductances are really sensitive to the load cur-
rent, mainly to the iq. It was pointed out that the saliency changes quickly
when the load increases. When operating in MTPA condition, the current
vector is close to the q axis since the reluctance torque is small, but when the
load increases the the current vector deviates in a position where the MTPA
angle gives the maximum combination of both torque contributions. In the
FI-IPM machine was demonstrated that the inductances are less affected
by the increasing load. Because of the barriers, Lq is less sensitive to iq.
Consequently there is a reduced variation of the saliency. Furthermore the
inductances do not suffer large variation over the load range and therefore
the saliency does not decrease while feeding the motor with high currents.
This non-decreasing saliency trend is important for the saliecy-tracking self-
sensing controls. In fact the limited variation of it allows the simplification
of the decoupling and of the compensation methods and moreover allows the
reliability results to be improved. Several experimental tests were carried
out to compare the efficiency of the two typologies of motor, nonetheless it
was done avoiding low speed and low torque conditions. From the obtained
results, it can been affirmed that the FI-IPM machine can have comparable
power conversion to the used baseline IPM. The article continues comparing
the self-sensing capabilities at very low speed. A high-frequency rotating
vector carrier signal injection has been implemented. First of all a high
frequency machine model in dq reference frame was presented. Applying a
rotating vector carrier voltage, it was possible to evaluate the resulting high-
frequency current. A term of the resulting currents contains the information
about the rotor position. An angular offset is present and this is due to
high frequency resistance and the cross-saturation effect, which also causes
a variation between the real current amplitude and the analytic evaluation.
It was crucial to keep the error in an acceptable range in order to avoid too
complex decoupling and compensation schemes. The FI-IPM machine has
a flatter magnitude of the differential inductance over the entire load range,
whereas in the IPM it decreases at high load conditions. In other words, the
saturation effects can easily damage the saliency of the IPM.

1.1.4 Previous work

This work is a natural extension of the thesis [23]. Therefore some points
that were already studied and evaluated are just sketched out here.

• the FI-IPM has a flux density at the air-gap at no-load conditions that
presents a lower THD which allows a good reduction of the harmonics;

• the flux linkage at no load condition has an almost sinusoidal waveform;

13



1.2 Aim 1 Introduction and thesis statement

• the cogging torque of a FI-IPM has a reduced value, if it is compared
to an IPM having similar performance;

• the flux density at the stator teeth is reduced and consequently the
related iron losses decrease.

1.2 Aim

The aim of this thesis elaborated at "Università Degli Studi di Padova"
and at "Aalto University" is to determine the parameters that characterize
the behavior of the flux intensifying interior permanent magnet motor and to
create a suitable control model. In the first part of the work a series of tests
have been carried out in order to collect data related to the motor developed
by the team of Edlab in Padova. The description of the test benches, the
used software and the obtained results are reported in the first chapters
which are dedicated to the measurements. The second part is dedicated to
the achievement of lookup tables which will be insert in a Simulink sensorless
control system. The aim of the simulation is to evaluate the correctness of
the reference calculation.

14



2 The motor IPM-FI

Chapter 2

The motor IPM-FI

In this chapter the characteristics of the motor FI-IPM will be reported.
This machine is a particular case of interior permanent magnet synchronous
motor, in fact it has a saliency ratio greater than 1 which differs substantially
from the traditional IPM motors. A description of an IPM will be reported in
the following sections. After it a description of how this peculiarity has been
achieved and how it modifies the behavior of the motor will be presented.

2.1 Structure

The IPM is used for application in which a high level of performances is
required. An IPM differs from a SPM in the anisotropy that characterizes
its magnetic structure. The disposition of the magnets in an IPM can create
a tangential or a radial magnetization. It is necessary to explain why a
tangential magnetization has been chosen in the case in point. The first aim
is to optimize the flux density wave form at the air-gap in no load conditions
and the second one is to increase the power density. This is due to the
flux per pole which is produced by two adjacent magnets. When designing
accurately the motor geometry is possible to have:

⇣ =
Ld

Lq
> 1 (2.1)

This allows to work with a positive Id. In this way the magnets demagne-
tization is prevented and a positive value of the reluctance torque is earned.
The reduction of Lq is the staring point to get ⇣ > 1. The elements that
contribute to achieve the target are:

• Magnets displaced in order to have a tangential magnetization;

• Axis q barriers that are flux barriers which obstruct the flux along q
axis. These barriers shall contribute to the achievement of two objec-
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2.2 Equations of an IPM motor 2 The motor IPM-FI

tives: an increased value of Lq and a reduced presence of the torque
ripple;

• Flux barriers are barriers that have three aims: to increase the saliency
ratio, to optimize the flux density waveform at the air-gap at no load
condition and to reduce the torque ripple;

• A not uniform air-gap that gives the same advantages of the flux
barriers except for the variation of the saliency ratio.

2.2 Equations of an IPM motor

In this kind of motor the electromechanical conversion is due to the prin-
ciples of the electrodynamic systems and of the reluctance systems. The
torque is given by these contributes. The general equations that are valid
without any hypothesis are the following.

ua(t) = R · ia(t) +
d�a(t)

dt

ub(t) = R · ib(t) +
d�b(t)

dt

uc(t) = R · ic(t) +
d�c(t)

dt

(2.2)

An equivalent form can be obtained multiplying the first equation by 1,
the second by e

j· 2·⇡3 and the third by e
j· 4·⇡3 . In fact this allows to represent the

relations in a stationary reference system as shown in the following equation.

us = R · is + d�s

dt
(2.3)

In the equations 2.4 ia,ib and ic are the currents which feed the three
phases; �a(t), �b(t) and �c(t) are the magnetic flux linkages with each phase
and R is the phase resistance. It has been assumed that this last value is
equal for each phase. Considering the motor not affected by the saturation,
the linearity of the system can be used to identify the contributes of the
magnets and of the currents to the flux linkage.

�a(t) = �a,PM (t) + �a,i(t)

�b(t) = �b,PM (t) + �b,i(t)

�c(t) = �c,PM (t) + �c,i(t)

(2.4)

Considering a sinusoidal distribution of the stator windings and a sui-
table shaping of the magnets, the flux linkages can be considered to have a
sinusoidal waveform as expressed in the equations 2.5.
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2 The motor IPM-FI 2.2 Equations of an IPM motor

�a,PM = ⇤PM · cos(⇥me)

�b,PM = ⇤PM · cos(⇥me �
2 · ⇡
3

)

�c,PM = ⇤PM · cos(⇥me �
4 · ⇡
3

)

(2.5)

In this system ⇤PM represents the peak value of the flux linkage for
each phase due to the presence of the magnets and ⇥me is the electric angle
between the a phase axis and the axis due to the field produced by the
permanent magnets.The homopolar component is not present and the flux
can be represented by its space vector in the stationary reference system.

