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Abstract

Permanent magnet synchronous motors (PMSMs) are very attractive for industrial
applications due to their high efficiency, robustness, and reliable design. However,
vector control of permanent magnet AC drives requires rotor position information.
With a sensorless vector control, the system is able to detect the position without
any need for a position sensor. This is very beneficial as it reduces the hardware
complexity, and cost, and increases the system reliability.

The master’s thesis study is performed in the department (CR/ARE3): Elec-
trical drives (ED) and Power Electronics (PE) in Robert Bosch GmbH, Stuttgart,
Germany. The main goal is to investigate the sensorless vector control performance
of the PMSM drive system in the early stages of the machine design. This is done by
the simulation of the machine and the position estimation process and comparing
any modification with the original system. The study’s results may have a great
impact on many of Bosch’s products like: the engine compartment actuator (ECA
- E), the eBike System, and others where the PMSM drive system is implemented.

In Chapter 3, the PMSM of Bosch’s engine compartment actuator (ECA - E)
is studied, simulated, and tested using a Finite Element Analysis (FEA) software.
In Chapter 4, the incremental inductances of the machine are introduced and a
methodology to measure the level of harmonic disturbance in them is implemented.
This level of harmonic disturbance is selected as the key performance indicator to
give a preliminary evaluation of the capability of the PMSM to perform sensorless
control in a good quality using saliency tracking which is verified in a later stage.
In Chapter 5, the integration between the simulated machine and Bosch’s position
estimator is performed. That position estimator is based on saliency tracking using
high frequency voltage signal injection in the estimated rotor reference frame. In
Chapter 6, five different machine geometrical modifications are simulated and in-
tegrated with the position estimator and the level of harmonic disturbance in the
incremental inductances is measured for each case. The obtained results are pre-
sented and compared to verify the relation between the selected key performance
indicator and the sensorless performance of the different machines. Additionally,
the materials costs as well as the rated torque for every modification are calculated
and presented.

It is found that adding air holes in the rotor core has no effect on the har-



monic content of the incremental inductances or the sensorless performance. The
electrical position estimation error is kept between 2.5 and —18.75 degrees similar
to the original machine. However, this modification can offer the same rated torque
with a decrease (0.78 %) in materials costs.

Adding more steel between magnets has a good effect. It makes the harmonic
content (KPI) of the inductances mostly lower. Also, a better sensorless performance
is obtained where the electrical position estimation error is kept between 0.5 and
—18.75 degrees. However, there is a decrease (15.6 %) in the rated toque and an
increase (0.22 %) in the materials costs.

Closing the openings of the stator slots has a bad effect. It makes the har-
monic content (KPI) of the inductances mostly higher in a big way. Also, a worse
sensorless performance is obtained where the position estimator fails to work. Ad-
ditionally, there is a decrease (37.7 %) in the rated toque and an increase (0.13 %)
in the materials costs.

Increasing the width of the stator teeth has a bad effect regardless of the
KPI. In spite of making the harmonic content (KPI) mostly lower, a worse sensorless
performance is obtained where the position estimator fails to work. The difference
between the inductances L,, and Lgq decreases by 80 %, 55 %, and 50 % for the loads
0 %, 30 %, and 100 % respectively which explains the failure. Additionally, there is
an increase (10 %) in the rated toque and an increase (1.57 %) in the materials costs.

Finally, increasing the width of the stator yoke has a good effect. It makes the
harmonic content (KPI) of the inductances mostly lower. Also, a better sensorless
performance is mostly obtained where the electrical position estimation error is kept
between 1 and —18.75 degrees. Additionally, there is an increase (4.64 %) in the
rated toque and an increase (2.62 %) in the materials costs.

Keywords: PMSM, sensorless control, finite element, incremental inductance, saliency
tracking, position estimator, voltage signal injection, machine design.
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1

Introduction

1.1 Background

Global warming is a very serious problem that is facing humanity nowadays. It has
many bad environmental impacts. Some of these impacts are: rising sea level, change
of precipitation and local climate conditions; acid rain, alteration of forests and crop
yields, expansions of deserts into existing rangelands, more intense rainstorms, and
destabilization of ocean currents [2]. According to [3], transportation is the source
of approximately one-quarter of energy-related greenhouse gas emissions globally.
Therefore, vehicle and automobile manufacturers have a great responsibility to solve
this problem. Improved vehicle fuel efficiency is the key to mitigation of that climate

change as the greenhouse gases are the main reason for global warming [3].

The reduction of fuel emissions can be achieved by using electric propulsion.
Hybrid and pure electric drives are good examples of that. They can replace the
commonly used internal combustion engine. The most important components of

these drives are the electric motors.

Electric motors are devices that create motion. There are many kinds of elec-
tric motors depending on their construction. Some of these motors are the per-
manent magnet synchronous motors (PMSMs). As the name suggests, the source
of the flux in these motors is the magnetic material [4]. Permanent magnets are
mounted on the rotor which then removes the need for injection of current to a
moving component as in the case of the electrically magnetized synchronous motor
or the induction machine [4]. The most obvious advantages of using PMSMs are
high efficiency and power factor compared to an induction machine of the same size,
robust and reliable design, and no conduction losses in the rotor [5]. That is why
PMSMs are commonly used for propulsion as well as different motion applications.
According to [6], the permanent magnet synchronous motor (PMSM) is the main
component of Bosch’s engine compartment actuator (ECA - E) shown in Figure 1.1.

This engine compartment actuator (ECA - E) has various application areas in au-
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tomotive systems like: Electrical variable valve timing (VVT) actuators, Electrical
hybrid-decoupler, Electronic clutch system, and many others [1]. Any improvement
in the ECA-E performance will have a good impact on its applications. A better

electrical variable valve timing (VVT) actuator will reduce fuel emissions.

One drawback with actuators based on PMSMs, i.e. Permanent Magnet AC
drives, is that they need information about the rotor position to perform the vector
control of the PMSM stator currents [7]. Sensorless vector control is the ability of
the drive system to detect the rotor position and perform the vector control without
any need for a position sensor [7]. It is a desirable kind of control because the
sensors may result in many practical problems such as hardware complexity, high
cost, reduced reliability due to cables and sensor itself, difficulties of mechanical
attachment of sensor to the electric machine, increased axial length of the machine,
and electromagnetic noise interference [8]. However, the sensorless control has some
problems and obstacles. The quality of its performance is affected by many factors
like: loading, magnetic saturation, rotor position, and speed of rotation. These
factors are strongly connected to the geometry of machine and its design, i.e. the

control’s performance heavily depends on the machine’s physical geometry [9].

Figure 1.1:
Bosch’s Engine Compartment Actuator (ECA - E) which has the PMSM as one if
its components [1].
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The department (CR/ARE3): Electrical drives (ED) and Power Electronics
(PE) in Bosch has launched the master’s thesis study “Optimal Design of PMSM
for High — Performance Sensorless Applications” to investigate the possibility of
a better sensorless vector control performance of the PMSM drive system. The
study’s results may have a great impact on many of Bosch’s products like: the
engine compartment actuator (previously mentioned), the eBike System, and others

where the PMSM drive system is implemented.

As the world’s largest independent automotive supplier [10], Bosch has a re-
sponsibility towards both vehicle and automobile manufacturers and environment.
A better performance of Bosch’s engine compartment actuator (ECA - E) in the
“Electrical variable valve timing (VVT) actuators” will have a great impact on fuel
economy and emissions. This can help solve or decrease the problem of global warm-

ing previously mentioned.

1.2 Aim

The aim of this project is the verification of a key performance indicator (KPI) that
evaluates the quality of the potential sensorless vector control capabilities of a certain

permanent magnet synchronous machine under study using saliency tracking.

1.3 Task

As mentioned earlier, the main goal of the study is the verification of a key per-
formance indicator. This key performance indicator is defined as a tool that can
give machine designers a preliminary idea of whether a certain permanent magnet
synchronous machine design will have a better sensorless control performance com-
pared to a previous design or not. To reach that goal, a number of tasks need to be
done. These tasks will be performed in a certain chronological order. This kind of
arrangement is an essential factor because every task and its expected results will

be needed to perform the next one. The tasks are as follows:

1. Literature study
2. Needed software study
3. Study of the key performance indicator

4. Studying some of Bosch’s PMSMs used in real life products
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5. Creating a simulated model of the studied PMSMs
6. Studying and integration of the proposed sensorless observer
7. Full system simulation including the observer

8. Validation of the key performance indicator

As mentioned before, every task is needed to perform the next one. The most
important task for the project is the literature study. This study includes not only
the basic theory but also real life applications and research done in the field. This
will help lay the ground and give an idea of what results that can be expected from
this thesis study. The next task is identifying the software tools that will be used
for building models, simulation, and all kinds of calculations needed to reach the
goal. These software tools must be carefully studied to know their environment,
capabilities, and limitations. This study includes performing some simple tasks and

analyzing the expected results of them.

Then, the information obtained from the literature study of both basic theory,
and updated research done in the field must be analyzed. This analysis will be
needed to find out what is the possible KPI and how it can give a preliminary
evaluation of the capability of a certain PMSM to perform sensorless vector control
in a good quality. The next task is to study the dimensions, design, specifications,
and load profiles of some PMSMs which are used in some products. The machines
should be investigated so that it would be possible to create an acceptable simulated

model of them in the next task.

Using the knowledge built up by studying of both software tools and real life
PMSMs, a complete simulation model of the machine under study should be created.
The model should be tested and checked to make sure that it gives an acceptable
performance when it is compared with the real life machine. After that, some
models of Bosch’s real life sensorless observers should be studied. These observers
should be based on the technology decided to be used in the project according to the
information collected from the literature study. After understanding the operating
principles of the observers, all the machine parameters and information needed for
the integration of the observers with the PMSMs and having a working system
should be identified and collected.

After making sure that the integration of the observer with the PMSM model
is successful. Several simulations of the modelled system under operation should be
performed. These simulations should take into account different loading profiles and

conditions similar to real life applications. Finally, the link between the KPI and its
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effect on the sensorless control performance should be validated. Several scenarios
for the KPI should be performed and the resulting effects on the simulated model

should be recorded and analyzed.

1.4 Scope

As concluded from the previous sections, the project investigates the quality of per-
formance of a PMSM machine under sensorless vector control. All systems including
the machine itself and the sensorless observer will be simulated using software tools.
Real life testing will not be performed in this stage. The main focus is to find
some indicators and parameters that can offer some guidance for selecting a suitable

PMSM machine for a certain sensorless control application.

Literature study will be focused on synchronous machines and specifically
PMSM. It will include not only the machine basic theory, construction, and per-
formance but also different technologies used for sensorless control and real life
applications. The PMSM is selected for this study because of its several advantages
mentioned in section 1.1 which are desirable in automotive applications. Testing
will not be included as the identification and verification of the key performance

indicators is the main focus and the time period is limited.

A simulated model of the machine will be built. This model will be based
on some real life products of Bosch. Two products are suggested at this stage: the
engine compartment actuator (ECA - E), and the eBike System. The simulated
model will take into account the basic construction, material selection, and real
life load profiles. Details about machining allowances, fillets, and coil construction
will not be included as the models will be more complicated and it will not have a
big impact on the sensorless control performance, and the KPIs identification and

verification.

Some of Bosch’s real life sensorless observers will be studied to be used in
the simulated model. Simulations based on different sensorless control techniques
are not the project’s main focus. The main focus is to have a working model of
a sensorless observer based on a real life application that can help evaluate the

machine’s sensorless control performance.

Literature study will be carried out at the beginning of the project. Materials
concerning the basic theory of both synchronous machines and sensorless control
techniques need to be investigated. Updated research and studies in the field of

sensorless control need to be reviewed and evaluated for any potential value in
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the project. As mentioned in section 1.3, some software tools will be used in the
project. Machine simulation will be carried out in a Finite Element Analysis (FEA)
software. The software selected for that purpose is JMAG [11]. It is a high-speed,
high-precision FEA software tool that can be used in the simulation of electrical

devices such as motors, transformers, relays, and others.

Based on the reviewed research, possible candidates for the key performance
indicators will be identified and studied carefully. As discussed in section 1.4, some
real life products of Bosch will be studied and investigated. The studies will be
mainly focused on basic construction, material selection, and real life load profiles
of the PMSM used in these products. Two products are suggested: the engine
compartment actuator (ECA - E), and the eBike System. Data concerning the
loading profile, back electromotive force (EMF), bad sensorless-control-performance
loading points, machine behavior under no load, and full load operation should be
collected. Later, this data will be compared with the simulated model to make sure

that they have similar behavior.

After collecting this data, the simulated model of the PMSMs will be created in
JMAG-Designer. All the parameters needed for the observer should be collected at
this stage. The sensorless observer model will be a Matlab/Simulink model. The suc-
cessful integration of the observer and the machine models should be checked. This
can be done by choosing some operating points and comparing them with the real
life PMSM system used in Bosch’s products. Again, simulated data concerning the
loading profile, back electromotive force (EMF), bad sensorless-control-performance
loading points, machine behavior under no load, and full load operation should be

collected for comparison as mentioned before.

Finally, the identified key performance indicators should be validated. This
can be done by varying the factors affecting these KPIs, running the full system
simulation, and studying the resulting sensorless performance of the PMSM system.
This process should be repeated many times taking into account the bad sensorless-
control-performance loading points identified in the early stages. After verification,
further formulation of these KPI's should be performed so that a detailed point-
by-point guidance is created. This guidance should include specifications of the
machines which can offer better sensorless vector control performance. It will be

relevant to machine designers and drive system manufacturers.
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Motor Theory

2.1 Introduction

An electric motor is an electrical machine that converts electrical energy into me-
chanical energy. If this motor is driven by an alternating current, it is called an
AC motor. AC motors have many uses in daily life. Most of the applications that
run on electricity and require some kind of motion are based on this kind of ma-
chines. They can be found in many industry applications, including automotive and
vehicle industry. According to Figure 2.1, three phase AC motors can be divided
into two categories synchronous and asynchronous motors. There are many kinds of
synchronous motors such as: reluctance, hysteresis, stepped and permanent magnet

(pm) motors [12]. The last motor is the main focus of this study.

2.2 Permanent Magnet Synchronous Motor

DC machines with permanent magnet field excitation were developed in the 1950s.
This was due to the availability of permanent magnets which are efficient and have
high energy density. Thus, the DC machines became more compact as the electro-
magnetic poles based on windings were replaced by these magnets. Later in the
1950s, the use of switching power transistor and silicon-controlled rectifier devices
made the replacement of the mechanical commutator with an electronic commutator
possible. The use of permanent magnets as well as these electronic devices helped
in the creation of the permanent magnet synchronous machines (PMSMs) together
with the brushless DC machines (BLDCs) [13].

It is very well-known that the induction machines IMs are the most commonly
used motors in the industrial drive applications. These days, permanent magnet
synchronous machines have taken a good place in the industrial market. Permanent

magnet machines have many traits which make them desirable in many industrial
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Figure 2.1:
The classification of AC electric motors [12].

applications like: automotive, robotics, and aerospace. They are commonly used in
industry in machine tools and position servomotors because of their good dynamic

performance and their low maintenance.

The most desirable characteristic of PM synchronous machines is the replace-
ment of the winding excitation with permanent magnets. This plays an important
role in increasing the motor efficiency as the excitation losses are removed. Also,
the concentration of the conduction losses in the stator makes it easier in terms of
heat dissipation. All of this has a great impact on decreasing the rotor diameter
and consequently the whole motor size resulting in high power density and low mo-
tor inertia. As mentioned earlier, PM motors have a high dynamic performance.
This is due to the use of high energy magnets which increases the torque per am-
pere constant when compared with DC or induction machines [7]. The absence of
slip-rings due to the use of the permanent magnets plays an important role when
it comes to the machine reliability. The motor becomes more robust and therefore

lower maintenance is needed [5].
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As discussed, PM machines are very desirable in many industrial applications.
It is worth mentioning that, despite the advantages of using them, there are still
some disadvantages. The most important disadvantage is that they need closed
loop frequency converter control. This means that in order to be able to control
a permanent magnet synchronous machine, the position of the rotor must be well-
known. This can be done by using a position encoder or by the estimation of rotor
position (sensorless control) [14]. The open loop control is usually not possible (i.e.
when the motor is grid connected). Additionally, a typical permanent synchronous
machine can’t start on its own, and some other methods of producing a start-
up torque are needed [14]. Some other drawbacks include: permanent magnets
have high cost, the field weakening control is obtained by additional effort, and

demagnetization occurs at high temperature [15].

2.2.1 Construction

Like any other motor construction, the two main components of the PM synchronous
machine are the stator and the rotor. As the name suggests, the stator is the station-
ary part of the motor while the rotor is the rotating part. The stator construction

is similar to that of other AC machines, for examples the induction machine.

The stator core which can be shown in Figure 2.2 is mainly made of laminated
sheets (reducing eddy currents) attached together with a certain shape to form a
group of teeth and slots. The stator has a poly-phase winding, mainly three-phase.
By the inspection of these windings, it is easy to find that it consists of a uniform
array of identical coils, located in the slots. These coils form a three phase-winding,
distributed around the stator, and the phase windings are symmetrically displaced
with respect to one another [14]. The three phase-windings are connected either in
star (wye) or delta (mesh). When these windings are connected to a three phase

supply, a rotating magnetic field is produced in the air-gap.

As mentioned earlier, the PM synchronous machines have permanent magnets
attached to the rotor to provide the field. Thus, only one supply is connected to the
stator. PMSMs can be classified into two main categories depending on the direction
of the field flux. These two categories are: radial field and axial field machines [13].
The radial field machine shown in Figure 2.2 has the flux direction along the radius
of the machine while the axial one has the flux direction parallel to the rotor shaft.
The most common ones are the radial field machines. The axial field ones are used
in a small number of applications nowadays which require high power density and

acceleration [13].
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Radially — magnetized
permanent magnets

Stator

Figure 2.2:
Permanent magnet synchronous motor: 2-pole (left); 4-pole (right) [5].

2.2.2 Types of PMSMs

The permanent magnets of the PM synchronous motors are placed on the rotor.
There are many different ways and arrangements by which these permanent magnets
are placed. The basic principle of operation of the machine is the same regardless
of the way of mounting the permanent magnets on the rotor. Different methods of
mounting magnets result in different types of machines. Also, these methods result

in the difference between direct and quadrature axes inductance values.

The direct axis shown in Figure 2.3 is the rotor magnetic axis where the flux
passes mainly through the magnets. While, the quadrature axis shown in Figure 2.3
is the axis that is perpendicular to the direct axis in electrical degrees. The direct
axis inductance is the stator inductance when the direct axis or magnets are aligned
with the stator winding. While, the quadrature axis inductance is the inductance
measured in the position obtained by rotating the magnets from the aligned position
by 90° where the stator flux sees the interpolar area of the rotor containing only the
iron path [13]. The permanent magnet synchronous motors are classified into many

types which include:

1. Surface-Mounted PMSM: As seen in Figure 2.3a, the permanent magnets are
placed on the outer surface of the rotor core in this kind of machine. It provides
high air gap flux density. This structure has some disadvantages as it has

low mechanical robustness and it is not preferred in high speed applications.
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Also, the difference between the quadrature and direct axes inductances in this
machine is very small [13]. So, it is not practical for sensorless applications
based on saliency tracking. The field weakening capabilities of this kind of

machine is poor but it is possible [5].

. Surface-Inset PMSM: In this type of machine, the magnets are placed in the
grooves of the outer surface of the rotor core resulting in a cylindrical surface
which can be seen in Figure 2.3b. In comparison with the Surface-Mounted
PMSM, this machine is more mechanically robust. The ratio between the

quadrature and direct axes inductances can be as high as 2-2.5 [13].

. Interior PMSM: If the permanent magnets are placed inside the rotor core
whether in a radial or circumferential directions as seen in Figure 2.3c and
d, the machine is called: Interior PMSM. It is very mechanically robust and
therefore preferred for high-speed applications. It has a high ratio between the
quadrature and direct axis inductances, respectively. If a wide speed range is
required (using field weakening), the interior PMSM can be used [5]. In Figure
2.3c, steel is removed from the rotor structure to create large air gaps between
the adjacent magnets. These air gaps are called: “flux barriers”. They have two
advantages: they prevent the reduction in the mutual flux linkages between
the stator and the rotor and they give low rotor inertia as they reduce the
weight of the rotor. The structure shown in Figure 2.3d gives a higher air gap
flux density compared to the Surface-Mounted PMSM which results in higher
efficiency and smaller stator excitation for the same power output. But it has

a high rotor volume [13].