�s
PM = ⇤PM · ej·⇥me (2.6)

Being an anisotropic magnetic structure, the reluctance varies along the
air-gap, therefore the auto and mutual inductances are functions of the rotor
position.

L↵ = L↵(⇥)

L� = L�(⇥)

L↵,� = L↵,�(⇥)

(2.7)

The inductances L↵ and L� have oscillating values with a maximum and
a minimum value that are equal to Ld and Lq. Moving from di ↵-� system
to d� q system it is possible to obtain the following system.

(
ud = R · id + Ld · did

dt � !me · Lq · iq
uq = R · iq + Lq · diq

dt � !me · Ld · id + !me · ⇤PM
(2.8)

A full explanation of the steps done to get this system is available in [?].
The expression of torque can be evaluated considering the powers.

3

2
· (ud · id + uq · iq) =

3

2
·R · (i2d + i

2
q) +

3

2
· d

dt
(Wmg) +

3

2
· !me · ⇤PM · iq

(2.9)

Where

• 3
2 · (ud · id + uq · iq) is the absorbed power.

• 3
2 ·R · (i2d + i

2
q) are the joule losses.

17



2.3 Limits and operating regions 2 The motor IPM-FI

• 3
2 · d

dt(Wmg) represents the variation of the magnetic energy.

• 3
2 · !me · ⇤PM · iq is electric energy converted in mechanical energy.

Therefore the torque is:

T =
3

2
· p · [⇤PM · iq + id · iq · (Ld � Lq)] (2.10)

2.3 Limits and operating regions

An interesting comparison between IPM and FI-IPM can be carried out
considering the operating regions. For an unsaturated motor the voltage
limit is described by an ellipse which is centered in C. Being inversely pro-
portional to the speed, the voltage limit becomes more stringent when the
speed increases. Below the base speed the torque is limited by the current li-
mit and the FI-IPM motor operates with a positive Id. In this working point
there are the contributes of both magnetic and reluctance torque. Above the
base speed, where the voltage limit is reached , the current Id must decrease
and then reverse. In this condition the contribute of the reluctance torque
is negative but the magnetic torque is still higher than a similar IPM motor.
This is due to a greater value of Iq. When the center of the family of ellipses,
described by the voltage limit, is inside the current limit, the voltage-limited
region is achieved. Operating the motor with rated voltage while the current
vector decreases its amplitude in order to follow the curve that connects the
points P and C. At point C the speed tends to infinite. If C is external from
the current limit at the point, C corresponds to the maximum speed. It as
been observed in [1] and [8] that below the base speed, the FI-IPM motor
delivers a smaller torque than an IPM but the roles change when operating
in the flux-weakening region. Considering a motor working in a steady sta-
te condition where the currents and the voltages have sinusoidal waveforms
with constant values of frequency and of amplitude. In addiction the value
of speed is constant. Even Ud, Uq, Id, Iq in the d� q system are constants.

The current limit is:

I
2
d + I

2
q  I

2
n (2.11)

The voltage limit is:

U
2
d + U

2
q  U

2
n (2.12)

where In, Un are the modulus of the space vectors. The first term corresponds
to the rms nominal value of the phase current and it is defined on the data
sheet.
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2 The motor IPM-FI 2.3 Limits and operating regions

Considering the equations 2.9, neglecting the resistances and the equation
2.12, it is possible to get:

(
Lq

Ld
· Iq)2 + (Id +

⇤PM

Ld
)2  (

Un

⌦me · Ld
)2 (2.13)

The limit of current is a circumference on the plane, compare to that the
limit of voltage expressed by 2.13 is a family of concentric ellipses where the
centre is in C = (�⇤PM

Ld ; 0). The curves for an IPM are reported in figure
2.1 and 2.3. There are two cases.

2.3.1 IPM, C is external

The first case is when the point C is external to the current limit circle.
When the speed value is lower than ⌦B it is possible to work on the MTPA
(line BB’). The points of the curve BB’ are points where the torque hyperbo-
les and the different current limits are tangential. Following the instruction
defined in [?] the following equation has been obtained:

Iq =
2 · T
3 · 3 · 1

⇤PM + (Ld � Lq) · Id
(2.14)

When the speed overcomes ⌦B the operating point is L, which is the
intersection between the limits. When the limits reach the point (�In; 0)
the maximal speed is reached.

⌦max =
Un

⇤PM � Ld · In
(2.15)

The operating regions are reported in the figure 2.1 and the characteristic
torque speed is reported in figure 2.2
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Figure 2.1: Limits and operating regions of a IPM: C external
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Figure 2.2: Characteristic torque-speed: C external
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2 The motor IPM-FI 2.3 Limits and operating regions

2.3.2 IPM, C is internal

The first case is when the point C is internal to the current limit circle.
When the speed value is lower than ⌦B it is possible to work on the

MTPA (line BB’), but when the speed overcomes ⌦B, the operating point is
L which is the intersection between the limits. This is valid up to the point
where the torque hyperbole and the current limit are tangential, P . From
there the working on the MTPV will be convenient. In this case there is not
a maximum value of electrical speed because C is reached when ⌦me ! 1.

The operating regions are reported in the figure 2.3 instead the charac-
teristic torque speed is reported in figure 2.4
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Figure 2.3: Limits and operating regions of a IPM: C internal
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Figure 2.4: Characteristic torque-speed: C internal
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2.3 Limits and operating regions 2 The motor IPM-FI

2.3.3 IPM-FI, C is external

Repeating the same steps as shown in the section 2.3.1 the figure 2.5
has been obtained taking in to account that this case is characterized by a
positive value of saliency ratio. Therefore the different position of the MTPA
can be noticed. In this case Id must be positive in order to work in the first
quadrant.
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Figure 2.5: Limits and operating regions of a IPM-FI: C external

2.3.4 IPM-FI, C is internal

As described in section 2.3.2 the figure 2.6 has been obtained considering
a positive value of saliency ratio. Also in this case the position of the MTPA
is detected in the first quadrant. When the speed overcomes ⌦B the opera-
ting point is L, which is the intersection between the limits. This is valid up
to P where it starts to be more convenient to work on the MTPV. In this
case there is not a maximum value of electrical speed because C is reached
when ⌦me ! 1.
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Figure 2.6: Limits and operating regions of a IPM-FI: C internal

2.4 Data

In this section the data used to developed the motor are reported.