. Line-Start PMSM: These are the PM synchronous motors designed for con-
stant speed applications. In addition to the normal construction of a PM
synchronous machine, they have squirrel cage windings. These windings have
two main uses: they provide torque from standstill and help in damping the
rotor oscillations [13]. When synchronism is reached (zero slip), the effect of

these windings disappear as there is no induced voltage in them.

2.2.3 Operation and modelling

Like induction motors, a rotating magnetic field is produced when the stator wind-

ings of a permanent magnet synchronous motor are connected to a 3-phase supply.

The synchronous speed is defined as: “the speed of rotation of the magnetic field”.

11
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Figure 2.3:

(a) Surface PM (SPM) synchronous machine. (b) Surface inset PM (SIPM) syn-
chronous machine. (c) Interior PM (IPM) synchronous machine. (d) Interior PM
synchronous machine with circumferential orientation [13].

This speed is directly proportional to the supply frequency, and inversely propor-

tional to the pole-number of the winding [14]. This can be seen in

120
p

N, (2.1)
where N is the synchronous speed , f is the supply frequency and p is the pole-
number of the winding. The rotor which has permanent magnets is designed to lock
on or synchronize with the rotating magnetic field which is generated by the stator
windings. Thus after synchronization, the rotor will run at the same speed as the
rotating field independent of the load variation. From this and (2.1), it is clear that

the rotor speed will remain constant as long as the supply frequency is constant.

Also, it is very important to keep in mind one of the most well-known relations

in electric synchronous machines. It is the relation between the angular stator fre-
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quency (frequency of the current in the stator windings) and the angular mechanical
speed of the rotor. The angular stator frequency is equal to the angular mechanical

speed multiplied by pairs of poles [13]. This can be formulated as

p
We = =W, 2.2
. (22)
where w, is the angular stator frequency, p is the pole-number of the machine and w,,
is the angular mechanical speed. Ideally, the induced electromotive force (e.m.f.) is
sinusoidal in the PM synchronous motor [5]. This can be done by the proper shaping
of the rotor permanent magnet poles which results in a sinusoidal distribution of

the air gap flux.

In order to have a properly functional motor, the torque (or the power) pro-
duced by that motor should be constant. As mentioned earlier, the induced e.m.f.
generated in the machine is sinusoidal. From that fact and from [5], a constant
output power (constant torque) can be produced on one condition. That condition
is that the injected 3-phase currents into the stator windings are sinusoidal and in
phase with the 3-phase induced e.m.f.s. According to [5], this produced torque is
given by

_ Bimen

T = = KI (2.3)

2w,

where T is the total torque, 7,, is the amplitude of the sinusoidal current, e,, is the
amplitude of the sinusoidal e.m.f. | w,, is the angular mechanical speed, K is known

as the motor constant, while I is the rms value of the current.

According to [16], the basis for the control scheme of the PM synchronous
motor is the two-axis machine model. DC quantities can be controlled using a PI
controller which can be implemented easily. As mentioned earlier, the wave forms of
the induced e.m.f., current, and flux in the PM synchronous machine are sinusoidal.
This means that using a rotating dq reference frame will help in obtaining these

waveforms in a DC form.

The concept of the rotating dq reference frame is mainly based on the mathe-
matical approaches known as Park and Clarke transformations. The transformation
between three-phase and two-phase systems (known as Clarke transformation and

considering amplitude invariant transformation [17]) can be given by

Sa Sa 1 0
S N G S
o 2 ) ) o
=3 Sl |S| =1]-3 ¥ (2.4)
Sp 0 ¢ - S|
sl ls) [ s
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, where this transformation is only valid when the three phase system is balanced
(zero-sequence is negligible). Additionally, the transformation between rotating and

stationary coordinate system (known as Park’s transformation) can be given by

u® = ere, U = gse’je, % = cosh + jsiné (2.5)

Ug cos) —sinf| |uy Ug cosf) sinf| |u,
_ : — (2.6)

Ug sinf cosf | |u, Ug —sinf cosf| |ug

[17].

By using amplitude invariant transformation between the three-phase system
and the two-phase stationary system and then another transformation between that
stationary system and a rotating system, it is easy to obtain the conventional model

for a PM synchronous motor in the dq reference frame [16]

: dig P
‘/d = Rs'ld + Ld% — Lq§QT2q (27)
. dig D . D
‘/:1 = Rslq + Lq% + LdiQer + AEQT (28)

where Vg, V,, are the d-q axes voltages, Lg, L, are the d-q axes inductances, iq4, 7, are
the d-q axes currents, €, is the rotational speed, R, is the stator windings resistance,
p is the pole-number of the machine, A is the amplitude of the flux induced by the
permanent magnets. These equations are valid for a balanced three phase system
and a salient machine where Lgq and L, are not equal.

It is worth mentioning that this conventional model for the PMSM may result
in inaccurate calculations if it is used for parameter predictions [16]. To make this
model suitable for this kind of predictions, some modifications need to be done. It
should consider the effect of the load and saturation, the influence of anisotropy de-
termined by the rotor position and the current phase angles, and the cross-coupling
between the quadrature and direct axes. These modifications will be discussed in

details in chapter 4.

2.2.4 Saliency

As mentioned in 2.2.2, the direct axis inductance is the stator inductance when the

direct axis or magnets are aligned with the stator winding. While, the quadrature
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axis inductance is the inductance measured in the position obtained by rotating the
magnets from the aligned position by 90° where the stator flux sees the interpolar
area of the rotor containing only the iron path. The value of the quadrature axis in-
ductance is mostly higher than that of the direct axis inductance in PM synchronous
machines [17] i.e.

L,> Ly (2.9)

where L, and L, are the quadrature axis and the direct axis inductances respectively.
This is due to the difference between the effective air gap length of the direct axis
and that of the quadrature axis [13]. In Figure 2.3, it can be seen clearly that
this difference is due to the various motor geometries as well as the position of the
permanent magnets (whose permeability is close to that of air) on the rotor. It is
worth mentioning that (2.9) is not valid for the configuration in Figure 2.3d. This
opens the door to another important term which is related to permanent magnet
synchronous machines. This term is called: “saliency” which can be defined as the
difference between the values of the quadrature axis and the direct axis inductances.
Due to this saliency, another torque is produced in the machine in addition to the
synchronous torque which is known as reluctance torque [13]. This torque can be
given by

Tr = ;ﬁzj; (2.10)
where Ty is the reluctance torque, ¢ is the stator current, L is the inductance, and
0 is the angle of rotor rotation [5]. Also, saliency is a very important characteristic
in the PM synchronous machine which can be used in the estimation of the rotor

position by saliency tracking [18].

2.3 Practical machine design terms

In this section, some practical terms which are needed for machine design will be
discussed. There terms have a great impact on the designed machine performance
and behavior. They can distinguish one machine from the other. The discussed

terms are: iron losses, stacking factor, permanent magnets, and cogging torque.

2.3.1 Iron losses

When the alternating current (AC) is used, the electrical steel is subjected to some
kind of power loss. This power loss is a function of the frequency of that alternating

current and the magnetic flux density. It increases as the frequency and the flux
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density increases. The reason for this loss is: magnetic hysteresis, eddy currents,
and the so called “anomalous loss”. The “anomalous loss” is related to domain wall
movement and is not often accounted for in empirical expressions of the iron loss

[19].

Steel suppliers usually provide loss data for different kinds of steel. A sinusoidal
flux waveform is applied to a sample of laminations and the measurements are
recorded. Steinmetz equation is a good representation of the power loss and it has

separate terms for hysteresis and eddy-current loss [19]
P = Cy,fBy" + Ce f*Byi” (2.11)

where P is the power loss measured in W/Kg, f is the frequency in Hz, B, is
the peak flux density of the sinusoidal flux density [T], C}, is the hysteresis loss
coefficient, C, is the eddy-current loss coefficient, and n is an exponent that varies

to a certain extent with B, but it is often assumed to be 1.6 - 1.8.

2.3.2 Stacking factor

The stacking factor is also known as the laminations factor or the space factor. As
mentioned in section 2.2.1, the stator core and similarly the rotor core are mainly
made of laminated sheets (reducing eddy currents). These thin sheets are added
together with some kind of insulation in between so that they don’t contact each
other. As a direct result of that, the depth of the core is not entirely made of a
ferro-magnetic material. The ratio between the effective length of the ferro-magnetic
core and the total apparent length including the insulation is known as the stacking

factor,
Legy

Ky =
L

(2.12)

app
where L.y; is the effective length of the ferro-magnetic core and L,,, is the total
apparent length including the insulation. This factor is always less than one for a

laminated core.

2.3.3 Permanent magnets

Materials that are able to keep magnetism like permanent magnets were applied
in electrical machine research in the 1950s [13]. According to [15], the permanent

magnets that are used for electric motors are divided into three categories:
1. Alnicos: They are a group of iron (Fe) alloys. In addition to iron (Fe), they
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are composed of aluminum (Al), nickel (Ni), and cobalt (Co).

2. Ceramics (ferrites): They are a type of ceramic compounds composed of
a chemical combination of iron oxide (FesOs) and other metallic elements.
Some examples are: barium ferrite (BaOxz6Fey03), and strontium ferrite
(SrOz6Fe303).

3. Rare-earth materials: They are alloys made from rare earth raw materials. The
high price of these raw materials has prohibited the large scale use. Some ex-

amples are: samarium-cobalt (SmCo), and neodymium-iron-boron (NdFeB).

Alnicos are used when high magnetic remanent flux density, low temperature
coefficients, and high maximum service temperature (520 °C) are needed [15]. While,
ceramics (ferrites) are preferred when low cost and very high electric resistance (no
eddy-current losses in the permanent magnet volume) are required [15]. The main
advantages of the rare-earth materials are high remanence and high coercive force

which result in a larger energy density when compared to ferrites [15].

One of the most important curves that are used in the design and analysis of
electric machines is the demagnetization curve which can be seen in Figure 2.4. It
helps in the prediction of the effect of the external magnetic field intensity (coming
from the stator winding for example) on the existing permanent magnets. It is
worth mentioning that for all curves in Figure 2.4, when the magnetic field intensity
equals zero (H=0), the curve passes through the point known as remanent flux
density (B,). While the magnetic field intensity (H) required to bring the magnetic

flux density to zero (B=0) is known as the coercive force or coercivity (H.).

2.3.4 Cogging torque

It is an electromagnetic torque which is found in the permanent magnet machines
even when there is no excitation in the stator windings. The reason for such a kind of
torque is the interaction between the stator teeth and the permanent magnets’ field
of the rotor. The field around a stator tooth changes when the rotor is approaching
or leaving it. This results in a change of the coenergy in the air space between
the magnet and the tooth. Thus, a net torque is produced which is known as the

“cogging torque” [13].

The cogging torque is periodic and almost symmetric about its angular axis.

The relation between the mechanical revolutions of the motor and the cogging torque
cycles can be obtained by

Neo = LCM(s,p) (2.13)
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Figure 2.4:
The generic B-H demagnetization characteristics of some materials for second quad-
rant only [13].

where N, is the number of cogging cycles per mechanical revolution, and LC'M (s, p)
is least common multiple between the number of slots (s) and number of rotor poles
(p). As a general rule, it is better to have a high number of cogging cycles per
mechanical revolution. When this number increases, the cogging torque magnitude
decreases which means a better machine performance [13].

The cogging torque has a fundamental frequency of N.,. A modeling of the
cogging torque can be done as a Fourier sum of harmonics starting from fundamental

to other higher order harmonics. This can be written as
Too =Y Tnsin(nNy0 + ¢y,) (2.14)
n=1

where T, is the cogging torque, 6 is the mechanical rotor position, ¢, is the phase
shift of the component n, and n = 1 corresponds to fundamental 7 which gives the

peak fundamental of the cogging torque.
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2.4 Vector control of PMSM

The block diagram of a typical vector control system of the permanent magnet
synchronous motor can be shown in Figure 2.5. As seen from the figure, the mea-
sured rotor position is needed in the control system. It is mainly needed for the
dq transformation of the three phase quantities. However, in the sensorless control
technology the drive system is able to detect the rotor position and perform the

vector control without any need for a position sensor.

The dq transformation helps in converting the sinusoidal quantities into DC
ones. These DC quantities can be controlled using a PI controller which can be
implemented easily. As seen from Figure 2.5, an inverter is supplying the perma-
nent magnet synchronous motor with a three phase voltage. The motor’s three
phase stator currents as well as its speed and rotor position are measured using the
suitable sensors. The three phase stator currents are then converted using the dq
transformation and rotor position into a DC quantity which is fed into the current
controller. The desired current reference value is obtained from the torque reference
using the current reference calculation block. The measured current (DC quantity)
as well as the current reference value are fed into the current controller which cal-
culates using the measured speed the desired value of the stator voltage in a DC
quantity. After that, the resulting DC quantity of the stator voltage is transformed
into a three phase voltage using the rotor position. This three phase stator voltage

is used as a reference for the inverter.
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Figure 2.5:
Block diagram of a typical vector control system of PMSM with a position sensor
[20].
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Simulation: Motor

3.1 Introduction

In this chapter, the simulation of the permanent magnet synchronous motor will be
discussed. As mentioned earlier in chapter 1, the aim of this study is the verification
of a key performance indicator (KPI) that evaluates the quality of the potential
sensorless vector control capabilities of a certain permanent magnet synchronous
machine. To be able to reach that goal, an acceptable machine model needs to be
created and its performance must be compared with the original simulated machine
to make sure that it gives reliable results. Later, this machine will be considered as
a base machine and some modifications will be performed on it to see their impact
on the KPI as well as the sensorless position estimator. To have a model that is
very close to the real life machine performance, a model based on Finite Element
Analysis (FEA) is suggested. The software used for this is JMAG [11].

3.1.1 Finite Element Method

Computational electromagnetics (CEM) is a young field of study. It is still growing
as there is an increasing demand for software tools that can be used in the design
and the analysis of electrical devices. Twenty years ago, the design of most electrical
devices was based on building and testing prototypes. This kind of design approach
was slow and it had high costs. By introducing CEM, it was possible to decrease
both time and costs in the design process [21]. Nowadays, CEM is a very important
design tool that is used in the industrial and the academic fields. In electric power
engineering, CEM is used in the design and investigation of many devices like:

electrical motors, generators, transformers, relays and others [21].

The quality and the performance of the CEM tools is increasing in a very
fast way. This kind of increase is due to two reasons. The first reason is that the

computers are growing steadily and the second reason is the improvements in the
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3. Simulation: Motor

algorithms which are used in the calculation. There are many different algorithms
in the CEM field. Some examples of these algorithms are: Finite Differences (FD),
the Finite Element Method (FEM), and the Boundary Element Method (BEM)
[21]. The main goal of all of these algorithms is the application and the solution of

Maxwell’s equations [22].

Finite Difference methods are mainly discretizations of Maxwell’s equations
in differential form, using the field components, or the potentials, on a structured
grid of points as unknowns. There are two disadvantages of the Finite Difference
methods. The first is that they need uniform Cartesian (structured) grids to work
well. The second is that they use the so-called staircase approximation of bound-
aries that are not aligned with the grid. The Finite Element Methods are able
to approximate complex boundaries in a much better way. In these methods, the
computational region is divided into unstructured grids (typically triangles in two
dimensions and tetrahedra in three dimensions) [21]. Time-harmonic problems are
mainly solved using Finite Element Methods. Their disadvantage is that they are
slower in time-domain calculations. The Boundary Element Methods use discretiza-
tions of Maxwell’s equations in integral form. The currents or charges on the surfaces
of conductors and dielectrics are the unknowns. These methods come in handy when
the problem involves open regions and when the current-carrying surfaces are small
[21].

3.1.2 Maxwell’s Equations

As mentioned earlier, the main goal of the Computational electromagnetics’ algo-
rithms is the solution of Maxwell’s Equations. They are a set of equations that
describe the behavior of both electric and magnetic fields and their interaction with
different materials [22]. They are named after the famous physicist “James Clerk
Maxwell”. These equations are simply the results of a huge amount of experiments
and it is not possible to derive them from any other equations. The initial for-
mulation of these equations was in the form of twenty equations containing twenty
variables. Later, a much simpler representation was formulated using vector nota-

tions.

As explained before, the initial formulation of these equations was much more
complex and it had many variables. Nowadays, it is possible to represent them in
the form of four differential equations [22]: Faraday’s law

0B
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, Ampere’s law

oD
H=J+— 2
V x + > (3.2)
, Gauss’s law
V:-D=p (3.3)
and Gauss’s law for magnetic fields
V-B=0 (3.4)

where H is the magnetic field, J is the current density, D is the electric displacement,
E is the electric field, B is the magnetic field density, p is the electric charge density,
and t is the time variable. These equations are solved using the Computational
electromagnetic software tools with different boundary conditions depending on the

subject under study.

3.2 Motor Simulation

After understanding the concept and the operation principle of Finite Element Meth-
ods and that they use Maxwell’s equations to solve electromagnetic problems, the
motor simulation will be performed using the Computational electromagnetic soft-
ware tool: JMAG [11]. Two important software features will be used: JMAG-
Designer and JMAG-RT. Both of them are registered trademarks of JSOL Corpo-
ration [11]. The JMAG-Designer will be used to create a simulated model of the
motor under study based on real-life dimensions. It will take into account all prac-
tical design requirements like: material selection, saturation and others. Based on
the model created in JMAG-Designer, the JMAG-RT will create a block for the
studied PM synchronous motor which enables power electronics circuit simulations
with external programs such as Simulink using the result data of the Finite Element
Method (FEM).

3.2.1 Motor Specifications

As mentioned in chapter 1, the permanent magnet synchronous motor (PMSM) is
the main component of Bosch’s engine compartment actuator (ECA - E) which was
shown in Figure 1.1. In this section, a FEM model of this PM synchronous motor
will be created based on real life dimensions and specifications. The specifications
of the ECA - E are shown in Table 3.1. These data are collected from the internal
report in Robert Bosch GmbH [6]. This report was based on a development study
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of the engine compartment actuator (ECA - E) with respect to the magnetic and
electric properties according to the specification of a consultant [6]. Table 3.1 in-
cludes information about the number of teeth, slots, poles, maximum current, rated
mechanical speed and others. It is worth mentioning that the rated torque value
obtained in Table 3.1 is based on machine testing at rated speed using a trapezoidal
current waveform from an inverter [6]. In this study, the current waveforms will
be sinusoidal. This means that the value of this rated torque will be bigger as the

simulation will be performed using a sinusoidal current waveform instead.

Table 3.1: Specifications of the Permanent Magnet Synchronous motor [6].

Parameter Unit Value
Number of slots and teeth 12
Number of rotor poles 10
Number of phases 3
Phase current maximum value A peak 50.0
Rated mechanical speed rpm 2000
Rated Torque Nm 0.7
Motor constant Nm/A  0.019
Machine active mass kg 0.2053
Rotor moment of inertia kg mm? 5.0578

It is clear from the internal report [6] that the rotor of the studied motor has
ten grooves which are designed for placing the magnets. There are some holes in
the rotor structure. These holes are intended for two main reasons. The first reason
is the control of the magnetic flux path in the rotor structure. The second reason
is practical manufacturing requirements which are needed for motor mechanical
structure. It is also clear from the internal report that the magnet groove is not

totally flat and it has some depths.

The studied motor has the magnets placed on the outer surface of the rotor
core, in the grooves of the rotor. The cross section of the used magnets is rectangular
and they fit perfectly in the designed rotor grooves. Thus, the studied motor is a
Surface-Mounted PMSM similar to the motor in Figure 2.3a but the magnets have
some depth in the rotor core. This is needed from the mechanical strength point of
view. Also, this depth helps in increasing the difference between the quadrature and
direct axes inductances which can be used in the estimation of the rotor position by
saliency tracking [18].

The stator of the studied permanent magnet synchronous motor is similar
to the typical stator structure of a PM synchronous motor discussed in chapter
2. The dimensions of the stator core are extracted from the internal report in
Robert Bosch GmbH [6]. The stator has twelve teeth and twelve slots, which are
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distributed in a circular way. Similar to the rotor, there are some holes in the stator
structure. These holes are practical manufacturing requirements which are needed
for the mechanical structure of the motor. It is also clear from the internal report
[6] that the outer cylindrical surface of the stator is not totally smooth and it has
some depths and grooves. It is worth mentioning that after building the stator core
(composed of twelve teeth and slots), the twelve slots are filled with copper wires

which are connected in the way shown in Figure 3.1.