2.4.1 Performance Data
Performance Data

Data Symbol Value Unit of measure
Nominal power Pn 4.8 [kW]
Nominal Torque Tn 57.3 [Nm]
Current density J 5.9 [A/mm2]

Phase rms current I 8.1 [A]
Phase rms voltage E 202.2 [V]

Table 2.1: Performance data

2.4.2 Windings

The motor presents a single layer and not chorded winding, with a disposition
of the wires which is represented by the winding matrix. The winding matrix
represents the position of the winding in the stator slots. For each phase,
the orientation of the current is marked and the presence of the phase in the
slot is identified by a 1, instead the lack with a 0. Therefore the terms ka,
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2.4 Data 2 The motor IPM-FI

kb and kc are the rows of the winding matrix and the columns of the matrix
represent the slots.

ka = 0 0 0 1 1 1 0 0 0 0 0 0 � 1 � 1 � 1 0 0 0

0 0 0 1 1 1 0 0 0 0 0 0 � 1 � 1 � 1 0 0 0

kb = �1 � 1 � 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0

�1 � 1 � 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0

kc = 0 0 0 0 0 0 � 1 � 1 � 1 0 0 0 0 0 0 1 1 1

0 0 0 0 0 0 � 1 � 1 � 1 0 0 0 0 0 0 1 1 1

The winding data used in the realization of the motor is reported in the
following table.

Winding Data
Data Symbol Value Unit of measure

Number of poles 2p 4 -
Number of phases m 3 -
Number of slots Qs 36 -

Number of slots per pole and per phase q 3 -
Angle of slot ↵s 10 o

Electric angle of slot ↵se 20 o

Periodicity t 4 -
Coil throw Yq 9 -

Distribution coefficient kd 0.955 -
Chording coefficient kr 1 -
Winding coefficient kw 0.955 -

Number of series conductors per phase N s 456 -
Number of conductors in slot nc 38 -

Section of conductors Sc 1.42 mm2

Number of elementary conductors nsc 2 -
Section of the elementary conductors dc 0.95 mm2

Fill factor kfill 0.47 -

Table 2.2: Windings

2.4.3 Results obtained by previous FEA tests

The results obtained in the previous thesis works are reported here.
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2 The motor IPM-FI 2.4 Data

Data Symbol Value Unit of measure
Frequency f 26.6 Hz

Speed nn 800 rpm
Nominal current In 8.1 A

Direct synchronous inductance Ld 55 mH
Synchronous inductance in quadrature Lq 33 mH

Saliency ratio ⇣ 1.8 -
Induction on stator tooth Bt 1.83 T

Induction on stator backiron Bbi 1.57 T
Stator joule losses P J,s 529 W
Stator teeth losses P fe,t 53 W

Stator backiron losses P fe,bi 91 W
Iron losses P fe 143 W

Mechanical losses Pm 20 W
Total losses P loss 693 W
Efficiency ⌘ 87.6 %

Table 2.3: FEA results in MTPA conditions
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3 Motor Measurements

Chapter 3

Motor Measurements

The aim of this chapter is to get a complete characterization of the interior
permanent magnet synchronous motor using measures of torque and flux.
The measurements have been done on two test benches. The first, defined
"slow bench", has been used to do measurements of the torque, whereas the
second, named "fast bench", has been used to get information on the flux.
A brief description of the benches, the procedures and of the used softwares
will be presented in the following sections.

3.1 Magnetic saturation and cross coupling effect

In order to obtain a correct definition of the motor parameters it is important
to bear in mind both the iron saturation and the cross-coupling effect.

3.1.1 Magnetic saturation

The magnetic saturation causes the state which is reached when an increase
of the applied external magnetizing field ~H cannot increase the magnetiza-
tion of the material further. Magnetic materials like Iron and similars are
composed of tiny regions named magnetic domains, that act like small per-
manent magnets and that can change their direction of magnetization. These
domains are randomly oriented in absence of ~H, however the presence of an
external magnetic field causes the alignment of the domains. Saturation is
most clearly seen in the hysteresis curve, as a bending of the curve. As the
~H field increases, the ~B field approaches a maximum value asymptotically.
Above saturation, the ~B field continues increasing, but at the paramagnetic
rate.

3.1.2 Cross coupling effect

The term cross-coupling refers to the effect of mutual interaction among the
direct axis and the quadrature axis that occurs, when the motor is operating
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3 Motor Measurements 3.2 Test bench for slow speeds

in saturation condition. The flux produced by the current along the d or the
q axis leads to saturation of parts of the machine, causing the distortion of
the field lines on the other axis. Consequently we can write the following
relations for the flux linkage.

⇤d = ⇤d(Id, Iq)

⇤q = ⇤q(Id, Iq)
(3.1)

The equations (3.1) express the dependence of the fluxes on currents along
both d axis and q axis. This effect will be presented and commented
observing the graph 3.16.

3.2 Test bench for slow speeds

The slow bench used for the measures of torque is composed of:

• Master motor: three-phase brushless motor having a nominal power of
1.24 [kW] and a maximum speed of 3000 [rpm].

• Master inverter.

• Speed reducer with a reduction rate of 1/59.

• Slave motor: IPM-FI.

• Slave inverter.

• Steel structure.

• Mechanical seals.

• dSPACE DS1104.

• Computer.

• Cooling fan.

• Variable AC power supply for the slave inverter.

• DC power supply.

• Torque meter: 5 [Nm], 100 [Nm].

• Amplifier and filter for the signals of the torque meter.
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3.2 Test bench for slow speeds 3 Motor Measurements

(a) Master motor (b) Torque meter (c) Slave motor

Figure 3.1: Main elements of the slow bench

The two test benches have a similar structure. The figure 3.1 represents the
main elements of the slow bench. The adjustable supports, that can flow
along the steel structure, allow both master and slave motors to be placed
at the desired point, in order to satisfy the required distance from each
other. Before every test, the supports must be anchored to the structure
using screws. The connection between master and slave motor, rotating
around the same axis, includes mechanical seals and a torque meter. The
torque meter is connected to a filter and to an amplifier which provides
a signal in the range 0 � 5 [V]. The signal is acquired and elaborated by
the dSPACE board. Two torque meters have been used, one having 100
[Nm] as full-scale and the second is used to measure cogging torque with
a full-scale of 5 [Nm]. Torque meters with lower values of full-scale are
more precise but it is important not to go over the nominal torque value
of the tool. The first reason is to avoid damages in the device, the second
is that the values obtained over the nominal value cannot be trusted fully.
The master motor has a speed reducer which allows to get high values of
the torque in a low range of speed. Furthermore it gives the possibility to
keep a constant speed of the master motor even when high variations of
the torque occur. Considering the master parameters and the reducer, the
slave motor can reach peak values of 50 [rpm] and 200 [Nm]. There are
both a resolver and an incremental encoder (2048 [pulses/rpm]). The slave
motor position is deduced knowing the one of the master. The motors are
fed by two inverters with currents generated following the references offered
by dSPACE board. The long duration of the tests required a cooling fan in
order to keep the temperature of the slave motor under an acceptable limit
and to avoid overheating.
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3 Motor Measurements 3.2 Test bench for slow speeds

3.2.1 Software

Softwares used for performing these tests are ControlDesk and Matlab. A
brief explanation of the programs used is reported below.

3.2.1.1 ControlDesk

A file with a .cdx extension contains and connects programs (.c) which de-
fine the interaction windows in order to visualize and modify variables. A
file gets data and commands like pole number, motor speeds, full-scale of
the used torque meter, activation and deactivation of the inverters and ma-
gnitude of the current. This file provides the mechanical position obtained
by the encoder and the values of the torque achieved by the torque meter to
MATLAB. Furthermore the file provides the reference currents as outputs
of dSPACE.

3.2.1.2 MATLAB

Several scripts have been used to carry out the different tests.

• The script for the evaluation of the cogging torque. The user must set
in the program the installed torque meter, the pair pole number and
the speed factor. During the test, MATLAB saves the torque values
and the mechanical position, in a 62893 x 2 matrix.

• Another script is used to get torque values in MTPA condition while
the motor is fed with synchronous currents. As previously explained
it is necessary to set the initial parameters.

There is a first crucial part in which the system understands where the
d and q axises are. To get this information the motor is fed with a
constant current. The torque and position values are collected and in-
serted into a matrix. An elaboration of this data using Fourier analysis
allows to identify the first harmonic. The q axis is located where the
first harmonic of the torque has its peak and the d axis is placed where
the first harmonic changes its sign. Because the first harmonic crosses
the zero not in just one point, the d axis is determined considering the
q axis position and then subtracting 90°. After that, the motor is fed
with the current set at the beginning of the script.

• A script which follows the same procedure just described above is used
in order to identify the position of d and q axises. The user sets a va-
riation of angles between the currents along the d and the q. Observing
the data collected, the angle where the MTPA condition is reached can
be found. This test has been repeated for several current values.
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3.2 Test bench for slow speeds 3 Motor Measurements

• At the end there is the procedure followed in order to collect data to
realize a map of the motor. This is obtained varying the values of the
current along the d and the q axis with a step defined by the user. A
software protection has been implemented to avoid dangerous values
of currents in the motor. In this case this fixed limit is 25A.

3.2.2 Cogging torque

Cogging torque is the value of torque obtained when the slave inverter does
not feed the motor and the rotation is due to the master motor and in this
case it is done at constant speed of 1 [rad/s]. The collected values show
a clear dependence on both the pole number of the rotor and the stator
slots. This effect can be noticed manually forcing a rotation of the shaft.
In fact the rotor tends to place itself in order to get low reluctance paths
causing a jerky rotation. Several tests are carried out, using a 100 [Nm]
full-scale torque meter and a 5 [Nm] full-scale torque meter. It is important
to operate with a constant speed in order to collect optimal results avoiding
inertial torque contribution. Considering this aspect, tests with a reduced
speed of 0.1 [rad/s] have been realized. Figure 3.3(b) represents the trend of
the cogging evaluated with a torque meter having 100 [Nm] as full-scale and
with a reduction speed factor equal to 10. As it can be observed comparing
the figures, in this figure the values are in the range �1.5 � 1.5 [Nm]. This
trend is due to the use of a more accurate instrument. Figure 3.4 shows a
zoomed view of the cogging torque. To complete this section, 3.5 displays the
harmonic content. As mentioned before, the harmonic peak can be detected
corresponding to the 36th harmonic.
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(b) at 0.1 [rad/s]

Figure 3.2: Cogging torque, 100 [Nm] full-scale
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(b) at 0.1 [rad/s]

Figure 3.3: Cogging torque, 5 [Nm] full-scale
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Figure 3.4: Zoomed view of the cogging torque
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Figure 3.5: Harmonic content of the cogging torque
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3.2.3 Torque as a function of ↵ie

For this test the slave motor is fed with a current set by the user. Varying the
angle of the current vector the software collects torque values. An elaboration
of the data saved by MATLAB allows the identification of the angle where
the MTPA condition is reached. In first approximation the angle is varied
with a step of 5°. Observing the collected data, the angle where the torque
peak is reached can be identified and a second test is done varying the angle
with a step of 1° around that value. These tests have been carried out for
an array of values from 0.25 · In to 2 · In at a step of 0.25[A]. In 3.6 in blue
is plotted the curve due to In while the others refer to different values of
current. It is important to remark the behavior of the motor while it is fed
with a current which overcomes 1.5 · In.
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Figure 3.6: Torque as a function of ↵ie

On the right part of the plot it can be noted that despite a higher value of the
current, we obtain a lower value of torque. This behavior can be explained
considering that the motor is no longer operating in MTPA condition. In
conclusion the optimal ↵ie found are reported in the following table:
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Current [A] ↵ie [°]
2.85 87
5.71 87
8.59 87
11.50 87
14.30 86
17.19 86
20.0 86

Table 3.1: Torque as a function of ↵ie

3.2.4 Mapping

This test allows to define the contour map of the torque in a Id, Iq plan.
Several tests have been done, varying the map border and the steps of the
current. In figure 3.7 a complete map obtained with current values from
�22[A] to 22[A] and with a step of 2[A] for both Id and Iq is shown. The
white areas on the map are due to the lack of data, in fact some measures
have not been done in order to avoid over-limits. A more detailed map,
visible in figure 3.8 has been gained setting a step of 0.5[A]. In this case
the simulation could not have been carried out up to end and that has been
caused by the shared memory limit between MATLAB and ControlDesk.
This is why only the most interesting part of the map has been reported.
The nominal current circumference and the MTPA curve have been drawn
for both maps.
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Figure 3.7: Map 22⇥ 22, step 2[A]

Figure 3.8: Map 15⇥ 15, step 1[A]
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3.2.5 Torque in MTPA condition

In this part of the measurements done on the slow bench, the trend of the
torque working in MTPA condition is reported in the figure 3.9 where the
average value of the torque for each value of the current has been calculated
in order to show the trend of the torque while the motor is working under
MTPA conditions.
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Figure 3.9: Average torque in MTPA condition

In figure 3.10 the trend of the torque for an array of current values from
0.5 ·In to 1.25 ·In with a step of 0.25[A] has been reported. In figure 3.11 the
harmonic content of the torque in MTPA condition at In can be observed.