The stator winding is based on a three-phase winding which can be seen in
Figure 3.1. The specifications of the stator winding can be seen in Table 3.2 which
are also extracted from the internal report in Bosch [6]. Table 3.2 includes informa-
tion about the number of turns, circuit connection, phase resistance and others. The
three phase winding of the studied motor is made of copper wires and connected in

star (wye) which can be seen clearly in Figure 3.1.

Table 3.2: Specifications of the stator winding of the Permanent Magnet Syn-
chronous motor [6].

Parameter Value
Number of turns 14
Number of conductors per slot 28
Circuit connection Star(wye)
Phase resistance at 20 °C 28.72 mf)

As seen from Figure 3.1, each phase consists of two series coils which are paral-
lel with another two series coils. The resulting three phases are connected together
in one point which is the neutral point of the star (wye) connection. The direction
of the currents as well as the coil positions across the stator core are extracted from
the internal report in Robert Bosch GmbH [6]. The final implementation can be
seen later in Figure 3.9 where the numbers represent the orders of the coils. Figure
3.9 is only for the 2D half model so the coils (7, 8, 9, 10, 11, and 12) are not shown
but they also follow the same anti-periodic condition which is discussed in detail in

section 3.2.3.

The material information for the selected PM synchronous motor is extracted
from the internal report in Bosch [6]. According to [6], the motor shaft is made from
the steel material ST 37-100 and the stator and the rotor cores are made from another
steel material M800-65A. The permanent magnets are made from neodymium-iron-
boron (NdFeB) which is a Rare-earth magnetic material as discussed in chapter
2. Finally, the stator winding is made from copper conductors. The material data

collected can be shown in Table 3.3.

In Figure 3.2a, the typical curve between the magnetic field intensity (H)
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Figure 3.1:
Circuit diagram of the three-phase stator winding of the Permanent Magnet Syn-
chronous motor [6].

Table 3.3: Materials of different parts of the Permanent Magnet Synchronous
motor [6].

Part Material
Shaft ST 37-100
Rotor Core MB800-65A
Permanent magnets NdFeB
Stator Core MS&00-65A
Stator Winding Copper

and the magnetic flux density (B) is shown for the steel material: ST 37-100. This
typical B-H curve was obtained by the aid of the Steel Database found in the software
“SPEED?” [23]. The density of the steel material was found to be equal to 7860 kg/m?
[24]. For the steel material M800-65A, the typical B-H curve is shown in Figure
3.2b. This typical B-H curve was also obtained by the aid of the Steel Database in
“SPEED” [23]. The density of the steel material M800-65A was found to be equal to
7800 kg/m? and this value was also obtained from the Steel Database in “SPEED”.
According to [23], the thickness of one layer of the steel material M800-65A is equal
to 0.65 mm. From Table 3.1, it is seen that the depth of both rotor and stator cores
is equal to 20 mm. From these two facts, it is easy to calculate the number of layers
to form each of the stator core and the rotor core which is 30 layers. This means
that the effective length of the ferro-magnetic core (L.ss) is equal to 19.5 mm and
the the total apparent length including the insulation (L,,,) is equal to 20 mm. By
using (2.12), the stacking factor (K) of both the stator and rotor cores is equal to
0.975.

For the calculation of the iron losses of the steel material M800-65A, the Stein-
metz equation (2.11) discussed in chapter 2 can be used. The coefficients and powers
in (2.11) related to the steel material M800-65A can be obtained from the Steels
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B-H Curve for ST 37-100 B-H Curve for M800-65A
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Figure 3.2:
B-H Curves for a) ST 37-100 and b) M800-65A [23]

Database in “SPEED” [23] and they are shown in Table 3.4.

Table 3.4: The obtained coefficients and exponents in (2.11) related to the steel
material: M800-65A [23].

Coefficient or Exponent Value
Ch 0.021959
n 1.7
Ce 0.00025623

As shown in Table 3.3, the permanent magnets of the studied PM synchronous
motor are made from neodymium-iron-boron (NdFeB). The remanent flux density
(B,), and the coercive force or coercivity (H.) of the studied motor are found to
be equal to 1.22 T and —924.61 kA/m respectively [6]. By using these two values,
a similar curve to the one shown in Figure 2.4 and discussed in chapter 2 can be
obtained. This curve can be shown in Figure 3.3 and it will used to define the

magnets in JMAG. As seen, it is a linear curve which has a positive slope.

3.2.2 Real Life Machine Performance

In this section, the real-life machine performance and operation (the induced e.m.f.,
the cogging torque, and the rated torque) are discussed according to the internal
report in Robert Bosch GmbH [6]. It is worth mentioning that all the curves obtained
in this section are based on lab testing which was presented in the internal report
[6]. Figure 3.4 shows the induced e.m.f. as function of rotor position in electrical

degrees for a mechanical speed of 2000 rpm. The Figure 3.4 has three curves: one

27



3. Simulation: Motor

B-H Curve for NdFeB Magnet
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Figure 3.3:
The B-H demagnetization characteristics of the permanent magnets of the Perma-
nent Magnet Synchronous motor for second quadrant only.

for the measured value (green), and the other two are based on software simulations.
As seen from Figure 3.4, the curve has a sinusoidal waveform which agrees with the
discussion in section 2.2.3 in chapter 2. According to the figure, the maximum value
of the induced e.m.f. is equal to 1 pu where the base is selected as the peak value

of the simulated induced e.m.f., as seen in the figure.
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Figure 3.4:
Comparison of the induced e.m.f. at 2000 rpm: measured (green), and SPEED
software simulation (blue) and FEMAG software simulation (red) [6].

Figure 3.5 shows the measured cogging torque in p.u. as function of the rotor
position in mechanical degrees, where the base is selected as the average value of
the simulated rated torque that is seen in Figure 3.16. It is clear that the waveform
is distorted which may be due to the measurement disturbance which can be caused

by electromagnetic interference. The Figure 3.5 has two curves: one for the anti-
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clockwise rotation (pink), and the other for the clockwise rotation (blue). The two
curves are different from each other because of the variation in the position relative

to the teeth as well as the measurement disturbance which causes the distortion.
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Figure 3.5:

Measured cogging torque of the Permanent Magnet Synchronous motor: anticlock-
wise rotation (pink) and clockwise rotation (blue) [6].

According to Table 3.1, the number of the slots (s) and the number of the rotor
poles (p) of the studied PM synchronous motor are equal to 12 and 10 respectively.
By using (2.13), the number of cogging cycles per one mechanical revolution (V)
for the studied PM synchronous motor should be equal to 60. This also means that
cogging torque period in mechanical degrees is equal to 6 °. As seen from Figure 3.5,
the number of cogging cycles per one mechanical revolution (N,,) for the measured
cogging torque as well as the cogging toque period agrees with the calculated values
60 and 6 ° respectively. But, it is clear that the cogging cycles are strongly distorted
in the measurement in Figure 3.5. According to Figure 3.5, the peak-to-peak cogging

torque is equal to 0.0169 pu which is also obtained from the internal report [6].

Figure 3.6 shows the measured torque in pu as function of the rotor speed,
where the base is selected as the average value of the simulated rated torque that
is seen in Figure 3.16. The Figure 3.6 has three curves for three different motor
samples. As seen from Figure 3.6, the rated torque which is obtained at the rated
speed (2000 rpm) is equal to 0.85 pu. It is worth mentioning that this value of the
rated torque is based on machine testing at rated speed using a trapezoidal current
waveform from an inverter [6]. If the used current waveform is sinusoidal, this value

of the rated torque will be different due to the sinusoidal waveform. As seen in
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Figure 3.6, the value of the measured torque differs in a small way from one sample
to the other. This difference is bigger at low speed and it becomes smaller as the
speed increases.

1.21
1.09

0.97 _

0.85 T~

0.73

0.48

0.36

0.24

0.12

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Drehzahl (RPM)

‘ —__ Motor #18 — Motor #19 — Motor #20 ‘

Figure 3.6:
Measured torque — speed curve of the Permanent Magnet Synchronous motor for
three different motor samples (18, 19, 20) [6].

3.2.3 Simulation in JMAG-Designer

The specifications and the performance of the real-life PM synchronous motor in sec-
tions 3.2.1 and 3.2.2 are used for setting up the FEM simulation in JMAG-Designer
and for validating the simulation results. JMAG-Designer is a registered trademarks
of JSOL Corporation [11] and it is used to create a simulation model of the motor
under study, based on real-life dimensions. All practical design requirements like:
material selection, saturation and others are taken into account. The procedure of
creating the model can be divided into a group of steps which are: creating the
geometry, choosing the study type, setting the materials, creating the circuit, set-
ting the study conditions, generating the mesh, running the analysis, displaying the
results, modifying the circuit, running the analysis again, and displaying the results
again. If every step is performed in the right way, the step “running the analysis”

will be smooth and there will be no errors.

The final 2D half model that is created by the “geometry editor” is shown
in Figure 3.7. The first step “creating the geometry” starts with setting the units
that will be used, specifying the saving folder location, and identifying the geometric
plane that will be used (XY Plane as this is a 2D study). In this step, the “geometry
editor” of JMAG is used. It is worth mentioning that a 2D half model can be created

for this analysis because the geometry of the motor has a mirrored symmetry, and
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its magnetic field distribution has a periodicity (antiperiodic, i.e. the magnetic field
distribution reverses every 180 ° which is set in the condition “Rotation Periodic
Boundary”). This offers a more efficient analysis because the size of the model is
smaller. Consequently, the software calculation time will be smaller. Also, it is not
practical if the cross section of each wire of the conductors forming the coils in the
stator winding is drawn separately. Each cross section of the coils in the stator
winding can be modeled as one region if the current flowing through the coil regions
is distributed uniformly. This kind of approximation will not have a big impact on
the study scope [11]. It is worth mentioning that a 2D quarter model is not created

because of circuit restrictions. Using the basic shapes of the “geometry editor” and

PHSI-EOA

k.

Figure 3.7:
The final 2D half model created by the “geometry editor” including the shaft, rotor
core, permanent magnets, stator core, and stator winding.

based on the dimensions extracted from the internal report [6], the 2D half model,
including the shaft, rotor core, permanent magnets, stator core, and stator winding
can be created as shown in Figure 3.7. Some geometric approximations have been
made ignoring some fillets, holes, and others based on the fact that this kind of
approximation will not have a big impact on the study scope as the studied machine

will be used as a base model and any modification will be compared with it.

After creating the geometry, the type of the study that will be performed needs
to be selected. In this study, the “Magnetic Transient Analysis” study type has been
chosen. This study type is suitable for motors and machines as the analysis target

has time-varying phenomena such as motion and current variations [11].

The next step is setting the materials of the different parts of the studied
permanent magnet synchronous motor. This step is performed based on the motor
specifications in section 3.2.1 as well as the data extracted from the Table 3.3. It
is simply performed by the “drag-and-drop” feature of JMAG. Each material is
selected from the materials library in JMAG and dropped on the related geometric
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part of the motor. As more customized materials that are directly related to the
studied motor are needed for the parts: shaft, rotor and stator cores, and permanent
magnets, the “create new material” feature of the materials library is used to create
the materials: ST 37-100, M800-65A, and NdFeB. For the ST 37-100, the B-H curve
is inserted based on the Figure 3.2a. Also, the mechanical properties (like density)
which is mentioned in section 3.2.1 are inserted. The iron losses for ST 37-100 (shaft)
are ignored in this study as this kind of approximation will not have a big impact
on the study scope as no modifications will be made to the shaft and the studied
machine will be used as a base model and any modification will be compared with
it. For the M800-65A, the B-H curve is inserted based on the Figure 3.2b. Also,
the mechanical properties (like density and stacking factor for both stator and rotor
cores) which are mentioned in section 3.2.1 are inserted. The iron losses equation
for M800-65A is inserted based on the Steinmetz equation (2.11) and the values
in Table 3.4. For the NdFeB, the B-H demagnetization curve is inserted based on
Figure 3.3. Also, the mechanical properties (like density) is inserted as 7850 kg/m?
which is the default value in JMAG. The iron losses for NdFeB are ignored in this
study as this kind of approximation will not have a big impact on the study scope
as no modifications will be made to the magnets and the studied machine will be
used as a base model and any modification will be compared with it. The settings

for the permanent magnets made from NdFeB are inserted as in Table 3.5.

Table 3.5: The settings for the permanent magnets made from NdFeB of the
permanent magnet synchronous motor in JMAG.

[tem Parameter

Magnetization Pattern Parallel Pattern
(Circular Direction)

Number of poles 10

Angle from Reference Axis 18°

Start Point (Value is saved) (X, Y) (0,0)

Reference Axis Direction (Value is saved) (X, Y) (1,0)

After material selection, the circuit of the motor should be created. Based on
Figure 3.1, the 3-phase stator winding is connected in a star (wye) form. The values
inserted for the stator winding are obtained from Table 3.2. The circuit connection
for the 3-phase stator winding in JMAG can be shown in Figures 3.8a and 3.8b. The
Figure 3.8a shows an overview of the circuit connection with an electric potential
probe on each phase which is needed for the induced e.m.f. measurement. The

Figure 3.8b shows the detailed structure of the star (wye) connection.

The step “setting the study conditions” includes a group of conditions which

are needed to create an operation scenario which is similar to the real-life machine
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Figure 3.8:
The circuit connection for the 3-phase stator winding in JMAG a) overview and b)
detailed star connection.

performance. The first condition selected is “Motion: Rotation”. This condition
specifies the motion of the motor. For this condition, the machine parts: rotor core,
shaft, and the permanent magnets are selected to be moving with a constant revolu-
tion speed which is equal to 2000 rpm (the rated motor speed) in the anticlockwise
direction. The next condition is “Rotation Periodic Boundary”. Since the model
that is drawn by the “geometry editor” is only a half model because the geometry of
the motor has a mirrored symmetry, and its magnetic field distribution has a peri-
odicity, this condition must be specified to create the effect similar to the full model
creation. The 2D half model used for this analysis has a periodic angle of 180 ° and
a periodicity that is anti-periodic because the magnetic field distribution reverses
every 180 °. As shown in Figure 3.7, the second half of full 2D model will be exactly
the same in terms of geometry but the magnets will be reversed. Therefore, the
periodicity is selected to be antiperiodic and the periodic angle is chosen to be 180
° for the condition “Rotation Periodic Boundary”. Another condition that is needed
is “Torque: Nodal Force”. This condition is set to obtain the torque for a specified
part. The value of the torque is positive if the rotor rotates in the counterclockwise
direction (which is the direction of rotation of this study). For this condition, the
“Setting Target” is selected to be “Motion Region” which is the rotor in this study.
Another important condition is “FEM Coil”. This condition is set to link the coils
in the geometric model (stator winding) and the FEM coils in the created circuits
which can be seen in Figure 3.8b. The voltage generated in the coil terminal is

calculated using the flux linkage of the coil. One “FEM Coil” is set for each phase
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(b)

(c)

Figure 3.9:

The specified current flow directions in the three “FEM Coil” conditions for the
a) U-phase, b) V-phase, and ¢) W-phase where the circle denotes the upward
direction while the cross denotes the downward direction.
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(three phases in this study). The current flow direction is set for each “FEM
Coil” based on the internal report [6]. The specified current flow directions in the
three “FEM Coil” conditions for the U-phase, V-phase, and W-phase are shown
in Figures 3.9a, 3.9b and 3.9c respectively where the circle denotes the upward
direction while the cross denotes the downward direction of the current. Finally, the
condition “Iron loss calculation” needs to be added. The function of this condition
is to calculate the iron losses discussed in chapter 2 based on the selected materials

and their characteristics.

It is worth mentioning that some properties of the software for this study
need to be set. The first property is “step control”. This property affects both the
calculation time and the accuracy of the analysis. It specifies the time step by which
the JMAG-Designer calculates and stores quantities. The shorter time step gives
more accurate results but the amount of time for the analysis increases. Thus, the
time step should be selected based on a balance between the needed accuracy and
calculation time. For this study, this property is selected to be set automatically
based on the motion condition. But, the results obtained in Figure 3.15 are based
on a “step control” which has 20 steps of calculation in one cogging torque period.
This is needed to give a more detailed view of the cogging torque profile. Another
property is “Full Model Conversion”. It is a very important property as it converts
the half 2D model quantities to the full model ones. The depth of the studied
machine is inserted as 20 mm based on Table 3.1. The next property is “circuit
settings”. This property is needed to create the complete circuit connection (shown
in Figure 3.1) of the studied motor as the “FEM Coil” condition shown in

Figure 3.9 doesn’t include the parallel branches.

The step “generating the mesh” is needed to divide the geometric structure
into a grid (a mesh) where Maxwell’'s Equation discussed in section 3.1.2 can be
applied. The simulation has a rotational motion as the simulated device is an
electric motor. Thus, the “Slide Mesh” option is needed to account for this motion.
Also, a satisfactory element size should be selected to have an accurate analysis.
The final mesh structure selected for this study is shown in Figure 3.10. Also, a
detailed view of the “Slide Mesh” option in the final mesh structure can be shown
in Figure 3.11. It is clear from Figure 3.11 that the “Slide Mesh” is composed of
six rows and that its elements are smaller than the other ones. The elements of the

“Slide Mesh” are found in the air gap.

Finally, the steps “running the analysis” and “displaying the results” should
be performed. As mentioned earlier, if every step is performed in the right way,
the step “running the analysis” will be smooth and there will be no errors. The

results obtained for this simulation study are discussed in section 3.2.4. The induced
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Figure 3.10:
The final mesh structure selected for the study including the “Slide Mesh” option.

em.f. (Figure 3.14) and the cogging torque (Figure 3.15) are generated based on
the circuit connection shown in Figure 3.8. To generate the rated torque (Figure
3.16), a circuit modification is needed. According to chapter 2, a constant output
power (constant torque) can be produced on one condition. That condition is that
the injected 3-phase currents into the stator windings are sinusoidal and in phase
with the 3-phase induced e.m.f. Thus, the circuit connection is modified to include
a 3-phase sinusoidal current source which is in phase with the 3-phase induced e.m.f.
Its amplitude is 50 A based on Table 3.1 and its frequency is 166.6667 Hz based on
(2.1) (number of poles = 10 and the synchronous speed is 2000 rpm). The modified

circuit can be shown in Figure 3.12.

As mentioned in section 3.2, a block for the studied PM synchronous motor
which enables power electronics circuit simulations with external programs such
as Simulink using the result data of the Finite Element Method (FEM) will be
created from the model in JMAG-Designer. The JMAG-RT tool will be used for that
purpose. After the creation of the model in JMAG-Designer, the “JCF” file including
the mesh data is exported. This file is imported in the JMAG-RT tool and the option
“Spatial Harmonic Model” is selected as it takes into account the slot harmonics
which is relevant to this study. Two types of blocks for the studied PM synchronous
motor can be generated from the JMAG-RT tool which can be shown in Figure
3.13. The first (Figure 3.13a) is the “Current signal input” and it takes the load
torque, the three phase currents, the coils temperature, and the magnet temperature
as inputs and gives the rotation angle, the revolution speed, the generated torque,
the total three phase flux linkages in the coils, and the quadrature and the direct
axes inductances as outputs. This block will be used in the Simulink model used to

obtain the key performance indicators that will be discussed in Chapter 4. While, the
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Figure 3.11:
A detailed view of the “Slide Mesh” option in the final mesh structure selected for
the study.

second (Figure 3.13b) is the “Electric signal input” and it takes the load torque, the
three phase voltages, the coils temperature, and the magnet temperature as inputs
and gives the three phase currents, the rotation angle, the revolution speed, the
generated torque, the hysteresis loss, the eddy current loss, the total three phase
flux linkages in the coils, and the quadrature and the direct axes inductances as
outputs. This block will be used in the Simulink model used for the verification of

the key performance indicators that will be discussed in Chapter 6.

3.2.4 Simulated Machine Results

Similar to section 3.2.2, the induced e.m.f., the cogging torque, and the rated torque
of the simulated motor are studied. If one complete electrical revolution of the
machine is given by 360 °, the corresponding mechanical revolution can be easily
calculated. According to Table 3.1, the number of the rotor poles (p) of the studied
PM synchronous motor is equal to 10. Using (2.2) after integration (position instead
of speed), the corresponding mechanical angle rotation is found to be equal to 72
°. It is worth mentioning that all the curves obtained in this section are based on a
mechanical angle rotation of about 72 © which is equivalent to one complete electrical

revolution of the studied PM synchronous motor.