37



3.2 Test bench for slow speeds 3 Motor Measurements

0 1.57  3.14 4.71  6.28
Mechanical angle [rad]

0

5

10

15

20

25

30

To
rq

ue
 [N

m
]
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(d) 1.25 · In

Figure 3.10: Torque in MTPA condition
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Figure 3.11: Harmonic content of torque operating in MTPA condition and
at nominal current
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3.3 Test bench for fast speeds

The fast bench used for the measurements is composed of:

• Master motor: induction three-phase motor having a nominal power
of 5.5 [kW].

• Master inverter.

• Slave motor: IPM-FI.

• Slave inverter.

• Steel structure.

• Mechanical seals.

• dSPACE DS1104.

• Computer.

• Cooling fan.

• Variable AC power supply for the slave inverter.

• DC power supply.

• Torque meter: 100 [Nm].

• Amplifier and filter for the signals of the torque meter.

• RC filter for voltage measurements.

• Voltage differential probes.
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(a) Master motor (b) Torque meter (c) Slave motor

Figure 3.12: Main elements of the fast bench

The figure 3.12 represents the main elements of the fast bench. As in the case
of the slow bench the motors must be fixed in the desired position according
to the required distance from each other. Before every test the supports must
be anchored to structure using screws. The connection between master and
slave motor, rotating around the same axis, includes mechanical seals and a
torque meter. The torque meter is connected to a filter and to an amplifier
which provides a signal in the range 0 � 5 [V]. The signal is acquired and
elaborated by the dSPACE board. In this case only one torquemeter, that
has 100 [Nm] as full-scale has been used. The master motor is an induction
motor and has the following parameters:

• Nominal power: Pn = 5.5[kW].

• Nominal speed: nn = 2250[rpm].

• Nominal torque: Tmax = 23[Nm].

• Maximum torque: Tn = 48[Nm].

• Nominal rms voltage: Vn = 295[V].

• Nominal rms current: In = 17[A].

The master has an encoder which transmits the position signal to the inver-
ter. It regenerates the signal and makes it available to an output as a signal
similar to that received from an incremental encoder (1024 [pulses/rpm]).
Considering the rigid connection among the motors, the position obtained is
valid for both motors. The user manually sets the start of the rotation and
the speed of the master motor using an interface which acts on the master
inverter. The speed is shown on a four cyphers display. The master inverter
is connected to a brake chopper in order to dissipate the energy produced by
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the master motor during the tests. The slave inverter is fed by a variable AC
power supply, which is fed by a DC power supply. The phase-to-phase volta-
ge is not directly measurable, because there is the hysteresis of the inverter
and this effect overlaps to the waveforms. This effect can be canceled using
an RC low-pass filter, in fact the hysteresis effect is in a really high frequen-
cy range. To collect the measures of phase-to-phase voltage, two differential
probes are connected to three points of the filter, which links resistances and
capacitors. The filter introduces a gain and a phase shift which are linked
to the electric angular velocity. It is important bear in mind these effects to
achieve good results from the measures. The gain is evaluated with 3.2 and
the phase shift with 3.3.

G(⌦me) =
1p

1 + (Rf · Cf · ⌦me)2
(3.2)

��(⌦me) = arctan(Rf · Cf · ⌦me) (3.3)

The slave inverter controls signals from the real time dSPACE DS1104 board.
It provides references and collects data. MATLAB and ControlDesk commu-
nicate. MATLAB scripts are used to define variables, to execute calculation,
to save files. ControlDesk scripts create the real references for the inverter
and define which gate is an input and which is an output.

3.3.1 Software

The system is controlled using MATLAB and ControlDesk. MATLAB scrip-
ts assign values of the variables, collect data and are used for the post elabo-
ration. ControlDesk scripts work at a lower level to generate the references
for the inverters and collect position data from the encoder. This last ca-
tegory of programs operate cyclically. ControlDesk contains offsets due to
the slave inverter. The user sets in MATLAB scripts the speed, the polar
pair number, the full-scale of the torque meter and the range and steps of
currents.The measure is not done at nominal speed but for a value of speed,
which allows to observe the back electric motrice forces without confusing
them with the noise. In this case we have operated with a speed equal to 200
[rpm]. In the first part of the test it is necessary to follow procedures in order
to identify the positions of the d and q axises. Using the first procedure the
motor is fed with a DC current and the user manually rotates the rotor until
it reaches one of the equilibrium positions, where it becomes difficult to move
the shaft further. After that the DC supply is removed. After this procedure
MATLAB provides commands in order to realize an automatic identification
of the axes measuring the electromotive forces due to the rotation forced by
the master. The plug, which brings energy to the inverter, is disconnected to
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be sure that the slave motor does not receive any currents and the user sets
the speed for the master motor. Typing "start" on the command window
the procedure starts. The system acquires phase-to-phase voltage samples
and the information coming from the encoder taking into account the phase
shift due to the filter. The MATLAB script identifies the essential angle
in order to guarantee the correct correspondence between the d and the q

motor axises and the d and the q feeding currents, using the available data.
After this part the plug which feeds the slave inverter is reconnected and the
system is ready to start the test. Using cycles to vary the currents step by
step MATLAB realizes matrixes for ⇤d, ⇤q, Vd, Vq and the torque. The data
is saved and subsequently used to show the results graphically.

3.3.2 Mapping of flux and torque

A map of the flux and of the torque is the aim of this test. There is a first
part in which it is important to identify the d axis of the motor in order
to have a correspondence between that axis and the d axis defined in the
MATLAB script. In order to extrapolate the information relative to the
fluxes a method has been used that permits the knowledge of the resistance
to be avoided. This method consists of two tests, the first at (Id, Iq) and the
second at (Id,�Iq). For this method, working in a d-q synchronous system
is necessary. Therefore starting from the knowledge of the phase-to-phase
voltages, that have been measured, the following steps allow to define the
desired system of equation. The relation 3.4 allows to get information of the
phase-to-phase voltage from the probes.

Vab + Vbc + Vca = 0 (3.4)

As a first point the passage from phase-to-phase voltages to phase-voltages
is required.

(
Vab = V

0
a � V

0
b

Vbc = V
0
b � V

0
c

(3.5)

Imposing V
0
b = 0.

8
><

>:

V
0
a = Vab

V
0
b = 0

V
0
c = �Vbc

(3.6)

A homopolar component can be present.
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V0 =
V

0
a + V

0
b + V

0
c

3
(3.7)

The system can be rewritten.

8
><

>:

Va = V
0
a + V0

Vb = V
0
b + V0

Vc = V
0
c + V0

(3.8)

The next step is to transform the equations from a a, b, c system to an ↵,�

system.

(
V↵ = 2·Va�Vb�Vc

3

V� = Vb�Vcp
3

(3.9)

In conclusion the equations are transformed from a ↵,� system to a d, q

system.

(
Vd = V↵ · cos⇥dq + V� · sin⇥dq

Vq = �V↵ · sin⇥dq + V� · cos⇥dq
(3.10)

It can also be written in a another way.

Vdq = Vd + j · Vq (3.11)

In order to obtain correct results it is crucial to get a correct angle ⇥dq.

⇥dq = p ·⇥m + theta_delta� delta_ang (3.12)

Equation 3.12 contains:

• ⇥m is the angle read by the encoder.

• theta_delta is the angle in order to have the coincidence between the
d and q axises of motor and of the currents.

• delta_ang includes any possible phase shift due to filters.

Considering Vd and Vq achieved as previously described, the following
equations that are valid in a steady state can be used.
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(
Vd = R · Id � ⇤q(Id, Iq) · ⌦me

Vq = R · Iq + ⇤d(Id, Iq) · ⌦me
(3.13)

Starting from the 3.13, for the couple (Id, Iq):

(
Vd1 = R · Id � ⇤q(Id, Iq) · ⌦me

Vq1 = R · Iq + ⇤d(Id, Iq) · ⌦me
(3.14)

and for the couple (Id,�Iq):

(
Vd2 = R · Id � ⇤q(Id,�Iq) · ⌦me

Vq2 = �R · Iq + ⇤d(Id,�Iq) · ⌦me
(3.15)

If the two tests are carried out in a relatively short temporal range, the
resistance value can be considered unvaried. The two systems can be handled
as shown in the following steps.

Vd1 � Vd2 = ⇤q(Id,�Iq) · ⌦me � ⇤q(Id, Iq) · ⌦me

Vq1 + Vd2 = ⇤d(Id,�Iq) · ⌦me + ⇤d(Id, Iq) · ⌦me
(3.16)

Observing the figures 3.15 and 3.16 a symmetry property can be observed.
Therefore the following relations can be written.

⇤d(Id, Iq) = ⇤d(Id,�Iq)

⇤q(Id, Iq) = �⇤q(Id,�Iq)
(3.17)

Using 3.17 the system 3.16 can be modified.

Vd1 � Vd2 = �2 · ⇤q(Id, Iq) · ⌦me

Vq1 + Vd2 = 2 · ⇤d(Id, Iq) · ⌦me
(3.18)

In conclusion the fluxes are:

⇤d(Id, Iq) =
Vq1 + Vq2

2 · ⌦me

⇤q(Id, Iq) = �Vd1 � Vd2

2 · ⌦me

(3.19)

In this way potential offsets are canceled and knowledge of the resistance is
not necessary.
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Figure 3.13: Measured torque map at fast bench

3.3.3 Results

As a first point it is important to compare the results obtained by the torque
meter and the torque evaluated as shown in 3.20.

T =
3

2
· p · (⇤d(Id, Iq) · Iq � ⇤q(Id, Iq) · Id) (3.20)

Figure 3.13 shows the torque map obtained by the torque meter and in 3.14
the comparison of the two torque trends can be appreciated. This map is
obtained varying Id from �22.5[A] to 22.5[A] with a step variation of 2.5[A]
and Iq from �5[A] to 5[A] with a step variation of 1[A] at a speed of 220
[rpm]. The trends are similar, there are no offsets and the symmetry along
the d axis can be observed.
Using the method previously described, the fluxes and the cross coupling
effect can be observed in the figures 3.15 and 3.16. In order to get a better
comprehension of the phenomena, the graph 3.17 can be taken into account.
In conclusion the flux map can be shown in figure 3.18 considering the flux
as expressed in the following equation:

⇤ =
q

⇤2
d + ⇤2

q (3.21)
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Figure 3.14: Calculated (dashed lines) and measured torque map at fast
bench
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Figure 3.15: d-axis flux
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Figure 3.16: q-axis flux
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Figure 3.18: Flux map

With the collected data it is possible to create a map of Ld and Lq, shown
in figures 3.19 and 3.20. This is done using the following equations:

Ld =
⇤

0
d � ⇤

00
d

I
0
d � I

00
q

|Iq=const (3.22)

Lq =
⇤

0
q � ⇤

00
q

I
0
q � I

00
q
|Id=const (3.23)

Furthermore using the definition of saliency ratio which is the ratio between
Ld and Lq as expressed in the equation 3.24, a saliency ratio map has been
plotted in figure 3.21.

⇣ =
Ld

Lq
(3.24)
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Figure 3.19: Ld map

Figure 3.20: Lq map
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Figure 3.21: Saliency ratio map
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3.4 Back emf

For the last measurement an oscilloscope has been used to show the back
emf. In figure 3.22, the trends can be appreciated. Using MATLAB, the
trends have been reproduced and the harmonic content evaluated as show
in 3.23 and 3.24. Observing the results and the motor data sheet it can
be noted that the measurements have been done correctly. The nominal
rms phase voltage on data sheet is 202.2[V] that is a rms phase-to-phase
nominal voltage of 350.2 [V] and the rms value from the oscilloscope taking
into account the gain of the probes is 342[V].