Figure 3.14 shows the simulated induced e.m.f. in pu on the y-axis and the
rotor position in electrical degrees on the x-axis for one complete electrical revolution

where the base is selected as the maximum value of the simulated induced e.m.f. in
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Figure 3.12:
The modified circuit connection for the 3-phase stator winding in JMAG to obtain
the rated torque.

the same figure. As seen from Figure 3.14, the curve has a sinusoidal waveform which
agrees with the discussion in chapter 2. According to Figure 3.14, the maximum
value of the simulated induced e.m.f. is equal to 1 pu which agrees with value
obtained from the real-life machine performance in Figure 3.4. By comparing the
waveforms in Figures 3.4 and 3.14, it is clear that both are sinusoidal, they have the
same maximum value (1 pu) and their periods are the same which are equal to 360
°. The waveform in Figure 3.14 is less smooth and this may be due to the selected
time step in the simulation. A smaller time step will give a smoother waveform.
Additionally, the waveform in Figure 3.14 starts at the value (0.5 pu) and not 0 pu
as the one in Figure 3.4. This is due to the difference in the selected zero reference

of the rotor position in both cases.

Figure 3.15 shows the simulated cogging torque in pu on the y-axis and rotor
position in mechanical degrees on the x-axis for one quarter of one electrical revo-
lution, equivalent to a mechanical angle rotation of about 18 °. The base torque is
selected as the average value of the simulated rated torque that is seen in Figure
3.16. Figure 3.15 is based on the anticlockwise rotation of the rotor at a constant
speed of 2000 rpm. As shown before, the number of cogging cycles per one me-
chanical revolution (N,,) for the studied PM synchronous motor should be equal

to 60. This also means that cogging torque period in mechanical angle is equal to
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Figure 3.13:

The Simulink blocks generated from the JMAG-RT tool for the studied PM
synchronous motor: a) Current signal input model b) Electric signal input model.

6 °. As seen from Figure 3.15, the period of one simulated cogging torque cycle
is equal to 6 °. This means that the number of simulated cogging cycles per one
mechanical revolution (N,,) should be equal to 60 which agrees with both the cal-
culated values and the values obtained from the real-life machine performance in
Figure 3.5. According to Figure 3.15, the peak-to-peak cogging torque is equal to
0.0011 pu which is different from the value obtained in Figure 3.5 (0.0169 pu). This
may be due to the measurement disturbance which causes the distortion in Figure
3.5. By comparing the waveforms in Figures 3.5 and 3.15, it is clear that the one
in Figure 3.5 is strongly distorted. Thus, it is not easy to compare them. But, it is
clear that the cogging toque periods are equal and they agree with the calculated
value. Additionally, the peak-to-peak values are different due to the measurement

disturbance.

According to chapter 2, a constant output power (constant torque) can be
produced on one condition. That condition is that the injected 3-phase currents
into the stator windings are sinusoidal and in phase with the 3-phase induced e.m.f..
Figure 3.16 shows the simulated produced torque in pu on the y-axis and the rotor
position in mechanical degrees on the x-axis for one electrical revolution which is
equivalent to a mechanical angle rotation of about 72 © where the base is selected
as the average value of the simulated rated torque in the same figure. Figure 3.16
is based on a constant rotor speed of 2000 rpm and a 3-phase sinusoidal current
source which has a phase current maximum value of about 50 A and in phase
with the 3-phase induced e.m.f.. As seen from Figure 3.16, the average value of
the simulated produced torque is about 1 pu. The average value of the simulated

produced torque in Figure 3.16 is different from the rated torque value obtained
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Figure 3.14:

Simulated induced e.m.f. (one phase) at 2000 rpm of the Permanent Magnet Syn-
chronous motor (one complete electrical revolution equivalent to a mechanical angle
rotation of about 72 °).

from the real-life machine performance from Figure 3.6. This is because the rated
torque value obtained from the real-life machine performance in Figure 3.6 is based
on machine testing at rated speed using a trapezoidal current waveform from an

inverter [6].

3.3 Cost Calculation

The materials costs of the simulated machine (base model) are calculated as they
will be compared with the costs of the modified machines in Chapter 6. The volumes
of all parts of the machine are obtained in JMAG-Designer using the “Volume/Area
Calculation” tool. After that, the masses are obtained using the information about
the densities of materials, shown in Table 3.6. Finally, the costs are calculated based
on the prices in Table 3.7. It is worth mentioning that the price of the steel material
“M800-65A" in Table 3.7 includes also the stamping costs. Also, a copper fill factor
of 0.4 is considered in the volume calculation of the stator winding [6]. The final
costs calculation of the simulated Permanent Magnet Synchronous motor of Bosch’s
engine compartment actuator (ECA - E) can be shown in Table 3.8. This price
doesn’t include the end winding, outer housing, bearings, power electronics, and

others.
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Figure 3.15:
Simulated cogging torque at 2000 rpm of the Permanent Magnet Synchronous motor

(one quarter of one electrical revolution equivalent to a mechanical angle rotation
of about 18 °).

Table 3.6: The densities of the materials of different parts of the Permanent Magnet
Synchronous motor.

Part Material Density
Shaft ST 37-100 7860 kg/m?
Rotor Core M800-65A 7800 kg/m?
Permanent magnets ~ NdFeB 7400 kg/m?
Stator Core M800-65A 7800 kg/m?
Stator Winding Copper 8930 kg/m?

Table 3.7: Prices of the materials of different parts of the Permanent Magnet
Synchronous motor.

Material Price
ST 37-100 0.31 €/kg
MB800-65A 2.8 €/kg
NdFeB 220 €/kg
Copper 8 €/kg
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Figure 3.16:
Simulated rated torque which is obtained at the rated speed (2000 rpm) of the Per-
manent Magnet Synchronous motor (one complete electrical revolution equivalent
to a mechanical angle rotation of about 72 °).

Table 3.8: The final costs calculation of the simulated Permanent Magnet Syn-
chronous motor of Bosch’s engine compartment actuator (ECA - E).

Part Volume (mm3) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 5665.49 0.12373
Stator Core 12717.10 0.27774
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.10782

3.4 Conclusion

By comparing sections 3.2.2 and 3.2.4, it can be concluded easily that the simulated
permanent magnet synchronous motor model in the Computational electromagnetic
software tool (JMAG) has a similar performance when compared to the real-life
performance of the permanent magnet synchronous motor in Bosch’s engine com-
partment actuator (ECA - E) shown in Figure 1.1. The developed model is an
acceptable representation of the real-life machine and it will be used in the inves-
tigations of the key performance indicator. As previously discussed, the simulated
induced e.m.f. matches the one measured from the real-life machine performance as
they are both sinusoidal, they have the same maximum value (1 pu), their periods

are equal (360 °). However, the simulated waveform is less smooth due to the se-
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lected time step. Additionally, the simulated cogging torque has the same number
of cogging cycles per one mechanical revolution (N.,= 60) as well as the period (6
°) when compared with the measured and calculated one. But, it is noticed that
the waveform of the measured one is strongly distorted and its peak-to-peak value
(0.0169 pu) is different from the simulated value (0.0011 pu) which may be due
to the measurement disturbance. Finally, the average value of the simulated rated
torque is equal to 1 pu which is different from the measured one (0.85 pu). This
can be explained by the difference in the used current waveform. To sum up, the
simulated model doesn’t fit perfectly when compared with the original machine, but

it offers an acceptable motor performance which can be used in the next step.

43



3. Simulation: Motor

44



4

Proposed Key Performance

Indicator

In this chapter, the proposed key performance indicator is identified and discussed
in details. This key performance indicator is used to evaluate the capability of a
sensorless vector control system to perform the vector control of a certain PMSM
with a good quality. The selected key performance indicator is primarily based on
the work performed in the University of Nottingham and published in the “Power
Electronics and Motion Control Conference” [16], [18]. The machine under study is
the permanent magnet synchronous motor which is the main component of Bosch’s
engine compartment actuator (ECA - E) shown in Figure 1.1. This machine and its

simulation methodology are discussed in details in chapter 3.

After the identification and the discussion of the KPI, the MATLAB and
SIMULINK model proposed for its calculation will be discussed. Its components
as well as its performance will be explained in details. Finally, the results obtained
from that model will be presented. These results should be kept as a reference as
they will be used later in chapter 6 to validate the link between the selected KPI

and its effect on the sensorless control performance.

4.1 Key performance Indicator

As mentioned earlier, the selected key performance indicator is primarily based on
the work performed in the University of Nottingham and published in the “Power
Electronics and Motion Control Conference” [16], [18]. Some definitions as well as
the link between the selected KPI and its effect on the sensorless control performance
will be presented in this section. The selected key performance indicator in this study
is the “machine inductances”. It is a good indicator as it considers the effect of the
load and saturation, the influence of anisotropy determined by the rotor position

and the current phase angles, and the cross-coupling between the quadrature and
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direct axes [16].

4.1.1 Incremental inductance

The selected key performance indicator in this study is the “machine inductance”
and specifically the “dynamic (incremental) inductance”. This kind of inductance
is different from the classical definition of the machine inductances which is known
as the “static (apparent) inductance”. It is strongly preferred in this study as it
improves the accuracy of the machine model discussed in section 2.2.3 in chapter 2.
This is because it considers the effect of the load and saturation, the influence of
anisotropy determined by the rotor position and the current phase angles, and the

cross-coupling between the quadrature and direct axes [16].

According to [25], two kinds of motor inductance are considered in the litera-
ture. These two kinds are the static (apparent) inductance (L,) and the dynamic
(incremental) inductance (L;). The static (apparent) inductance (L,) is the slope
of the straight line from the origin through the operating point which can be seen
in the magnetizing curve in Figure 4.1. This kind can be used when the transients
are not so important. The static (apparent) inductance (L,) is given by

L, = % (4.1)
i
where ¢ is the flux linkage and ¢ is the magnetizing current. While, the dynamic
(incremental) inductance (L;) is the slope of the tangent line to the magnetizing
curve at the same operating point which can be seen in Figure 4.1. This kind can
be used when the dynamic behavior is considered under transient conditions. It is
clear that this study is more concerned with the dynamic behavior of the studied
PM synchronous motor which means that the incremental inductance is preferred.

The dynamic (incremental) inductance (L;) is given by

_w

Li =
di

(4.2)

4.1.2 Evaluation of Sensorless performance

The conventional dq model of the PM synchronous machine given by (2.7) and (2.8)
may result in inaccurate calculations if it is used for parameter predictions [16]. To

improve its accuracy, the model can be modified to take into account the influence
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Figure 4.1:
Current — Flux linkage magnetizing curve with the static inductance and the incre-
mental inductance.

of the self- and cross-coupling or mutual inductances between the quadrature and
direct axes.
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where Lgq, Lgq are the direct and quadrature axis self-inductances, L4, Lgq are
the direct and quadrature axis cross-coupling inductances, Vg, V; are the d-q axes
voltages, Lq, L, are the d-q axes inductances, 44, ¢q are the d-q axes currents, w, is
the rotational speed, R is the stator windings resistance, p is the pole-number of
the machine, and A is the amplitude of the flux induced by the permanent magnets.
It is worth mentioning that the inductances L4, Lyq, Laq, and Lgq are based on the

“incremental inductance” concept which is discussed in section 4.1.1. From [16] and
based on (4.2), Ly, Lyg, Lag, and Ly are defined by

8% (id, Zq) 81/1q (’id, Zq)
Lyg = —£4 4/ Ly, = @ 4,
dd 6z’d ) qq 8@-(1 ( 5)
8wd(id, Zq> 8wq (’id, Zq)
Ly, = —2 47 Ly = @4 4,
dq 82(1 ) qd 82d ( 6)

where 14, and v, are the d-q axes flux linkages.

Ideally, the PM synchronous machine should have a sinusoidal flux [13]. Con-
sequently, the inductance characteristics of Lgq, Lgg, Lag, and Lgq should be DC
values which are affected by the machine loading [9]. In real-life applications, the

inductance characteristics of Lgq, Lgg, Ldq, and Ly are not DC values and they
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have some space harmonics which are shown in Figure 4.10. As the rotor rotates,
these space harmonics are produced in the incremental d-q inductances. They are
due to the harmonics of the geometric and saturation saliency [18]. From [18] and
by using Fourier analysis (found in the appendix), the harmonic analysis of the

self-inductances (Lgq, and L,,) in a PM synchronous machine results in

L L

Laa(w) = Lo (w) + %ﬂ 6w + 6uw) — %ﬁ j6(w — 6w,) (4.7)
L L

Lyg(w) = 2Lgmd(w) — %”5(&) + 6w,) — %”5(&) — 6w,) (4.8)

where 0 is a delta function related to Fourier transformation, w is the angular ve-
locity, Lg is the phase stator inductance, L; is the saliency component, and Lo is
the more significant “unwanted” disturbance related to the phase inductance [18].
It is worth mentioning that there are other higher order harmonics but they are
ignored due to their unimportant contribution as their magnitudes are small. From
[18] and by using (4.7) and (4.8), it is observed that the more significant “unwanted”
disturbance related to the phase inductance (Ls) is shifted in frequency and appears
as a sideband component given by (w % 6w.). This means that an unwanted dis-
turbance will appear in the sixth harmonic component together with its multiples
which is confirmed in Figures 4.11a and c. Figure 4.11 shows a Fourier analysis
of the incremental inductances for the machine studied in Chapter 3 where three
loading conditions are considered (no load (0 %), 30 % of the full load and full
load (100 %)). Figures 4.11a and ¢ shows the harmonic contents of the direct and
quadrature axis self-inductances (Lgq and L,,) respectively, while Figures 4.11b and
d shows those of the direct and quadrature axis cross-coupling inductances (L,
and L,q) respectively. According to [18], the cross-coupling or mutual inductances
(Lag, and Lgq) should also have the unwanted disturbance in the sixth harmonic

component together with its multiples which is conformed in Figures 4.11b and d.

As previously discussed, the incremental inductances (Lgg, Lgq, Lag, and Lgq)
are not DC values and they have some space harmonics in real-life applications. This
would have a direct impact on the machine saliency which is discussed in chapter 2.
Saliency is a very important characteristic in the PM synchronous machine which
can be used in the estimation of the rotor position by saliency tracking [18]. Thus,
any disturbance in the machine saliency will result in a bad estimation of the rotor
position by that method of tracking. Also, more disturbances (more harmonic com-
ponents) in the machine saliency give a worse estimation of the rotor position by
saliency tracking. Consequently, the level of harmonic components in the incremen-

tal inductances (Lgq, Lgg, Laq, and Lgq) is an indication of the quality of the rotor
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position estimation by that method of tracking. In conclusion, the level of harmonic
disturbance in the incremental inductances (Lgq, Lgg, Lag, and Lyq) can be used as
a key performance indicator to give a preliminary evaluation of the capability of
a certain PM synchronous machine to perform sensorless vector control in a good

quality using saliency tracking [18].

4.1.3 Suggested Methodology

According to [16], a proposed approach can be used to calculate the incremental
inductances of a certain machine accurately based on the Finite Element Method
which is discussed in chapter 3. These inductances can be calculated from the stored
magnetic energy or from the flux linkages. The approach in [16] is based on the flux

linkages and it will be discussed in this section.

From (4.5) and (4.6), the incremental inductances (Lgq, Lgq, Ldg, and L)
can be obtained by the approximation of the partial derivatives and using partial

differences instead. This can be given by

81/}d A1/}d 877Dq A¢q
M Dig T Nig Aig=0 “o B, A, Aiy=0 (4.9)
Lag = Ka o, B : Lya = 9 o AY (4.10)
Oig Ay, Aiyg=0 dig Aiy Aig=0

where the d-q flux linkage variations (A, and At,) are obtained with respect to
the current variations (Aig and Ai,). A FEM model of the motor under study is
used to calculate these inductances. The Finite Element model of the studied PM
synchronous motor is created based on the specifications of the studied motor. The
Finite Element model of the studied PM synchronous motor is a “three — phase”
model. In order to be able to use the equations (4.9) and (4.10), transformation
between three-phase and two-phase system (using amplitude invariant transforma-
tion) as well as transformation between rotating and stationary coordinate system,
and vice versa need to be implemented. Also, the loading conditions that will
be considered for the studied PM synchronous motor are as follows: I; = 0 and
I, = load. The suggested methodology shown in Figure 4.2 can be summarized in
four stages (no-disturbance, disturbance in d-current, disturbance in g-current, and
calculation of the incremental inductances) and it will be implemented later using
a MATLAB\Simulink model, the detailed stages are as follows:

1. No-disturbance: In this stage, no disturbance is applied to the input current

of the studied motor. Thus, the machine is loaded with the normal loading
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50

conditions (I3 = 0 and I) = load). The d-q flux linkages (¢4 and ¢?) are
obtained and stored. This process is repeated with several rotor positions of
the studied motor and values for the whole electrical period are obtained and

stored. This stage can be shown in the upper part of Figure 4.2.

. Disturbance in d-current: In this stage, a disturbance (Aly) is applied to the

input d-current of the studied motor. Thus, the machine is loaded with the
loading conditions (I§j = AI; and I = load). The d-q flux linkages (1§
and wff) are obtained and stored. This process is repeated with several rotor
positions of the studied motor and values for the whole electrical period are
obtained and stored. This stage can be shown in the middle upper part of
Figure 4.2.

. Disturbance in g-current: In this stage, a disturbance (Al,) is applied to the

input g-current of the studied motor. Thus, the machine is loaded with the
loading conditions (I = 0 and I = load + Al;). The d-q flux linkages (¢§
and @/)g) are obtained and stored. This process is repeated with several rotor
positions of the studied motor and values for the whole electrical period are
obtained and stored. This stage can be shown in the middle lower part of
Figure 4.2.

. Calculation of the incremental inductances: In this stage, the incremental

inductances (Lga, Lyqg, Lag, and L) are calculated from the differences between
the disturbed and undisturbed fluxes, and the magnitude of the disturbance
currents applied using (4.9) and (4.10). This stage can be shown in the lower
part of Figure 4.2.
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Figure 4.2:
Incremental inductances modeling flow chart [16].
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It is worth mentioning that the current disturbance used in this methodology
may consist of a DC value or an AC value. The advantage of using a DC value is that
it reduces the computation time since a low number of iterations is required. As a
general law, a DC disturbance analysis (which requires reduced computation times)
can calculate the incremental inductances accurately using the proposed method-
ology [16]. But an AC disturbance analysis is preferred for much higher frequency

ranges and when the frequency-related effects need to be analyzed in details [16].

Finally, the resulting values of the incremental inductances are plotted against
the mechanical or electrical position of the rotor. Also, a Fourier analysis can be
performed on the resulting incremental inductances. The harmonic content can be
analyzed and used as a key performance indicator to give a preliminary evaluation of
the capability of a certain PM synchronous machine to be controlled using saleincy

tracking in a sensorless vector control system in a good quality as discussed earlier.

As an example for the previous discussion, the suggested methodology is ap-
plied on Bosch’s machine (ECA - E). A schematic model of this machine can be
shown in Figure 3.7. The machine’s rated speed is 2000 rpm and it has 10 poles, 12
slots and 14 turns. The permanent magnets are placed on the surface of the rotor

with some depth in the rotor core.

In this study, the calculated incremental inductances are obtained based on
the previously discussed methodology. It is obtained for one full electrical revolution
under three different loading conditions: no load (0 %), 30 % of the full load and
full load (100 %). The resulting incremental inductances are plotted against the
electrical position of the rotor as shown in Figure 4.10. The calculated incremental
inductances for the motor at no load (0 %) is shown in Figure 4.10a, the calculated
incremental inductances for the motor at 30 % of the full load is shown in Figure
4.10b, while the calculated incremental inductances for the motor at full load (100 %)

is shown in Figure 4.10c.

A Fourier analysis is performed on the resulting incremental inductances for
the machine studied in Chapter 3. The harmonic contents of these inducances under
three different loading conditions: no load (0 %), 30 % of the full load and full load
(100 %) are shown in Figure 4.11. The harmonic contents of the direct and quadra-
ture axis self-inductances (Lg4q and L) are shown in Figures 4.11a and c respec-
tively, while the harmonic contents of the direct and quadrature axis cross-coupling
inductances (Lg4, and L) are shown in Figures 4.11b and d. Figure 4.11 shows
the harmonic contents in a per unit representation respect to the offset value (the
average inductance). It is worth mentioning that the Figure 4.11 agrees with what

is mentioned in section 4.1.2 where the unwanted disturbances of the incremental
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inductances appear in the sixth harmonic component together with its multiples.

4.2 Implementation

After the discussion of the work that is performed in the University of Nottingham
and published in the “Power Electronics and Motion Control Conference” [16], [18],
the implementation of the suggested methodology should be applied on the perma-
nent magnet synchronous motor which is the main component of Bosch’s engine

compartment actuator (ECA - E) shown in Figure 1.1.

As mentioned in section 4.1.3, a Finite Element model of the studied PM
synchronous motor needs to be created. This is done and discussed in details in
chapter 3. As a result of this model, two blocks for the studied PM synchronous
motor which enables power electronics circuit simulations with external programs
such as Simulink are generated which are shown in Figure 3.13. According to section
3.2.3, the block “Current signal input” shown in Figure 3.13a will be used in the
Simulink model used for obtaining the key performance indicators based on the

suggested methodology.

The d-q currents which need to be injected to the studied PM synchronous
motor will be implemented using a MATLAB\Simulink model. Also, this model
will be used to perform the transformation between three-phase and two-phase sys-
tem (using amplitude invariant transformation) as well as transformation between
rotating and stationary coordinate system, and vice versa. Additionally, it will be
used for plotting, performing Fourier analysis, and the calculation of the incremental
inductances based on (4.9) and (4.10).

Finally, it is worth mentioning that the suggested methodology will be applied
on the studied PM synchronous motor under three different loading conditions. The
first loading condition is the full load case (I; = 0 A and I, = 50 A) as the Phase
current maximum value is 50 A according to Table 3.1. The second loading condition
is 30 % of the full load case (I; =0 A and I, = 15 A). The third loading condition
is the no load case (I; =0 A and I, = 0 A). Also, the current disturbance that will
be applied on the d-q currents is a DC value of 0.5 A as the DC value reduces the
computation time since a low number of iterations is required and it gives reliable

results as discussed in section 4.1.3.

The Matlab code that is used for the suggested methodology can be seen in
section A.3 in the Appendix. The first part of the code is mainly for defining some

parameters that are used in the study like: the number of poles, the mechanical
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speed, and the current disturbance. Then, the injected d-q currents to the studied
PM synchronous motor are defined in three stages. The first one is for the “No-
disturbance” stage, the second is for the “Disturbance in d-current” stage, and the
third is for the “Disturbance in g-current” stage. These are the same stages that are
discussed in section 4.1.3. It is worth mentioning that the code given in section A.3
in the Appendix is for the full load case. For the other cases (30 % of the full load
and no load), the d-q currents need to be modified accordingly. After defining the
injected d-q currents, the operating time conditions as well as the sampling frequency
need to be set. The simulation is run for a period of 0.006 s which is equivalent to

one electrical cycle based on a mechanical revolution speed of 2000 rpm. After that,
the SIMULINK model which can be shown in Figure 4.3 is called.

This SIMULINK model helps in injecting the defined d-q currents to the motor
blocks of the type shown in Figure 3.13a. There are three motor blocks, one for every
current injection stage. Also, the SIMULINK model carries out the transformation
between three-phase and two-phase system (using amplitude invariant transforma-
tion) as well as transformation between rotating and stationary coordinate system,
and vice versa. The outputs of the three motor blocks are the three-phase flux link-
ages. Then back to the Matlab code, the next stage is the removal of the first point
in the stored values for the currents, and flux linkages in the workspace. This is done
based on the fact that all these quantities are periodic. This stage is very important
as it removes the errors in calculations. After that, the incremental inductances
(Ldd, Lgg, Lag, and Lgq) are calculated based on (4.9) and (4.10). Then, the input
currents as well as the output flux linkages are plotted for the sake of monitoring the
system. The next stage is the Fourier analysis of the incremental inductances and
then, these incremental inductances as well as their harmonic content are plotted to

be used as a key performance indicator.
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Figure 4.3:
The SIMULINK model used for the calculation of the key performance indicator
including three current injection stages.

4.3 Results

As mentioned earlier, the suggested methodology is applied on the studied PM syn-
chronous motor under three different loading conditions. The first loading condition
is the full load case (I; = 0 A and I, = 50 A). The second loading condition is
30 % of the full load case (I; =0 A and I, = 15 A). The third loading condition is
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the no load case (I; =0 A and I, = 0 A). In this section, the plotted incremental
inductances (Lgq, Lqq, Lag, and Lyg) resulting from the MATLAB\Simulink model

discussed in section 4.2 as well as their harmonic contents are displayed.

4.3.1 Full load case

In this case, the motor is loaded with its rated current. According to Table 3.1,
the phase current maximum value of the studied PM synchronous motor is 50 A.
Thus, the loading conditions for this case should be as follows: I; = 0 A and
I, = 50 A. These values are inserted in the Matlab code shown in section A.3 in the
Appendix. The resulting incremental inductances (Lag, Lgg, Lag, and Lgq) as well as
their harmonic contents are shown in Figures 4.4 and 4.5 respectively. The resulting
values of the incremental inductances (Lgg, Lag, Lqq, and Lyg) plotted against the
electrical position of the rotor at full load are shown in Figures 4.4a, 4.4b, 4.4c,
and 4.4d respectively. While, the resulting harmonic contents of the incremental
inductances (Lgg, Lag, Lqq, and Lyq) at full load are shown in Figures 4.5a, 4.5b,
4.5¢, and 4.5d respectively.

It is worth mentioning that the incremental inductances are plotted against
one electrical cycle of the rotor of the studied PM synchronous motor in Figure 4.4.
Also, in Figure 4.4, it can be easily seen that the inductance characteristics of Lgyq,
Ly, Lag, and Lyg are not DC values and they have some space harmonics which
agrees with what is mentioned in section 4.1.2. They are due to the harmonics of
the geometric and saturation saliency [18]. Finally, all these inductances in Figure

4.4 are plotted in micro-Henry (uH).

Figure 4.5 shows the magnitude of the harmonic components of the resulting
incremental inductances. These magnitudes are calculated as a per unit representa-
tion respect to the offset value (the average inductance) of each related inductance
which can be seen in the Matlab code in section A.3 in the Appendix. Also, they
are plotted against multiples of the frequency of the electrical period of the motor.
It is worth mentioning that the Figure 4.5 agrees with what is mentioned in section
4.1.2 where the unwanted disturbances of the incremental inductances appear in the

sixth harmonic component together with its multiples.

4.3.2 Thirty percent of the full load case

In this case, the motor is loaded with 30 % of its rated current (15 A). Thus, the
loading conditions for this case should be as follows: I; = 0 A and I, = 15 A. These
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Figure 4.4:
The resulting values of the incremental inductances plotted against the electrical
position of the rotor at full load: a)Lgq b)Lg, ¢)Lyq d)Lga-

values are inserted in the Matlab code shown in section A.3 in the Appendix. The
resulting incremental inductances (Lgq, Lqg, Lag, and Lyq) as well as their harmonic
contents are shown in Figures 4.6 and 4.7 respectively. The resulting values of
the incremental inductances (Lgg, Lag, Lqq, and L) plotted against the electrical
position of the rotor at 30 % of the full load are shown in Figures 4.6a, 4.6b, 4.6c,
and 4.6d respectively. While, the resulting harmonic contents of the incremental
inductances (Lgg, Lag, Lgg, and Lyq) at 30 % of the full load are shown in Figures
4.7a, 4.7b, 4.7c, and 4.7d respectively.

Again, the incremental inductances are plotted against one electrical period of
the rotor of the studied PM synchronous motor in Figure 4.6. Also, in Figure 4.6,
it can be easily seen that the inductance characteristics of Lgyq, Lgq, Ldq, and Lgg

are not DC values and they have some space harmonics which agrees with what is
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Figure 4.5:
The resulting harmonic contents of the incremental inductances at full load: a)Lgqg

b) qu C) qu d) qu .

mentioned in section 4.1.2.

Figure 4.7 shows the magnitude of the harmonic components of the resulting
incremental inductances. These magnitudes are calculated as a per unit representa-
tion respect to the offset value (the average inductance) of each related inductance
which can be seen in the Matlab code in section A.3 in the Appendix. Also, they
are plotted against multiples of the frequency of the electrical period of the motor.
Again, It is worth mentioning that the Figure 4.7 agrees with what is mentioned
in section 4.1.2 where the unwanted disturbances of the incremental inductances

appear in the sixth harmonic component together with its multiples.
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Figure 4.6:
The resulting values of the incremental inductances plotted against the electrical
position of the rotor at 30 % of the full load: a)Luq b) Ly ¢)Lgq d)Lga.

4.3.3 No load case

In this case, the motor is loaded with zero current. Thus, the loading conditions for
this case should be as follows: I; =0 A and I, = 0 A. These values are inserted in
the Matlab code shown in section A.3 in the Appendix. The resulting incremental
inductances (Lgq, Lqq, Lag, and Lyq) as well as their harmonic contents are shown in
Figures 4.8 and 4.9 respectively. The resulting values of the incremental inductances
(Lad, Lag, Lqg, and Lyq) plotted against the electrical position of the rotor at no load
are shown in Figures 4.8a, 4.8b, 4.8c, and 4.8d respectively. While, the resulting
harmonic contents of the incremental inductances (Lgq, Laq, Lqq, and Lyq) at no load

are shown in Figures 4.9a, 4.9b, 4.9¢, and 4.9d respectively.

Again, the incremental inductances are plotted against one electrical period of
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Figure 4.7:
The resulting harmonic contents of the incremental inductances at 30 % of the full

load: a)de b)qu C)qu d)qu.

the rotor of the studied PM synchronous motor in Figure 4.8. Also, in Figure 4.8,
it can be easily seen that the inductance characteristics of Lgyq, Ly, Ldg, and Lgg
are not DC values and they have some space harmonics which agrees with what is

mentioned in section 4.1.2.

Figure 4.9 shows the magnitude of the harmonic components of the resulting
incremental inductances. These magnitudes are calculated as a per unit representa-
tion respect to the offset value (the average inductance) of each related inductance
which can be seen in the Matlab code in section A.3 in the Appendix. Also, they
are plotted against multiples of the frequency of the electrical period of the motor.
Again, it is worth mentioning that the Figure 4.9 agrees with what is mentioned
in section 4.1.2 where the unwanted disturbances of the incremental inductances

appear in the sixth harmonic component together with its multiples.
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Figure 4.8:
The resulting values of the incremental inductances plotted against the electrical
position of the rotor at No Load: a)Lgq b)Lay ¢)Lgq d)Lyga-

4.4 Summary

In this section, the results that are discussed in section 4.3 are presented again in
a more comprehensive and compact way in Figures 4.10 and 4.11. The resulting
incremental inductances (Lgg, Lqq, Lag, and Lyg) as well as their harmonic contents
are shown in Figures 4.10 and 4.11 respectively. The resulting values of the incre-
mental inductances (Lgq, L, Lqq, and Lyq) plotted against the electrical position
of the rotor at no load, 30 % of the full load, and full load are shown in Figures
4.10a, 4.10b, and 4.10c respectively. While, the resulting harmonic contents of the
incremental inductances (Lgg, Lag, Lgq, and Lyg) at three loads (0 %, 30 %, and
100 %) are shown in Figures 4.11a, 4.11b, 4.11c, and 4.11d respectively. It is worth
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Figure 4.9:
The resulting harmonic contents of the incremental inductances at No Load: a)Lgqg

b) qu C) qu d) qu .

mentioning that Figure 4.11 shows the magnitude of the harmonic components of
the resulting incremental inductances. These magnitudes are calculated as a per
unit representation respect to the offset value (the average inductance) of each re-
lated inductance at full load which is different from what is done in section 4.3 .
Also, they are plotted against multiples of the frequency of the electrical period of
the motor. Figure 4.11 is modified such that the DC component is not shown. This

modification is useful as it will make the harmonic contents appear in a more clear
way. This can be seen in Figure 4.12.

Finally, some observations in Figure 4.11 are discussed. It is noticed that
the resulting harmonic contents of the incremental inductances (the sixth harmonic

component together with its multiples) increase with the loading in most of the
cases. This may be due to the fact that the space harmonics (which are due to the
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harmonics of the geometric and saturation saliency [18]) becomes more significant as
the load increases. Hence, their effect becomes clearer. Additionally, the magnitude
of the DC (fundamental) component of the direct axis self-inductance (Lg4q) shown
in Figure 4.11a decreases with the loading. This can be explained by the fact that
the DC component is determined by the average value of L4y in each loading case
in Figure 4.10 calculated as a per unit representation respect to the average value
of Ly at full load and by looking at Figure 4.10, it is clear that the average value of
Lgq at no load is higher than that at the 30 % of the full load, and the average value
of Lgq at the 30 % of the full load is higher than that at full load (per unit reference
value). The behavior of the magnitude of the DC components with respect to the
loading for the remaining incremental inductances (Lgyg, L4g, and Lyq) in Figure 4.11

can be explained using the same approach.
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The resulting values of the incremental inductances plotted against the electrical
position of the rotor of the motor studied in chapter 3: a) No Load b) 30 % of the
full load ¢) Full load.
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Figure 4.11:
The resulting harmonic contents of the incremental inductances for the motor

studied in chapter 3 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lay )Ly,
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Figure 4.12:
The resulting harmonic contents of the incremental inductances for the motor

studied in chapter 3 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lay ¢)Lygq
d)L4q where the DC component is not shown.
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Sensorless Performance

5.1 Introduction

As mentioned and studied in [7] and section 2.4, the field-oriented control system of a
permanent magnet synchronous machine needs a position sensor which provides the
angular position needed for the accurate coordinates transformation and providing
the speed feedback in the controller scheme. This is the typical scheme of the field-
oriented control. A certain methodology should be applied to estimate the angular
position of the rotor of the studied motor (sensorless vector control) without the need
to measure it. The result of this step together with the result of the methodology
in chapter 4 will help in the verification of the relation between the selected key

performance indicator and the sensorless control performance.

In this chapter, the position estimator is discussed. The methodology to es-
timate the angular position of the rotor of the studied motor is selected based on
the application needs of the PM synchronous motor of Bosch’s engine compartment
actuator (ECA - E) shown in Figure 1.1. The selected method in this chapter is
using a high frequency continuous voltage signal injection. It is mainly based on
the magnetic saliency tracking of a PM synchronous machine. A certain continuous
voltage signal is injected intentionally into the stator winding of the machine. This
voltage signal is selected to be a pulsating signal in the estimated rotor reference
frame (estimated d-q frame). The frequency of the injected signal is the same as
that of the pulse-width modulation (PWM) switching. Then, the variation in the
spatial inductance of the machine is obtained and the estimated angular position
is calculated from it. This used methodology will be discussed in details in this

chapter.
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5.2 Sensorless Control

Sensorless vector control can be defined as the ability of the drive system to detect
the rotor position and perform the vector control without any need for a position

sensor [7].

5.2.1 Types of Sensorless Control

A lot of research and studies have been focused on improving the sensorless scheme
of the controller and making it more practical. The available technologies of the
sensorless position estimation can be divided into two main groups according to the

estimation principle [26]. These two groups are:

1. Technologies which are based on the back electromotive force (EMF).

2. Technologies which are based on the magnetic saliency of the permanent mag-

net synchronous machine.

For the first group, voltage models of the controlled machine as well as observers
are used. These models and observers can be in the rotating or stationary frames.
They are used to estimate the rotor angular position of the motor based on the
back electromotive force (EMF). The position estimation is performed in a good
way using this group in the middle and high speed range of the motor. However, a
bad performance is obtained at standstill as well as low speed range. This can be
explained by the fact that the back electromotive force (EMF) voltage value, which
is directly proportional to the rotating speed, is very small at low speeds. Therefore,
the position estimation can’t be performed properly based on this small value. Also,
another disadvantage of this method is that it is strongly sensitive to the estimation

of machine parameters, such as stator inductance and resistance [27].

For the second group, some characteristics of the studied permanent magnet
synchronous machine are used to estimate the position of the rotor. These char-
acteristics are the spatial inductances which vary with the rotor position. This is
possible because of the saliency of the machine which is studied in chapter 2. By
using the relationship between the current and voltage, any variation in the spatial
inductances can be obtained and hence the position estimation is possible. The re-
lationship between the current and voltage can be monitored using the pulse width
modulation (PWM) current ripple [26]. Inductances calculation is performed by
varying the voltage vector in a pulse width modulation period and then the related

current variation is measured. There are two disadvantages of this method. Firstly, a
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modification of the pulse width modulation switching pattern is required. Secondly,

certain phase current measurement devices are needed in the control hardware [26].

Another method that belongs to this category is to inject a discontinuous volt-
age signal intentionally into the studied machine and the resulting current variation
is measured. The disadvantage of this method is that a discontinuous position esti-
mation is obtained which has a negative impact on the control performance. To avoid
the disadvantage of this method, the continuous voltage signal injection methods
have been developed. It is worth mentioning that these signal injection methods are
better than the technologies which are based on the back electromotive force (EMF)
at standstill as well as low speed range of the permanent magnet synchronous motor
[27].

Another classification can be made for the methods based on signal injection.
According to [26], there are two categories according to where the signal is injected.
The first one is “the rotating voltage signal injection in the stationary reference
frame”. In this category, the continuous signal is injected regardless of the rotor
position. The second one is “the pulsating voltage signal injection in the estimated
rotor reference frame”. As the name suggests, the continuous voltage signal is in-

jected in a pulsating way in the estimated rotor reference frame.

Also, the signal injection methods differ according to the frequency of the in-
jected voltage signal. It must be between the current control bandwidth and the
pulse width modulation switching frequency. It is mentioned in [26] that a high fre-
quency of the injected signal results in an enhanced sensorless control performance.
Also, if the frequency of the injected signal is the same as the pulse width modula-
tion switching frequency and if the PWM switching frequency is above the audible
frequency range, the reduction or the total elimination of the accompanied acoustic

noise is possible.

5.3 Proposed Sensorless technology

Based on the discussion in section 5.2.1 and the work performed in Seoul National
University Power Electronics Center (SPEC) (presented in [26]), the proposed tech-
nology is selected. This new sensorless method uses a pulsating voltage signal injec-
tion in the estimated rotor reference frame. The frequency of the injected voltage
signal is the same as the pulse width modulation switching frequency (16 kH z).
During one PWM switching period, current is sampled twice and also the PWM
signal is updated twice. As a result of this method, the decoupling of the injected

signal from the fundamental frequency is easy, enhancement of the control perfor-
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mance is possible, and the accompanied acoustic noise is reduced which is beneficial

to Bosch’s different control applications.

Let’s start by the voltage equation of the permanent magnet synchronous
motor in the d-q axis rotor reference frame. It is worth mentioning that this matrix
form is a rearrangement of (2.7) and (2.8) which are discussed in chapter 2 where the

derivative of current is expressed in discrete form as current variation (Aig,, Adp,)
in a sampling interval (AT). The matrix form is given as

v:ls 228 0
g e L)) e

where [v},, |7, and [i},,7;,]" are the vectors of the stator voltage and current in
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the rotor reference frame, respectively, L4 and Ly are the d-q axis inductances, w,
is the electrical angular speed, As is the permanent-magnet flux linkage, and R, is
the stator windings resistance. Now, the proposed voltage signal injection method
is used for the position estimation. A high frequency voltage signal is injected with
the same frequency as the PWM switching one. This signal can be shown in Figure
5.1. From Figure 5.1, it can be seen that the square wave voltage signal is injected
only in the d-axis of the estimated rotor reference frame (v’;) while zero voltage

7

vsi)- Also, it can be seen that the currents measurement

is injected in the g-axis (v

occurs twice in one pulse width modulation period.

The carrier
wave of
the PWM

A One period of PWM

v
Kn] qst

Current Samples \ ldqs(} \

ldqsl ldqaZ

Figure 5.1:

Pulsating injection voltage signal of the proposed method in the estimated rotor
reference frame where the rotor position is estimated by measuring three current
values successively in one PWM period [26].