Figure 3.22: Back emf seen on oscilloscope
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Figure 3.24: Harmonic content back emf
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Chapter 4

Electric drive

In this section a suitable electric drive for the FI-IPM motor is presented.
The target is an optimal control of the torque applying a plug-and-play
method.

4.1 Motor model

First of all it is necessary to identify the fundamental equations that describe
the behavior of the motor. In a dq rotating reference frame, the stator voltage
equations are:

ud = R · Id +
d�d

dt
� !me · �q

uq = R · Iq +
d�q

dt
+ !me · �d

(4.1)

In the equations the subscripts d and q refer to the d-axis and the q-axis
values of current, voltage and flux. R is the stator resistance and !me is the
electrical angular speed.
The magnitude of the stator current can be written as:

is =
q
i
2
d + i2q (4.2)

The current components along the d axis and the q axis are nonlinear
functions of the flux components:

id = id(�d,�q)

iq = iq(�d,�q)
(4.3)

A nonlinear inductor should neither generate nor dissipate energy. The reci-
procity theorem is valid and considering the works [16] and [17] the following
relation can be written as:
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@id

@�q
=

@iq

@�d
(4.4)

At the end the equation to evaluate the torque is:

T =
3 · p
2

· (�d · iq � �q · id) (4.5)

4.2 Algebraic magnetic model and fitting

The data can be collected by either measures or fem analysis. However
the problem is, that this collection of data looks like a cloud of points. It
is really much more complex to reverse engineer a model from data than
it is to reverse engineer a law. For a law, each data point falls on the
function that describes the law but for a model, each data point falls around
the function that describes the model. Having enough points, it may be
possible to notice the structure of these distributions, and therefore make
a good guess about the form of the model. Linear models are among the
most used modeling methods. This kind of model uses a linear function to
map a set of values to a set of normal distributions. For linear models also
including the generalized linear models with exponential distributions, the
best model will be the one that has the smallest residual sum of squares. A
residual is the distance between the mean of the predicted distribution and
the data point observed. These residuals can be either positive or negative.
The magnitude of a residual can be calculated evaluating the square of the
residual. Therefore the least squares model will be the model that presents
the smallest squared residuals. In fact it means that the model can be used
to recreate a trend close to the data points. An algebraic magnetic model
is presented in [18] and [19]. In the mentioned works this model simplifies
the self-commissioning. The required parameters are extracted by fitting
the model using the data of the tests. Neglecting the presence of the cross-
saturation, for the moment, a polynomial function can be used for modeling
the currents:

id(�d) = (ad0 + ad1 · |�d|+ · · ·+ adn · |�d|n) · �d � if (4.6)
iq(�q) = (aq0 + aq1 · |�q|+ · · ·+ aqn · |�q|m) · �q (4.7)

Where ad0 . . . adn, aq0 . . . aqn are coefficients and n, m are the highest expo-
nents. The component if is due to the presence of the magnets. As been
specified in the reference, usually n = 4 . . . 7 and m = 1 offer a good fitting.
However an iterative procedure can be implemented to evaluate the results
of the fitting varying the choice of the exponents.
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4.2.1 Fitting using a polynomial function

Neglecting for the moment the presence of the cross-saturation, a polynomial
function can be used for modeling the currents:

id(�d) = (ad0 + ad1 · |�d|+ · · ·+ adn · |�d|n) · �d � if (4.8)
iq(�q) = (aq0 + aq1 · |�q|+ · · ·+ aqn · |�q|m) · �q (4.9)

Where ad0 . . . adn, aq0 . . . aqn are coefficients and n, m the highest exponen-
ts. The component if is due to the presence of the magnets. Fixing the
exponents as shown in the table, the coefficients can be obtained with the
linear least square method.

S T U V

7 0 6 0

Table 4.1: Exponential coefficients of the algebraic model
The figures 4.1 and 4.2 have been obtained. A two-dimensional view gives a
clearer idea of the fitting 4.3 and 4.4. The fitting still remains good, if some
exponential parameters are neglected. In fact a second simplified system of
equation can be considered:

id(�d) = (ad0 + add · |�d|S) · �d � if

iq(�q) = (aq0 + aqq · |�q|T ) · �q

(4.10)

Where ad0,aq0 can be defined as the inverse unsaturated inductance along
the d axis and q axis respectively. The parameters S and T define the
shape of the saturation characteristics. The coefficients, except for if , of
the polynomial function must be positive or equal to 0 in order to avoid
non-monotonic function outside the range.
The result of the fitting is still good as can be appreciated in 4.5 and 4.6.
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Figure 4.1: Three-dimensional fitting with a polynomial function, d axis
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Figure 4.2: Three-dimensional fitting with a polynomial function, q axis
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Figure 4.3: Two-dimensional fitting with a polynomial function, d axis
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Figure 4.4: Two-dimensional fitting with a polynomial function, q axis
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Figure 4.5: Two-dimensional fitting with a polynomial function omitting
part of the coefficients, d axis
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Figure 4.6: Two-dimensional fitting with a polynomial function omitting
part of the coefficients, q axis
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The differences between the two fitting models are quite small if d-axis is
considered. The same can not be said about the q-axis where the characteri-
stic assumes a linear shape. Anyway the simplified version has been selected
to reduce the complexity of the system.

4.2.2 Aalto fitting tool

At Aalto University a script to get an optimal fitting is available and it has
been applied. As described in the mentioned publications the model can be
slightly modified in order to include the cross-saturation effect. Considering
the reciprocity condition 4.4 a new system of equations can be written:

id(�d,�q) = (ad0 + add · |�d|S +
adq

V + 2
· |�d|U · |�q|V+2) · �d � if

iq(�d,�q) = (aq0 + aqq · |�q|T +
adq

U + 2
· |�d|U+2 · |�q|V ) · �q

(4.11)

Using the previously set exponential coefficients, the optimal parameters
have been found and reported here:

ad0 add aq0 aqq adq if
08, 677 0, 013 17, 997 0, 000 0, 035 14, 251

Table 4.2: Fitting parameters using Aalto’s tool
Two three-dimensional and two two-dimensional maps show the resulting
fitting. The following maps are obtained taking into account the collected
data.
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Figure 4.7: Three-dimensional fitting with Aalto’s tool, d axis

Figure 4.8: Three-dimensional fitting with Aalto’s tool, q axis
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Figure 4.9: Two-dimensional fitting with Aalto’s tool, d axis

Figure 4.10: Two-dimensional fitting with Aalto’s tool, q axis
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4.3 MTPA and MTPV locus

An important part of the work are the reference calculations. The imple-
mented scheme is reported in figure 4.11. In order to apply it, the lookup
tables of MTPA and of MTPV are required.