As discussed earlier in section 5.2.1, the relationship between the current and
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voltage is essential in the position estimation using signal injection method. As a
high frequency voltage signal is injected, the current and voltage relation at this
high frequency can be obtained from (5.1) where the rotating speed of the motor
is almost zero, the voltage drop of the stator resistance and the back electromotive

force (EMF) voltages can be neglected. This can be shown in

T
Vdsh

T
quh

where [0}, v7,]", and [il,,i7,]" are the vectors of the injection frequency voltage

Lgs O
0 Ly

b
AT

-7
Adggy,

2.2
Adyp, (5:2)

component and current component in the rotor reference frame, respectively. The
high frequency voltage signal which can be seen in Figure 5.1 is injected in the
estimated rotor reference frame as mentioned earlier. The exact position of the real
rotor reference frame is not available. There is a position error (6,) between the
real and the estimated rotor reference frames which can be seen in Figure 5.2. This
means that there is also a position error in the injection voltage signal in the real
rotor reference frame. The relationship between the injection voltage signal in the
real rotor reference frame (V) and the injection voltage signal in the estimated

rotor reference frame (V) can be given by

‘/Ycqush = T(ér)vquh == V;Tbj (53)

—sin 6,

cos QNT ]

where T'(0,.) is the transformation from the estimated rotor reference frame to the

real rotor reference frame, and Vj,; is the amplitude of the injection signal.

AT
P q
q
Signal Injection
“Tyd’
0.,

Figure 5.2:
Real axis, and estimated axis in the rotor reference frame with the position error

(6,) between the real and the estimated rotor reference frames [26].

From (5.2) and (5.3), the current ripple ([Ad},,, Ad;,]") can be calculated as
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JAVY L cos 9}
fsh | 4 AT V| B (5.4)
Azgsh 7. Sin 0,

and again, the current measurement can only be obtained in the estimated rotor
reference frame. Therefore, the current ripple in the estimated rotor reference frame

([Ail, Ady,]") can be given as

A P A e cos? 67,« sin? 9~T

tsh | _ )t | k| = £ AT Y, Lo " Lo | (5.5)
Ail ir T (A = A)sin26

qsh qsh 2 Lds qu T

As seen from (5.5), the information about the error in the rotor position depends
on the g-axis current ripple in the estimated rotor reference frame (Aizsh). Thus, it
is possible to use the g-axis current ripple in the estimated rotor reference frame as

the position error in the sensorless control technique.

Now, the current ripple caused by the injected voltage signal will be calculated.
The dg-axis voltage reference from the current control loop consists of two voltages.
These voltages are the d-axis voltage reference and the g-axis voltage reference. The

d-axis voltage reference is given by

7
dil;,

dt

Ufls = vssf + /USSC = RSiZs - wTquiZs + LdS (56)
where the d-axis voltage reference (v7,) is composed of two components which are
the fundamental d-axis voltage (v},;) and the current control d-axis voltage (vj.).

These two components are given by

Ve = Rl — wr Lgsin, (5.7)
. dif,
U:lsc = Lds dis (58)

where the fundamental d-axis voltage (v, 7) is composed mainly of the voltage drop
of the stator resistance (integral part of the PI controller) and the back electromotive
force (EMF) (feed-forward term) voltages, while the current control d-axis voltage
(vh,,) is the portion which causes the current variation in the voltage reference of the
current control loop (proportional part of the PI controller). Similarily, the q-axis
voltage reference is given by
A A A - - di’
Vgs = Uges + Vgse = Relye + wp Lasig, + wp Ay + qud—‘;s (5.9)

,,A,

vs) is composed of two components which are

where the g-axis voltage reference (v
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the fundamental q-axis voltage (v}, ;) and the current control g-axis voltage (v],.).

These two components are given by

Vop = Ryil, + wy Lasil, + we Ay (5.10)
. di’
Vgse = Las—, (5.11)

where the fundamental g-axis voltage (v, f) is composed mainly of the voltage drop
of the stator resistance and the back electromotive force (EMF) voltages, while the
current control g-axis voltage (UZSC) is the portion which causes the current variation

in the voltage reference of the current control loop.

Now, when the discussed voltages are added together with the injected voltage
signal, the corresponding current ripple is the resultant of two voltages which are:
the current control voltage and the injection voltage. To be able to estimate the
rotor position correctly, the current ripple due to the injected voltage signal must
be separated from the total current ripple and analyzed. The voltage references as

well as the corresponding current ripple can be shown in Figure 5.3.

Figure 5.3:

Estimated rotor reference frame voltage signal injection. (a) d-axis voltage reference
and injected signal in a PWM period and the corresponding current response. (b)
g-axis voltage reference and the corresponding current response [26].
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As seen in Figure 5.3, the dg-axis current ripples in the estimated rotor refer-
Z;sc

respectively. While, the ones due to the injected

ence frame due to the current control voltage (vi,., v’ ) in one pulse width mod-

7

. . .,r." .
ulation period are 25, and 2ig,.,

voltage signal are i’ ; and izsi. By referring to Figure 5.1, three successive current
samples are needed to obtain the current ripple due to only the injected signal. The
current ripple in the first half of the PWM period (Az@qsw) is composed of two
components: the fundamental current ripple (izqsc) and the injection signal current

ripple (i},,;). This can be shown in
A7;2510 = 7;251 o iZSO = Zq:lsc + ZZSZ (512)

A7’(1310 - qul - quO - /quc + qui (513)
.1’5 .,r.A .,r," .,r.A . .
where the currents ig,;, g0, tgs1, and iz can be seen in Figure 5.3.

Similarly, the current ripple in the second half of the PWM period (A, ,;)
is composed of the substraction of two components: the fundamental current ripple

(}j45c) and the injection signal current ripple (i},;). This can be shown in

. . . .

AstQl = V52 7 as1 T ldse T Udsi (514)
. . o A

AZqs21 - 2q52 - qul - quc - qui (515)

.7§ .,r.A .,r,’\ .,,2 . .
where the currents iy, ig4, igs, and iz, can be seen in Figure 5.3.

By subtracting (5.14) from (5.12) and (5.15) from (5.13), the current ripple

due to only the injected signal can be obtained. This can be shown by

Ai;sw - Ai;sm = Qiflsi (5-16)

5 7 _ ouf
AqulO - AquQl - 2lqsi :

(5.17)

From (5.5), (5.16), and (5.17), the calculated current ripple can be obtained

as a function of the position error. This is given by

dsi| __ Lg Lgs
S=1) N = 20T Viny |, ¥ o )meé , (5.18)
qui qulO Zq521 2 \Lgs Lgs 5 T

From (5.18), it can be easily seen that the position error (6,) is directly pro-
portional to the difference between two g-axis current ripples in the estimated rotor
reference frame with a constant of proportionality (K') where sin 20, ~ 26, where 0,

is small and in radians. The position error (6,) as well as the constant of propor-
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tionality (K') can be given by

0, = Ki’

qst

- K(AiZSIO - A@'Zsm) (5.19)

Ldqus

K =
2(Lq8 — Lgs) AT Ving

(5.20)

where L4 and Lgs are assumed to be constant and finally, the block diagram for
the rotor position estimation in the proposed methodology can be shown in Figure

5.4 where the position error (6,) can be used as a corrective error input to the

i

qs .7
+ | Lysinn J— Luenberger
»

6
— —)b—rb style Observer
Zﬁl _|_> L Z—l l": =

¢x% )¢ \% g

or State Filter

Figure 5.4:
Proposed demodulation process with high-frequency signal injectionin the estimated
rotor reference frame [26].

Luenberger style observer [26] or state filter to obtain the estimated rotor position

A

(6,) and the estimated speed (@,) [26].

5.4 Implementation

The simulated model of the position estimator that is used in the verification of the
key performance indicator (KPI) in chapter 6 is based on one of Bosch’s position
estimators which are used in real-life applications. It uses the theory discussed in
section 5.3. The simulation is performed in SIMULINK using the JMAG-RT motor
block that is created from the motor simulation in chapter 3. The model uses some
additional libraries like: PLECS Blockset, and Model-based System Engineering
(MSE) which is a Bosch-owned library.

The model is customized so that it can be suitable for the permanent magnet
synchronous motor (PMSM) of Bosch’s engine compartment actuator (ECA - E)
which is simulated in chapter 3. The motor parameters like: the number of poles,
the stator phase resistance, d-q axis inductances, and the maximum value of the
stator winding flux linkage are inserted which can be seen in Table 5.1. During
the simulation, the motor is provided with the desired mechanical speed/angle pro-
file. Then, the motor is injected with the high frequency voltage signal and the
stator current is measured. The injection current response is extracted to obtain

the position estimation information exactly as discussed in section 5.3.
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Table 5.1: Values inserted and modified in Bosch’s simulated model of the position
estimator.

Parameter Unit Value
PWM frequency kHz 18
Injected voltage frequency kHz 18
Injected voltage amplitude V 4
Inverter supply voltage %4 12
Number of motor pole pairs 5}
Stator phase resistance m§)  28.72
Direct-axis inductance (Lg) pH 2718

Quadrature-axis inductance (L,) pH  38.03
Stator winding peak flux linkage mVs 2.267

The block diagram of the simulated position estimator is shown in Figure 5.5.

As can be seen in the figure, it is composed of seven blocks. Each block represents

a certain stage of the position estimation process. The components of the block

diagram are as follows:

76

. Current values storage: In block A, the three successive values of the sampled

current in one PWM period are stored.

. Position error calculation: In block B, the stored current values are used to

calculate the position error with (5.19) and (5.20).

. Luenberger style observer: In this block C, the estimated position is calculated

from the position error obtained in the previous block by using a Luenberger

style observer.

. Voltage signal injection: In block D, the high frequency voltage signal which

is needed for position estimation is injected.

. Duty cycle implementation: In block E, the duty cycle is implemented to be

used in the pulse width modulation technique.

. Pulse width modulation creation: In block F, the pulse width modulation signal

is created to supply the inverter.

. Inverter and PMSM: In block G, both the inverter and the controlled per-

manent magnet synchronous motor are located. Also, the desired mechanical

speed/angle profile is supplied to the motor.
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Figure 5.5:

The Block diagram of the simulated model of Bosch’s position estimator: A) Current

values storage B) Position error calculation C) Luenberger style observer D) Voltage
signal injection E) Duty cycle implementation F) Pulse width modulation creation

G) Inverter and PMSM.
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5.5 Performance of the sensorless observer for the

base machine

Two simulations are performed, one with an ideal machine and one with the JMAG
machine model. With the ideal machine means a machine which is not based on
the FEM simulation and consequently, it doesn’t include the effect of saturation,
the influence of anisotropy determined by the rotor position and the current phase
angles, and the cross-coupling between the quadrature and direct axes. The values
used for the position estimator are shown in Table 5.1. The results from the ideal
machine are shown in Figure 5.6(a), (c), (e). Figure 5.6a shows the measured and the
estimated electrical position. The position error shown in Figure 5.6¢ is obtained by
subtracting the estimated electrical position from the measured one. While, Figure
5.6e shows the measured and the estimated mechanical speed. The results from
the JMAG model of the motor studied in chapter 3 are shown in Figure 5.6(b),
(d), (f). Figure 5.6b shows the measured and the estimated electrical position.
The position error shown in Figure 5.6d is obtained by subtracting the estimated
electrical position from the measured one. While, Figure 5.6f shows the measured

and the estimated mechanical speed.

As mentioned earlier, the desired speed/angle profile is supplied to the motor
in block G in Figure 5.5. This profile can be seen clearly in the measured mechanical
speed in Figures 5.6e and f. For the ideal machine (Figures 5.6a, ¢, and e), it is clear
that the position estimator works in an acceptable way. The estimated value follows
the measured one in Figures 5.6a and e. The position error in Figure 5.6¢ is kept
between 2.4 and —8 degrees. The estimated electrical angle follows the measured
one in Figure 5.6a in a smooth way. However, some oscillations are noticed in the
estimated mechanical speed in Figure 5.6e. The mechanical speed shouldn’t change
in a fast way like that. This may be due to the high bandwidth of the estimator. It
is clear that some additional work is needed to tune the estimator. For the JMAG
model (Figures 5.6b, d, and f), it is clear that the position estimator still works in an
acceptable way where the estimated value follows the measured one in Figures 5.6b
and f. The position error in Figure 5.6d became higher when compared with the
ideal case and it is kept between 2.5 and —18.75 degrees. The estimated electrical
angle follows the measured one in Figure 5.6b with some oscillations. Additionally,
higher oscillations are noticed in the estimated mechanical speed in Figure 5.6f when
compared with the ideal case. This may be due to the imperfect estimator tuning
and the inclusion of the saturation effect, the influence of anisotropy determined by

the rotor position, and the cross-coupling between the quadrature and direct axes.
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The simulation results obtained by using the model of Bosch’s position estimator:
a) Measured and estimated electrical angle (ideal) b) Measured and estimated
electrical angle (JMAG) c¢) Position error (ideal) d) Position error (JMAG) e)
Measured and estimated mechanical speed (ideal) f) Measured and estimated

mechanical speed (JMAG).
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Verification of the Key

Performance Indicator

In this chapter, some modifications are made to the model of the permanent magnet
synchronous motor in Bosch’s engine compartment actuator (ECA - E), shown in
Figure 3.7, to change the level of harmonic content of the incremental inductances
where both changes giving higher and lower harmonics are investigated. For each
case the performance of the sensorless estimation is evaluated by using the KPI
discussed in chapter 4 and simulations using Bosch’s position estimator which is
discussed in chapter 5. Additionally, the rated torque as well as the materials cost

for each modification are also calculated.

6.1 Air holes in the rotor core

In this case, some holes are constructed in the rotor core in the direct axis direction.
These holes are ten in total and they are placed under the permanent magnets on
the rotor core. They are hollow on the inside which means that they are only full
of air. The proposed modification can be shown in Figure 6.1. The same way of
modeling in JMAG-Designer in chapter 3 is performed in this case and the air holes

are added in the rotor core.

6.1.1 Incremental inductance

After the model creation in JMAG-Designer, the “Current signal input” block is
generated using the JMAG-RT tool and it is used in the same way as discussed in
section 4.2 in chapter 4 with Simulink to calculate the incremental inductances (Lgq4,
Lyy, Lag, and Lyg) as well as their harmonic content. Similar to section 4.2, three
loading conditions are studied: the full load, 30 % of the full load, and the no load.

The resulting incremental inductances (Lgq, Lqq, Lag, and Lgq) as well as their
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Figure 6.1:

The final 2D half model created by the “geometry editor” in JMAG-Designer in-
cluding the shaft, rotor core, permanent magnets, stator core, and stator winding
for section 6.1.

harmonic content are calculated with the method described in Section 4.2 and are
shown in Figures 6.2 and 6.3 respectively. The resulting values of the incremental
inductances (Lgd, Laq, Lqq, and Lyg) plotted against the electrical position of the
rotor at no load, 30 % of the full load, and full load are shown in Figures 6.2a, 6.2b,
and 6.2c respectively. While, the resulting harmonic contents of the incremental
inductances (Lgq, Lag, Lqq, and Lyg) at three loads (0 %, 30 %, and 100 %) are shown
in Figures 6.3a, 6.3b, 6.3c, and 6.3d respectively. It is worth mentioning that Figure
6.3 shows the magnitude of the harmonic components of the resulting incremental
inductances. These magnitudes are calculated as a per unit representation respect
to the offset value (the average inductance) of each related inductance at full load.
Also, they are plotted against multiples of the frequency of the electrical period of
the motor. Finally, Figure 6.3 is modified such that the DC component is not shown,
to make the harmonic content appear in a more clear way as can be seen in Figure
6.4. It is clear from comparing Figure 4.12 of the original machine with Figure 6.4

that the harmonic content is more or less the same.
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Figure 6.2:

The resulting values of the incremental inductances plotted against the electrical
position of the rotor of the modified motor studied in section 6.1: a) No Load b)
30 % of the full load ¢) Full load.
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The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.1 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,

C)qu d)qu'
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Figure 6.4:

The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.1 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Lyy d)Lyq where the DC component is not shown.

6.1.2 Sensorless performance evaluation

Similar to sections 5.4 and 5.5, the sensorless performance of the studied motor
studied is evaluated with Bosch’s simulated model of the position estimator and
the JMAG model of the motor. The values used in Bosch’s simulated model of the
position estimator can be shown in Table 5.1 except for the direct and quadrature-
axis inductances. The direct and quadrature-axis inductances are obtained as the
average of the direct and quadrature axis self-inductances (Lgq, and Ly, ) respectively
at no load which can be seen in Figure 6.2a. The obtained results from the simulation
are shown in Figure 6.5. Figure 6.5a shows the measured and the estimated electrical

position. The position error shown in Figure 6.5b is obtained by subtracting the
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estimated electrical position from the measured one. While, Figure 6.5¢ shows the

measured and the estimated mechanical speed.

For the sensorless performance using the model of Bosch’s position estimator,
comparison can be made between Figure 5.6 for the original machine and Figure
6.5. The electrical position estimation errors which can be seen in Figures 5.6d and
Figure 6.5b are also similar. These results agree with what is discussed in chapter
4 which implies that the similar harmonic content of the incremental inductances
of two studied machines is an indication of a similar sensorless performance using

saliency tracking.
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Figure 6.5:

The simulation results obtained by using the model of Bosch’s position estimator
and the motor studied in section 6.1: a) Measured and estimated electrical angle
b) Position error ¢) Measured and estimated mechanical speed.
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6.1.3 Rated torque and cost

Now, the rated torque of the modified machine should be simulated. Similar to
section 3.2.4 in chapter 3, a 3-phase sinusoidal current source which has the phase
rated current value and in phase with the 3-phase induced e.m.f is used and the
machine is rotated at 2000 rpm. As seen from Figure 6.6, the average value of the
simulated produced torque is about 1 pu where the base is selected as the average
value of the simulated rated torque of the original machine that is seen in Figure
3.16.

—Actual
1.02+ — Average
1.01

NANNNAN S
VAVAVAVAVARY/

—_

Torque [pu]

0 10 20 30 40 50 60 70
Mechanical angle (degree)

Figure 6.6:

Simulated rated torque which is obtained at the rated speed (2000 rpm) of the
modified motor in section 6.1 (one complete electrical revolution equivalent to a
mechanical angle rotation of about 72 °.

The calculation of the materials costs of the simulated machine is carried out in
the same way as in chapter 3. The information about the densities of the materials
as well as their prices are obtained from Tables 3.6 and 3.7 respectively. The final
costs calculation of the simulated motor studied in section 6.1 can be shown in Table
6.1.
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Table 6.1: The final costs calculation of the simulated motor studied in section
6.1.

Part Volume (mm?) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 3844.42 0.08396
Stator Core 12717.10 0.27774
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.06805

From Figures 3.16 and 6.6, it can be noticed that the simulated rated torque
values are equal. Finally, the total costs of the materials of the machine simulated
in chapter 3 have decreased by nearly 0.78 % which can be seen by looking at Tables
3.8 and 6.1. The main reduction is in the rotor core because some parts of the steel
material are removed to create the air holes. This means that the rotor core has a

reduced weight which offers a reduced inertia and a better mechanical performance.

6.1.4 Summary

In conclusion, the addition of air holes in the rotor core in the direct axis direction
didn’t have any effect on the harmonic contents of the incremental inductances
or the sensorless performance. This can be due to the fact that they are placed
far from the magnets so the magnetic flux lines which are created between the
poles are not affected. This modification can have an effect on the incremental
inductances if the air holes are placed closer to the magnets. However, the practical
implementation in manufacturing is not possible as the distance used in this section
is the minimum distance allowed between the magnets and the air holes according
to Bosch’s manufacturing regulations. Finally, this modification can offer the same
sensorless performance as well as the rated torque with a 0.78 % decrease in materials

costs which is beneficial.
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6.2 More steel between magnets

In this case, more steel material in the rotor core in the quadrature axis direction
is added. By this modification, the motor becomes a “Surface-Inset PMSM” as
studied in chapter 2. The proposed modification can be shown in Figure 6.7. The
same way of modeling in JMAG-Designer in chapter 3 is performed in this case and

the additional steel is added in the rotor core.

Figure 6.7:

The final 2D half model created by the “geometry editor” in JMAG-Designer in-
cluding the shaft, rotor core, permanent magnets, stator core, and stator winding
for section 6.2.

6.2.1 Incremental inductance

After the model creation in JMAG-Designer, the “Current signal input” block is
generated using the JMAG-RT tool and it is used in the same way as discussed in
section 4.2 in chapter 4 with Simulink to calculate the incremental inductances (L4,
Lyg, Lag, and Lgq) as well as their harmonic content. Similar to section 4.2, three
loading conditions are studied: the full load, 30 % of the full load, and the no load.