Powered by TCPDF (www.tcpdf.org)

Figure 4.11: Reference calculations scheme

The optimal flux for the MTPA condition is obtained from a lookup table
where the torque reference is the input. The MTPA flux ⇤MTPA is limited
by the maximum available voltage leading to the optimal flux magnitude
under voltage limit. The maximum voltage is strictly related to the voltage
of the DC bus, consequently a variation in uDC has effects on the references.
The torque reference is the minimum among the values that are read by the
lookup tables as can be seen in 4.11. The main advantages of this scheme
is that optimal values of the torque and of the flux can be always obtained
without any delays regardless of the input torque and speed. The required
lookup tables can be calculated considering the circle diagram that has been
evaluated. On it the MTPA, the MTPV, the current and voltage limits are
shown. The matlab script is based on the following formulas that describe
the behavior of the motor in steady state. The torque:

T =
3 · p
2

· [⇤PM + (Ld � Lq) · id] · iq (4.12)

The maximum current:
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is =
q
i
2
d + i2q  imax (4.13)

The maximum flux linkage:

�s =
q
(⇤PM + Ld · id)2 + (Lq · iq)2 

umax

|!me|
(4.14)

Imposing the derivative of the torque with respect to the current along the d

axis to be equal to zero the definition of MTPA can be used to identify the
locus. The MTPV locus has been evaluated in a similar way. The resultant
circle diagram is shown in figure 4.12.
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Figure 4.12: Circle diagram: MTPA locus (black), MTPV (green), voltage
limit (blue) and the current limit (red)

The black color is for the MTPA: the stars represent the points and the line
is the interpolation. The green is used for the MTPV: the stars represent
the points and the line is the interpolation. The red line shows the nominal
current limit, while the dashed red line shows the current limit of a current
that is three times the nominal. The colored lines represent the torque. The
blue is for the voltage limit. In addition some crucial points are marked in
magenta. These are:

• the center of the ellipses of the voltage limit;
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• the intersection between the abscissa and the current limit;

• the intersection between the MTPA and the current limit.

4.4 Lookup tables

The calculation for the optimal flux linkage or current references is usually
done off-line. A lookup table replaces computation with a simpler indexing
operation and consequently retrieving a value from the memory instead can
save significant processing time. Having the data from the measures this
approach is particularly suitable. In [20] a lookup table computation method
was presented. The procedure is based on the Brent algorithm [21] and
the Powell dogleg algorithm [22]. The developed script has been slightly
modified by the authors of the paper to work with a motor, which has an
inverse saliency. The lookup tables for this motor are based on the figures
4.13 and 4.14. Especially from the first image, the relation between torque
and flux in MTPA, MTPV and current limit conditions can be understood.
Furthermore in figure 4.15 the circle diagram has been reported. The trends
confirm what has been pointed out in figure 3.6 and 4.12 in the previously
chapters.

Figure 4.13: MTPA locus, MTPV and current limit
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Figure 4.14: Feasible operating region

Figure 4.15: MTPA, MTPV and current limit in id, iq plane
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4.5 Control system

A base Simulink sensorless model has been used to verify the correctness
of the calculated lookup tables. The model has been modified in order to
implement a stator-flux-oriented control. A digest about this control system
has been produced by Aalto’s team and it will be released by the end of the
year. In it the variables under control are the magnitude of the stator flux and
the component of the current that produces the torque. This simplifies the
references calculation because only one-dimensional lookup tables of MTPA
and MTPV must be implemented. The limitation of this system is due to
the presence of some nonlinearities which appear in the inner control loop
and this may disturb the correct performance of the system. Furthermore
the dynamics are coupled and also this aspect can affect the performance.
The paper offers a description of an exact input-output feedback linearization
structure and of a state feedback controller with integral action and reference
feedforward.

4.6 Simulations

The Simulink model has been used testing how the system react to a step
of speed and the resulting plots are here reported. As can be observed in
figure 4.16, the torque follows almost immediately the reference. In figure
4.17, the speed has been plotted and it reaches the desired value in 0.7 [s].
The variables under control and their references are reported in figure 4.18.
The flux follows perfectly the reference while the current slightly differs from
the reference in the first moments. The error in the position estimation can
be noticed in figure 4.19. The amplitude is small and it quickly decreases to
a negligible value.
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Figure 4.16: Trend of the torque

Figure 4.17: Trend of the speed
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Figure 4.18: Trend of variables under control

Figure 4.19: Position error
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Chapter 5

Conclusions

In first part of the thesis, it has been pointed out how to obtain very ac-
curate results from the measurements, taking into account the presence of
cross-saturation. While doing measurements of the fluxes is convenient to
evaluate the torque map because it gives the opportunity to verify the cor-
rectness of the fluxes. Furthermore it allows to carry out two different tests
that take a lot of time if done individually. The measures at the bench for
slow speeds provide the trends of the cogging torque and of the torque as
function of the angle. The harmonics have been evaluated to point out the
contribution of the magnets, due to the first harmonic, and the contribution
of the reluctance torque proportional to the second harmonic. In addition,
the cogging torque has been evaluated using two different torque-meters
pointing out that a lower full-scale torque meter permits the achievement
of more realistic results. The measurements of the torque as a function of
↵ie have had a crucial role to identify the MTPA. That also confirm the
position of the MTPA that has been evaluated in the second part of the the-
sis when both MTPA and MTPV have been graphically represented. From
the tests on the bench for high speeds instead, using the described method,
the fluxes and the cross coupling effect have observed. The measurements
have been used to obtain the mapping of torque and of the fluxes which
characterize the motor. These trends have been compared with the FEM
data confirming the correctness of the available data. In the second part of
the thesis the focus has been on the reference calculations and particularly
attention has been dedicated on the creation of the lookup tables. Several
scripts have been realized to evaluate the effects of both the presence and
the omission of the cross-saturation. In the chapter dedicated to the electric
drive, it has been shown how to create an optimal fitting following the refe-
rence works. The difference between the collected data and the trend of the
fitting functions is minimal and this testifies the good quality of the work.
At the end the lookup tables have been implemented in the reference system
of a Simulink sensorless model that has been suitably modified to apply a
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stator-flux-oriented control. Considering the resulting figures which confirm
the expected results, it is possible to affirm that the reference calculations
have been evaluated correctly.
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