The resulting incremental inductances (Lgq, Lqq, Lag, and Lyq) as well as their
harmonic content are calculated with the method described in Section 4.2 and are
shown in Figures 6.8 and 6.9 respectively. The resulting values of the incremental
inductances (Lga, Lag, Lqq, and L) plotted against the electrical position of the
rotor at no load, 30 % of the full load, and full load are shown in Figures 6.8a, 6.8b,
and 6.8c respectively. While, the resulting harmonic content of the incremental
inductances (Lag, Lag, Lqg, and Lyq) at three loads (0 %, 30 %, and 100 %) is shown
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in Figures 6.9a, 6.9b, 6.9¢, and 6.9d respectively. It is worth mentioning that Figure
6.9 shows the magnitude of the harmonic components of the resulting incremental
inductances. These magnitudes are calculated as a per unit representation respect
to the offset value (the average inductance) of each related inductance at full load.
Also, they are plotted against multiples of the frequency of the electrical period of
the motor. Finally, Figure 6.9 is modified such that the DC component is not shown,
to make the harmonic content appear in a more clear way as can be seen in Figure
6.10.

From Figure 4.10 and Figure 6.8, it can be seen that the difference between
the inductances L,, and Lgg has increased by 50 % for the load 0 %. It has increased
by 100 % for the load 30 %. While, it has decreased by 50 % for the load 100 %.
The increase accompanied with the loads 0 % and 30 % may be due to the fact that
adding more steel material in the rotor core in the quadrature axis direction makes
the magnetic reluctance lower. Since, the inductance is inversely proportional to
the reluctance [13], the quadrature axis inductance (L,,) becomes larger and hence,
the difference increases. The reduction accompanied with the load 100 % can be
explained by the fact that the magnetic field becomes highly saturated with this
load.

It is clear from comparing Figure 4.12 of the original machine with Figure 6.10
that the harmonic content of the machine in section 6.2 is mostly lower. For L4,
the sixth harmonic component has decreased by 57 %, 63 %, and 80 % for the loads
0 %, 30 %, and 100 % respectively. For Lg,, the sixth harmonic component has
decreased by 50 %, 62 %, and 42 % for the loads 0 %, 30 %, and 100 % respectively.
For L, the sixth harmonic component is approximately the same for the loads 0 %
and 30 %, while, it has increased by 93 % for the load 100 %. For L4, the sixth
harmonic component has decreased by 18 %, 58 %, and 17 % for the loads 0 %,
30 %, and 100 % respectively.
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Figure 6.8:

The resulting values of the incremental inductances plotted against the electrical
position of the rotor of the modified motor studied in section 6.2: a) No Load b)
30 % of the full load ¢) Full load.

92



6. Verification of the Key Performance Indicator

14 0% | q2f 0% |
30 % 30 %
12 7100 % ; 1100 %
1 j
_ _.0.8r .
=} S5
508 18
5 gos |
= 06 4 =
0.4+ 1
0.4 1
0.2 i 0.2r j
0 L L . L L L L O L L --ﬂ L L e L
4 6 8 10 12 14 DC 2 4 6 8 10 12 14
Multiples of Electrical Frequency Multiples of Electrical Frequency
(a) (b)
O % 1.0t o |
B30 % f 30 %
1100 % 1100 %

allp-u]

o .

|L

L L =] L L L L L L |l L L . L
0 DC 2 4 6 8 10 12 14 2 4 6 8 10 12 14
Multiples of Electrical Frequency Multiples of Electrical Frequency
() (d)

Figure 6.9:
The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.2 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Lgq d)Lga.

93



6. Verification of the Key Performance Indicator

o % 0.06 \ ‘ e ‘ : :
B30 % | O %
1100 % 30 %
4 0.05f ~ , ~ 1100 %y
_ 0.04f
Bl _—
o} 3
5 =n
3 = 0.03
- ©
- =
0.02F
0.01F
_ L L 0 L 1 . . 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Multiples of Electrical Frequency Multiples of Electrical Frequency
(a) (b)
0.03 ‘ ‘ 0.03 : :
0 % 0 %
M 30 % 30 %
0.025 77100 %/ 0.025f 7100 %
0.02- : : 1 0.02-
=) =)
S S
= 0.015¢ 5 0.015¢
o o
= =
0.01r : : 1 0.01r
0.005] w H 1 0.005
O i i i il | i 0 i i i i .IV_\
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Multiples of Electrical Frequency Multiples of Electrical Frequency
(c) (d)

Figure 6.10:

The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.2 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Lyy d)Lyq where the DC component is not shown.

6.2.2 Sensorless performance evaluation

Similar to sections 5.4 and 5.5, the sensorless performance of the studied motor is
evaluated with Bosch’s simulated model of the position estimator and the JMAG
model of the motor. The values used in Bosch’s simulated model of the position
estimator can be shown in Table 5.1 except for the direct and quadrature-axis in-
ductances. The direct and quadrature-axis inductances are obtained as the average
of the direct and quadrature axis self-inductances (Lgq, and L,,) respectively at no
load which can be seen in Figure 6.8a. The obtained results from the simulation are

shown in Figure 6.11. Figure 6.11a shows the measured and the estimated electrical
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position. The position error shown in Figure 6.11b is obtained by subtracting the
estimated electrical position from the measured one. While, Figure 6.11c shows the

measured and the estimated mechanical speed.

For the sensorless performance using the model of Bosch’s position estimator,
comparison can be made between Figure 5.6 for the original machine and Figure 6.11.
The electrical position estimation error of the machine studied in section 6.2 (kept
between 0.5 and —18.75 degrees) which can be seen in Figure 6.11b is lower than that
of the original machine (kept between 2.5 and —18.75 degrees) which can be seen in
Figure 5.6d. Also, the oscillations in the mechanical speed in Figure 6.11c are lower
than those in Figure 5.6f. These results agree with what is discussed in chapter 4
which implies that the lower harmonic contents of the incremental inductances is an

indication of a better sensorless performance using saliency tracking.
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Figure 6.11:

The simulation results obtained by using the model of Bosch’s position estimator
and the motor studied in section 6.2: a) Measured and estimated electrical angle
b) Position error ¢) Measured and estimated mechanical speed.

96



6. Verification of the Key Performance Indicator

6.2.3 Rated torque and cost

Now, the rated torque of the modified machine should be simulated. Similar to
section 3.2.4 in chapter 3, a 3-phase sinusoidal current source which has the phase
rated current value and in phase with the 3-phase induced e.m.f is used and the
machine is rotated at 2000 rpm. As seen from Figure 6.12, the average value of
the simulated produced torque is about 0.8433 pu where the base is selected as the
average value of the simulated rated torque of the original machine that is seen in
Figure 3.16.

—Actual H

0.9r
— Average

0.88f
= 0.86r 1
s NN N AN
s084/ NV \/V JV JV JV /N

0.821

0.8F

0 10 20 30 40 50 60 70
Mechanical angle (degree)

Figure 6.12:

Simulated rated torque which is obtained at the rated speed (2000 rpm) of the
modified motor in section 6.2 (one complete electrical revolution equivalent to a
mechanical angle rotation of about 72 °).

The calculation of the materials costs of the simulated machine is carried out in
the same way as in chapter 3. The information about the densities of the materials
as well as their prices are obtained from Tables 3.6 and 3.7 respectively. The final

costs calculation of the simulated motor studied in section 6.2 can be shown in Table
6.2.
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Table 6.2: The final costs calculation of the simulated motor studied in section
6.2.

Part Volume (mm?) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 6190.59 0.13520
Stator Core 12717.10 0.27774
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.11929

From Figures 3.16 and 6.12, it can be noticed that the simulated rated torque
has decreased by nearly 15.6 %. This reduction may be due to the fact that the
maximum torque per ampere (MTPA) condition is not used. Finally, the total costs
of the materials of the machine simulated in chapter 3 have increased by nearly
0.22 % which can be seen by looking at Tables 3.8 and 6.2. The main increase is in
the rotor core because some parts of the steel material are added in the quadrature
axis direction. This means that the rotor core has an increased weight which offers

an increased inertia.

6.2.4 Summary

In conclusion, the results verifies that the “the level of harmonic disturbance in
the incremental inductances (Lgq, Lgq, Lag, and Lyg) can be used as a key perfor-
mance indicator to give a preliminary evaluation of the capability of a certain PM
synchronous machine to perform sensorless vector control in a better quality using
saliency tracking in comparison with a base machine”. This is useful when perform-
ing iterations in the machine design stage. Additionally, it is found that adding more
steel material in the rotor core in the quadrature axis direction makes the harmonic
content of the incremental inductances lower and, consequently, a better sensorless
performance is obtained. However, this improvement has a price where there is a

decrease in the rated toque and an increase in the materials costs.

98



6. Verification of the Key Performance Indicator

6.3 Totally-closed slot openings

In this case, the openings of the stator slots are totally closed. They are filled
with the same steel material as the stator core. The proposed modification can be
shown in Figure 6.13. The same way of modeling in JMAG-Designer in chapter 3 is

performed in this case and the slot openings are filled with the steel material.

Figure 6.13:
The final 2D half model created by the “geometry editor” in JMAG-Designer in-
cluding the shaft, rotor core, permanent magnets, stator core, and stator winding
for section 6.3.

6.3.1 Incremental inductance

After the model creation in JMAG-Designer, the “Current signal input” block is
generated using the JMAG-RT tool and it is used in the same way as discussed in
section 4.2 in chapter 4 with Simulink to calculate the incremental inductances (L4,
Ly, Lag, and Lyg) as well as their harmonic content. Similar to section 4.2, three
loading conditions are studied: the full load, 30 % of the full load, and the no load.

The resulting incremental inductances (Lga, Lqq, Lag, and Lgq) as well as their
harmonic content are calculated with the method described in Section 4.2 and are
shown in Figures 6.14 and 6.15 respectively. The resulting values of the incremental
inductances (Lgd, Laq, Lqq, and Lyq) plotted against the electrical position of the ro-
tor at no load, 30 % of the full load, and full load are shown in Figures 6.14a, 6.14b,
and 6.14c respectively. While, the resulting harmonic content of the incremental
inductances (Lag, Lag, Lqq, and Lyq) at three loads (0 %, 30 %, and 100 %) is shown
in Figures 6.15a, 6.15b, 6.15¢, and 6.15d respectively. It is worth mentioning that
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Figure 6.15 shows the magnitude of the harmonic components of the resulting incre-
mental inductances. These magnitudes are calculated as a per unit representation
respect to the offset value (the average inductance) of each related inductance at
full load. Also, they are plotted against multiples of the frequency of the electrical
period of the motor. Finally, Figure 6.15 is modified such that the DC component
is not shown, to make the harmonic content appear in a more clear way as can be

seen in Figure 6.16.

From Figure 4.10 and Figure 6.14, it can be seen that the difference between
the inductances Ly, and Ly has increased by 400 % for the load 0 %. It has increased
by 100 % for the load 30 %. Similarly, it has increased by 100 % for the load 100 %
but in this case Lgq became larger than L, (loss of saliency). The fact that Lgqg

became larger than L,, may be due to the high level of saturation at this load.

It is clear from comparing Figure 4.12 of the original machine with Figure 6.16
that the harmonic content of the machine in section 6.3 is mostly higher in a big
way. For Lgg, the sixth harmonic component has increased by 242 %, 657 %, and
331 % for the loads 0 %, 30 %, and 100 % respectively. For Lg,, the sixth harmonic
component has increased by 1536 %, 858 %, and 138 % for the loads 0 %, 30 %,
and 100 % respectively. For L,,, the sixth harmonic component has increased by
3292 %, and 669 % for the loads 0 %, and 30 % respectively, while, it has decreased
by 8 % for the load 100 %. For L4, the sixth harmonic component has increased
by 455 %, 733 %, and 456 % for the loads 0 %, 30 %, and 100 % respectively.
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Figure 6.14:
The resulting values of the incremental inductances plotted against the electrical

position of the rotor of the modified motor studied in section 6.3: a) No Load b)
30 % of the full load c) Full load.
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Figure 6.15:
The resulting harmonic content of the incremental inductances for the modified

motor studied in section 6.3 at three loads (0 %, 30 %, and 100 %): a)L4q b)Lq,
¢)Lgq d)Lya-
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Figure 6.16:

The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.3 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Lyy d)Lgq where the DC component is not shown.

6.3.2 Sensorless performance evaluation

Similar to sections 5.4 and 5.5, the sensorless performance of the studied motor is
evaluated with Bosch’s simulated model of the position estimator and the JMAG
model of the motor. The values used in Bosch’s simulated model of the position
estimator can be shown in Table 5.1 except for the direct and quadrature-axis in-
ductances. The direct and quadrature-axis inductances are obtained as the average
of the direct and quadrature axis self-inductances (Lgq, and L,,) respectively at no
load which can be seen in Figure 6.14a. The obtained results from the simulation are

shown in Figure 6.17. Figure 6.17a shows the measured and the estimated electrical
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position. The position error shown in Figure 6.17b is obtained by subtracting the
estimated electrical position from the measured one. While, Figure 6.17c shows the

measured and the estimated mechanical speed.

For the sensorless performance using the model of Bosch’s position estimator,
comparison can be made between Figure 5.6 for the original motor and Figure 6.17.
It is clear from Figure 6.17 that the position estimator fails to work as intended. It
is not able to estimate the position or the speed of the motor. These results agree
with what is discussed in chapter 4 which implies that the higher harmonic contents
of the incremental inductances is an indication of a worse sensorless performance
using saliency tracking (In this case, it doesn’t work at all because of the very high
harmonic content of the incremental inductances and because the machine loses the
saliency at full load (Lag > Lyg))-
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Figure 6.17:

The simulation results obtained by using the model of Bosch’s position estimator
and the motor studied in section 6.3: a) Measured and estimated electrical angle
b) Position error ¢) Measured and estimated mechanical speed.
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6.3.3 Rated torque and cost

Now, the rated torque of the modified machine should be simulated. Similar to
section 3.2.4 in chapter 3, a 3-phase sinusoidal current source which has the phase
rated current value and in phase with the 3-phase induced e.m.f is used and the
machine is rotated at 2000 rpm. As seen from Figure 6.18, the average value of
the simulated produced torque is about 0.6229 pu where the base is selected as the
average value of the simulated rated torque of the original machine that is seen in
Figure 3.16.

—Actual
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Figure 6.18:

Simulated rated torque which is obtained at the rated speed (2000 rpm) of the
modified motor in section 6.3 (one complete electrical revolution equivalent to a
mechanical angle rotation of about 72 °).

The calculation of the materials costs of the simulated machine is carried out in
the same way as in chapter 3. The information about the densities of the materials
as well as their prices are obtained from Tables 3.6 and 3.7 respectively. The final
costs calculation of the simulated motor studied in section 6.3 can be shown in Table

6.3. Please, note that the volume of the stator winding is kept the same.
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Table 6.3: The final costs calculation of the simulated motor studied in section
6.3.

Part Volume (mm?) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 5665.49 0.12373
Stator Core 13031.11 0.28460
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.11468

From Figures 3.16 and 6.18, it can be noticed that the simulated rated torque
has decreased by nearly 37.7 %. Finally, the total costs of the materials of the
machine simulated in chapter 3 have increased by nearly 0.13 % which can be seen
by looking at Tables 3.8 and 6.3. The main increase is in the stator core because
some parts of the steel material are added to close the openings of the stator slots.

This means that the stator core has an increased weight.

6.3.4 Summary

In conclusion, the results verifies that the “the level of harmonic disturbance in the
incremental inductances (Lgg, Lgg, Lag, and Lyg) can be used as a key performance
indicator to give a preliminary evaluation of the capability of a certain PM syn-
chronous machine to perform sensorless vector control in a better or worse quality
using saliency tracking in comparison with a base machine”. Additionally, it is found
that closing the openings of the stator slots makes the harmonic contents of the in-
cremental inductances higher in a big way and, consequently, a worse sensorless

performance is obtained where the position estimator fails to work.
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6.4 Bigger stator teeth width

In this case, the width of the stator teeth is increased. The proposed modification
can be shown in Figure 6.19. The same way of modeling in JMAG-Designer in

chapter 3 is performed in this case and the wider stator teeth are created.

Figure 6.19:
The final 2D half model created by the “geometry editor” in JMAG-Designer in-
cluding the shaft, rotor core, permanent magnets, stator core, and stator winding
for section 6.4.

6.4.1 Incremental inductance

After the model creation in JMAG-Designer, the “Current signal input” block is
generated using the JMAG-RT tool and it is used in the same way as discussed in
section 4.2 in chapter 4 with Simulink to calculate the incremental inductances (L4,
Ly, Lag, and Lyg) as well as their harmonic content. Similar to section 4.2, three
loading conditions are studied: the full load, 30 % of the full load, and the no load.

The resulting incremental inductances (Lgq, Lqq, Lag, and Lgq) as well as their
harmonic content are calculated with the method described in Section 4.2 and are
shown in Figures 6.20 and 6.21 respectively. The resulting values of the incremental
inductances (Lgg, Lag, Lqq, and Lgq) plotted against the electrical position of the ro-
tor at no load, 30 % of the full load, and full load are shown in Figures 6.20a, 6.20b,
and 6.20c respectively. While, the resulting harmonic content of the incremental
inductances (Lag, Lag, Lqq, and Lyq) at three loads (0 %, 30 %, and 100 %) is shown
in Figures 6.21a, 6.21b, 6.21c, and 6.21d respectively. It is worth mentioning that

Figure 6.21 shows the magnitude of the harmonic components of the resulting incre-
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mental inductances. These magnitudes are calculated as a per unit representation
respect to the offset value (the average inductance) of each related inductance at
full load. Also, they are plotted against multiples of the frequency of the electrical
period of the motor. Finally, Figure 6.21 is modified such that the DC component
is not shown, to make the harmonic content appear in a more clear way as can be

seen in Figure 6.22.

From Figure 4.10 and Figure 6.20, it can be seen that the difference between
the inductances L,, and L4 has decreased by 80 % for the load 0 %. It has decreased
by 55 % for the load 30 %. While, it has decreased by 50 % for the load 100 %.

Hence, the saliency level has decreased in comparison with the original machine.

It is clear from comparing Figure 4.12 of the original machine with Figure 6.22
that the harmonic content of the machine in section 6.4 is mostly lower. For Ly,
the sixth harmonic component has decreased by 75 %, 94 %, and 70 % for the loads
0 %, 30 %, and 100 % respectively. For Lg,, the sixth harmonic component has
decreased by 27 % and 33 % for the loads 0 % and 30 % respectively, while, it has
increased by 376 % for the load 100 %. For L, the sixth harmonic component
has decreased by 94.6 %, 94.2 %, and 76 % for the loads 0 %, 30 %, and 100 %
respectively. For L4, the sixth harmonic component has decreased by 85 %, 96 %,
and 40 % for the loads 0 %, 30 %, and 100 % respectively.
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Figure 6.20:
The resulting values of the incremental inductances plotted against the electrical

position of the rotor of the modified motor studied in section 6.4: a) No Load b)
30 % of the full load c) Full load.
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Figure 6.21:
The resulting harmonic content of the incremental inductances for the modified

motor studied in section 6.4 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
C)qu d)qu.
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The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.4 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Ly, d)Lyq where the DC component is not shown.

6.4.2 Sensorless performance evaluation

Similar to sections 5.4 and 5.5, the sensorless performance of the studied motor is

evaluated with Bosch’s simulated model of the position estimator and the JMAG

model of the motor. The values used in Bosch’s simulated model of the position

estimator can be shown in Table 5.1 except for the direct and quadrature-axis in-

ductances. The direct and quadrature-axis inductances are obtained as the average

of the direct and quadrature axis self-inductances (Lgq, and Ly,) respectively at no

load which can be seen in Figure 6.20a. The obtained results from the simulation are
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shown in Figure 6.23. Figure 6.23a shows the measured and the estimated electrical
position. The position error shown in Figure 6.23b is obtained by subtracting the
estimated electrical position from the measured one. While, Figure 6.23c¢ shows the

measured and the estimated mechanical speed.

For the sensorless performance using the model of Bosch’s position estimator,
comparison can be made between Figure 5.6 for the original machine and Figure 6.23.
It is clear from Figure 6.23 that the position estimator fails to work as intended. It is
not able to estimate the position or the speed of the motor. This can be explained by
the fact that the difference between the direct and quadrature axis self-inductances
(Lag, and Ly,) is very small which can be seen clearly in Figure 6.20. Thus, the
modified machine has a very low saliency feature and, consequently, the position
estimator based on saliency tracking fails to work even if the harmonic contents of

the incremental inductances are lower.
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Figure 6.23:

The simulation results obtained by using the model of Bosch’s position estimator
and the motor studied in section 6.4: a) Measured and estimated electrical angle
b) Position error ¢) Measured and estimated mechanical speed.
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6.4.3 Rated torque and cost

Now, the rated torque of the modified machine should be simulated. Similar to
section 3.2.4 in chapter 3, a 3-phase sinusoidal current source which has the phase
rated current value and in phase with the 3-phase induced e.m.f is used and the
machine is rotated at 2000 rpm. As seen from Figure 6.24, the average value of
the simulated produced torque is about 1.1004 pu where the base is selected as the
average value of the simulated rated torque of the original machine that is seen in
Figure 3.16.
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Figure 6.24:

Simulated rated torque which is obtained at the rated speed (2000 rpm) of the
modified motor in section 6.4 (one complete electrical revolution equivalent to a
mechanical angle rotation of about 72 °).

The calculation of the materials costs of the simulated machine is carried out in
the same way as in chapter 3. The information about the densities of the materials
as well as their prices are obtained from Tables 3.6 and 3.7 respectively. The final
costs calculation of the simulated motor studied in section 6.4 can be shown in Table

6.4. Please, note that the volume of the stator winding is kept the same.
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Table 6.4: The final costs calculation of the simulated motor studied in section
6.4.

Part Volume (mm?) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 5665.49 0.12373
Stator Core 16386.04 0.35787
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.18795

From Figures 3.16 and 6.24, it can be noticed that the simulated rated torque
has increased by nearly 10 %. Finally, the total costs of the materials of the machine
simulated in chapter 3 have increased by nearly 1.57 % which can be seen by looking
at Tables 3.8 and 6.4. The main increase is in the stator core because some parts of
the steel material are added to increase the width of the stator teeth. This means

that the stator core has an increased weight.

6.4.4 Summary

In conclusion, it is found that increasing the width of the stator teeth makes the
machine lose its saleincy and, consequently, a worse sensorless performance is ob-
tained where the position estimator (which is based on saliency tracking) fails to
work. This contradicts with the selected KPI concept. The level of harmonic distur-
bance in the incremental inductances (Lgg, Lyq, Ldg, and Lgq) is mostly lower than
that of the original machine, and consequently, a better performance of the position
estimator is expected which is not the case. This can be explained by the fact that
the selected position estimator is based on saliency tracking as discussed in chapter
5 and if the machine loses its saliency, the estimator loses its key strength as there is
nothing to track which means that there is no process to measure its quality using
the KPI.
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6.5 Bigger stator yoke width

In this case, the width of the stator yoke is increased internally while the outer
radius of the stator is kept constant. The proposed modification can be shown in
Figure 6.25. The same way of modeling in JMAG-Designer in chapter 3 is performed

in this case and the bigger stator yoke is constructed.

Figure 6.25:
The final 2D half model created by the “geometry editor” in JMAG-Designer in-
cluding the shaft, rotor core, permanent magnets, stator core, and stator winding
for section 6.5.

6.5.1 Incremental inductance

After the model creation in JMAG-Designer, the “Current signal input” block is
generated using the JMAG-RT tool and it is used in the same way as discussed in
section 4.2 in chapter 4 with Simulink to calculate the incremental inductances (L4,
Ly, Lag, and Lyg) as well as their harmonic content. Similar to section 4.2, three
loading conditions are studied: the full load, 30 % of the full load, and the no load.

The resulting incremental inductances (Lga, Lqq, Lag, and Lgq) as well as their
harmonic content are calculated with the method described in Section 4.2 and are
shown in Figures 6.26 and 6.27 respectively. The resulting values of the incremental
inductances (Lgd, Laq, Lqq, and Lyq) plotted against the electrical position of the ro-
tor at no load, 30 % of the full load, and full load are shown in Figures 6.26a, 6.26b,
and 6.26¢ respectively. While, the resulting harmonic content of the incremental
inductances (Lag, Lag, Lqq, and Lyq) at three loads (0 %, 30 %, and 100 %) is shown
in Figures 6.27a, 6.27b, 6.27c, and 6.27d respectively. It is worth mentioning that
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Figure 6.27 shows the magnitude of the harmonic components of the resulting incre-
mental inductances. These magnitudes are calculated as a per unit representation
respect to the offset value (the average inductance) of each related inductance at
full load. Also, they are plotted against multiples of the frequency of the electrical
period of the motor. Finally, Figure 6.27 is modified such that the DC component
is not shown, to make the harmonic content appear in a more clear way as can be

seen in Figure 6.28.

From Figure 4.10 and Figure 6.26, it can be seen that the difference between
the inductances Ly, and L4 is more or less equal to the original machine for the
loads 0 %, 30 %, and 100 %.

It is clear from comparing Figure 4.12 of the original machine with Figure 6.28
that the harmonic content of the machine in section 6.5 is mostly lower. For Lyy, the
sixth harmonic component has decreased by 7 %, 26.3 %, and 26 % for the loads 0 %,
30 %, and 100 % respectively. For Ly, the sixth harmonic component has increased
by 41 %, 33 %, and 47 % for the loads 0 %, 30 %, and 100 % respectively. For L,
the sixth harmonic component has decreased by 21 %, 26 %, and 35 % for the loads
0 %, 30 %, and 100 % respectively. For L,q, the sixth harmonic component has
decreased by 8 %, 16.6 %, and 4 % for the loads 0 %, 30 %, and 100 % respectively.
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Figure 6.26:
The resulting values of the incremental inductances plotted against the electrical

position of the rotor of the modified motor studied in section 6.5: a) No Load b)
30 % of the full load c) Full load.
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Figure 6.27:

The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.5 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
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Figure 6.28:

The resulting harmonic content of the incremental inductances for the modified
motor studied in section 6.5 at three loads (0 %, 30 %, and 100 %): a)Lg4q b)Lg,
¢)Ly, d)Lgq where the DC component is not shown.

6.5.2 Sensorless performance evaluation

Similar to sections 5.4 and 5.5, the sensorless performance of the studied motor is
evaluated with Bosch’s simulated model of the position estimator and the JMAG
model of the motor. The values used in Bosch’s simulated model of the position
estimator can be shown in Table 5.1 except for the direct and quadrature-axis in-
ductances. The direct and quadrature-axis inductances are obtained as the average
of the direct and quadrature axis self-inductances (Lgq, and Ly,) respectively at no

load which can be seen in Figure 6.26a. The obtained results from the simulation are
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shown in Figure 6.29. Figure 6.29a shows the measured and the estimated electrical
position. The position error shown in Figure 6.29b is obtained by subtracting the
estimated electrical position from the measured one. While, Figure 6.29¢ shows the

measured and the estimated mechanical speed.

For the sensorless performance using the model of Bosch’s position estimator,
comparison can be made between Figures 5.6 for the original machine and Figure
6.29. The electrical position estimation error of the machine studied in section 6.5
(kept between 1 and —18.75 degrees) which can be seen in Figure 6.29b is lower
than that of the original machine (kept between 2.5 and —18.75 degrees) which can
be seen in Figure 5.6d. These results agree with what is discussed in chapter 4
which implies that the lower harmonic content of the incremental inductances is an
indication of a better sensorless performance using saliency tracking. However, it
can be noticed in Figure 6.29b that the position estimation error has increased in
the negative direction (in the middle) when compared with the position error of the
original machine in Figure 5.6d. This may be due to the fact that the harmonic
content of the incremental inductances of the machine in section 6.5 is mostly lower
than that of the original machine and not all of it. From Figures 6.28b and 4.12b, it
can be seen that the harmonic content of the direct axis cross-coupling inductance

(Lagq) of the machine in section 6.5 is higher than that of the original machine.
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Figure 6.29:

The simulation results obtained by using the model of Bosch’s position estimator
and the motor studied in section 6.5: a) Measured and estimated electrical angle
b) Position error ¢) Measured and estimated mechanical speed.
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6.5.3 Rated torque and cost

Now, the rated torque of the modified machine should be simulated. Similar to
section 3.2.4 in chapter 3, a 3-phase sinusoidal current source which has the phase
rated current value and in phase with the 3-phase induced e.m.f is used and the
machine is rotated at 2000 rpm. As seen from Figure 6.30, the average value of
the simulated produced torque is about 1.0464 pu where the base is selected as the
average value of the simulated rated torque of the original machine that is seen in
Figure 3.16.
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1.06+ .
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Mechanical angle (degree)

Figure 6.30:

Simulated rated torque which is obtained at the rated speed (2000 rpm) of the
modified motor in section 6.5 (one complete electrical revolution equivalent to a
mechanical angle rotation of about 72 °).

The calculation of the materials costs of the simulated machine is carried out in
the same way as in chapter 3. The information about the densities of the materials
as well as their prices are obtained from Tables 3.6 and 3.7 respectively. The final
costs calculation of the simulated motor studied in section 6.5 can be shown in Table

6.5. Please, note that the volume of the stator winding is kept the same.
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Table 6.5: The final costs calculation of the simulated motor studied in section
6.5.

Part Volume (mm?) Cost (€)
Shaft 1009.84 0.00246
Rotor Core 5665.49 0.12373
Stator Core 18847.31 0.41163
Magnets 2688.00 4.37606
Stator Winding 4588.76 0.32782
Total Cost (€) 5.24171

From Figures 3.16 and 6.30, it can be noticed that the simulated rated torque
has increased by nearly 4.64 %. Finally, the total costs of the materials of the
machine simulated in chapter 3 have increased by nearly 2.62 % which can be seen
by looking at Tables 3.8 and 6.5. The main increase is in the stator core because
some parts of the steel material are added to increase the width of the stator yoke.

This means that the stator core has an increased weight.

6.5.4 Summary

In conclusion, the results verifies that the “the level of harmonic disturbance in
the incremental inductances (Lgg, Ly, Lag, and L) can be used as a key per-
formance indicator to give a preliminary evaluation of the capability of a certain
PM synchronous machine to perform sensorless vector control in a good quality us-
ing saliency tracking”. Additionally, it is found increasing the width of the stator
yoke makes the harmonic contents of the incremental inductances mostly lower and,
consequently, a better sensorless performance is obtained. However in some time in-
stants, the position error becomes larger than that of the original machine. Finally,
this modification results in an increase in the rated toque as well as the materials

costs.
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6.6 Verification summary

The comparison between each motor modification in chapter 6 and the original
motor can be summarized in the Table 6.6. The motors are compared according
to: the harmonic contents of the incremental inductances, sensorless performance,

rated torque, and cost.

Adding air holes in the rotor core has no effect on the harmonic content of
the incremental inductances or the sensorless performance. The electrical position
estimation error is still kept between 2.5 and —18.75 degrees. However, this modi-
fication can offer the same rated torque with a decrease (0.78 %) in materials costs

which is beneficial.

Adding more steel between magnets has a good effect. It makes the harmonic
content (KPI) of the inductances mostly lower. For Lg,, the sixth harmonic com-
ponent has decreased by 57 %, 63 %, and 80 % for the loads 0 %, 30 %, and 100 %
respectively. For Ly, the sixth harmonic component has decreased by 50 %, 62 %,
and 42 % for the loads 0 %, 30 %, and 100 % respectively. For L,,, the sixth har-
monic component is approximately the same for the loads 0 % and 30 %, while,
it has increased by 93 % for the load 100 %. For L4, the sixth harmonic compo-
nent has decreased by 18 %, 58 %, and 17 % for the loads 0 %, 30 %, and 100 %
respectively. Also, a better sensorless performance is obtained where the electrical
position estimation error is kept between 0.5 and —18.75 degrees. However, there
is a decrease (15.6 %) in the rated toque and an increase (0.22 %) in the materials

costs.

Closing the openings of the stator slots has a bad effect. It makes the harmonic
content (KPI) of the inductances mostly higher in a big way. For Lgg, the sixth
harmonic component has increased by 242 %, 657 %, and 331 % for the loads 0 %,
30 %, and 100 % respectively. For Ly, the sixth harmonic component has increased
by 1536 %, 858 %, and 138 % for the loads 0 %, 30 %, and 100 % respectively. For
L, the sixth harmonic component has increased by 3292 %, and 669 % for the loads
0 %, and 30 % respectively, while, it has decreased by 8 % for the load 100 %. For
Lga, the sixth harmonic component has increased by 455 %, 733 %, and 456 % for
the loads 0 %, 30 %, and 100 % respectively. Also, a worse sensorless performance is
obtained where the position estimator fails to work. Additionally, there is a decrease
(37.7 %) in the rated toque and an increase (0.13 %) in the materials costs.

Increasing the width of the stator teeth has a bad effect regardless of the KPI.
It makes the harmonic content (KPI) of the inductances mostly lower. For Lyq, the
sixth harmonic component has decreased by 75 %, 94 %, and 70 % for the loads 0 %,
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30 %, and 100 % respectively. For Lg,, the sixth harmonic component has decreased
by 27 % and 33 % for the loads 0 % and 30 % respectively, while, it has increased
by 376 % for the load 100 %. For L,,, the sixth harmonic component has decreased
by 94.6 %, 94.2 %, and 76 % for the loads 0 %, 30 %, and 100 % respectively. For
L,q, the sixth harmonic component has decreased by 85 %, 96 %, and 40 % for the
loads 0 %, 30 %, and 100 % respectively. In spite of making the harmonic content
(KPI) mostly lower, a worse sensorless performance is obtained where the position
estimator fails to work. This is due to the decrease in the difference between the
direct and quadrature axis self-inductances (Lgq, and Ly,) (loss of saliency). The
difference between the inductances Ly, and Lg4q has decreased by 80 %, 55 %, and
50 % for the loads 0 %, 30 %, and 100 % respectively. Additionally, there is an

increase (10 %) in the rated toque and an increase (1.57 %) in the materials costs.

Increasing the width of the stator yoke has a good effect. It makes the har-
monic content (KPI) of the inductances mostly lower. For L4, the sixth harmonic
component has decreased by 7 %, 26.3 %, and 26 % for the loads 0 %, 30 %, and
100 % respectively. For Lg,, the sixth harmonic component has increased by 41 %,
33 %, and 47 % for the loads 0 %, 30 %, and 100 % respectively. For L, the
sixth harmonic component has decreased by 21 %, 26 %, and 35 % for the loads
0 %, 30 %, and 100 % respectively. For L,4, the sixth harmonic component has
decreased by 8 %, 16.6 %, and 4 % for the loads 0 %, 30 %, and 100 % respectively.
Also, a better sensorless performance is mostly obtained where the electrical posi-
tion estimation error is kept between 1 and —18.75 degrees. Additionally, there is
an increase (4.64 %) in the rated toque and an increase (2.62 %) in the materials

costs.

127



Table 6.6: Final comparison of the motor modifications in chapter 6 with the original motor.

Modification Harmonic content Sensorless performance Rated torque Cost
Air holes in the rotor core Similar Similar Equal Lower
More steel between magnets Mostly lower Better Lower Higher
Totally-closed slot openings Mostly higher (big way) Fails Lower Higher
Bigger stator teeth width Mostly lower Fails (loss of saliency) Higher Higher
Bigger stator yoke width Mostly lower Mostly better Higher Higher

6. Verification of the Key Performance Indicator
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Conclusion and future work

7.1 Conclusion

In this study, the relation between the machine design, the harmonic content of the
incremental inductances (Lgg, Lyq, Lag, and Lyg), and the sensorless performance
using saliency tracking has been studied, and verified. Bosch’s motor of the engine
compartment actuator (ECA - E) has been simulated and compared with the real-
life machine performance to make sure that the model is a good representation of
the real-life machine (the simulated induced e.m.f. matches the one measured from
the real-life machine performance as they are both sinusoidal, they have the same
maximum value (1 pu), their periods are equal (360 °) and the simulated cogging
torque has the same number of cogging cycles per one mechanical revolution (N.,=
60) as well as the period (6 °)). Also, the methodology for the measurement of the

incremental inductances has been implemented and simulated using SIMULINK.

Additionally, the coupling between the FEA machine model and the Bosch
position estimator has proven to be possible and successful. This allows the inclu-
sion of the load and saturation effects, of the anisotropy determined by the rotor
position and current phase angles, and of the cross-coupling between the quadra-
ture and direct axes in the controller, as well as in the position and speed observer
dimensioning process as the used model of the machine is based on FEM calcula-
tions. Finally, it has been verified that the selected key performance indicator (the
harmonic content of the incremental inductances) is reliable and it can evaluate the
quality of the potential sensorless vector control capabilities of a certain permanent
magnet synchronous machine in the early design stages in comparison with a base

model.

It has been proven that the harmonic content of the incremental inductances
of the permanent magnet synchronous machine are connected to the motor design.
This includes the dimensions of the different parts of the studied motor. Most of

the changes in the machine dimensions will have an impact on the harmonic content
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and, consequently, the sensorless performance using saliency tracking will differ.

When the air holes were added in the rotor core of the machine in the direct axis
direction, there was no effect on the harmonic content of the incremental inductances
or the sensorless performance (the electrical position estimation error is still kept
between 2.5 and —18.75 degrees which is similar to the original machine). The effect
may be noticed if the air holes are placed closer to the magnets but this was not
simulated due to Bosch’s manufacturing regulations. It has been found that this
modification can offer the same sensorless performance as well as the rated torque

with a decrease (0.78 %) in materials costs which is beneficial.

It has been proven that adding more steel material in the rotor core in the
quadrature axis direction has a good effect. This modification results in lower har-
monic content of the incremental inductances and a better sensorless performance
using saliency tracking. For Lgq, the sixth harmonic component has decreased by
57 %, 63 %, and 80 % for the loads 0 %, 30 %, and 100 % respectively. For Lgq,
the sixth harmonic component has decreased by 50 %, 62 %, and 42 % for the loads
0 %, 30 %, and 100 % respectively. For L,,, the sixth harmonic component is ap-
proximately the same for the loads 0 % and 30 %, while, it has increased by 93 %
for the load 100 %. For L4, the sixth harmonic component has decreased by 18 %,
58 %, and 17 % for the loads 0 %, 30 %, and 100 % respectively. Additionally, the
electrical position estimation error is kept between 0.5 and —18.75 degrees which is
better. The disadvantage of this modification is that there is a decrease (15.6 %) in

the rated toque and an increase (0.22 %) in the materials costs.

Closing the openings of the stator slots has a very bad impact on the machine
performance. There is a big increase in the harmonic content of the incremental
inductances and the position estimator fails to work as intended. For Lgg4, the sixth
harmonic component has increased by 242 %, 657 %, and 331 % for the loads 0 %,
30 %, and 100 % respectively. For Lg,, the sixth harmonic component has increased
by 1536 %, 858 %, and 138 % for the loads 0 %, 30 %, and 100 % respectively.
For L,,, the sixth harmonic component has increased by 3292 %, and 669 % for
the loads 0 %, and 30 % respectively, while, it has decreased by 8 % for the load
100 %. For Lgq, the sixth harmonic component has increased by 455 %, 733 %, and
456 % for the loads 0 %, 30 %, and 100 % respectively. This modification results in
a reduction (37.7 %) in the machine’s rated torque. In addition to that, there is an

increase (0.13 %) in the total costs of the materials of the machine.

The position estimator also fails to work when the width of the stator teeth of
the machine is increased. This modification results in lower harmonic content of the

incremental inductances. However, the machine lose its saliency as the difference
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between the direct and quadrature axis self-inductances (Lgq, and L,,) becomes very
small (the difference between the inductances L,, and L4 has decreased by 80 %,
55 %, and 50 % for the loads 0 %, 30 %, and 100 % respectively). This explains why
the position estimator fails. For Lg44, the sixth harmonic component has decreased
by 75 %, 94 %, and 70 % for the loads 0 %, 30 %, and 100 % respectively. For L,
the sixth harmonic component has decreased by 27 % and 33 % for the loads 0 %
and 30 % respectively, while, it has increased by 376 % for the load 100 %. For Ly,
the sixth harmonic component has decreased by 94.6 %, 94.2 %, and 76 % for the
loads 0 %, 30 %, and 100 % respectively. For L4, the sixth harmonic component has
decreased by 85 %, 96 %, and 40 % for the loads 0 %, 30 %, and 100 % respectively.
The advantage of this modification is that the rated torque is increased (10 %). But,

there is an increase (1.57 %) in the materials costs.

Increasing the width of the stator yoke makes the harmonic content of the
incremental inductances mostly lower. For L4, the sixth harmonic component has
decreased by 7 %, 26.3 %, and 26 % for the loads 0 %, 30 %, and 100 % respectively.
For Lg,, the sixth harmonic component has increased by 41 %, 33 %, and 47 % for the
loads 0 %, 30 %, and 100 % respectively. For L, the sixth harmonic component has
decreased by 21 %, 26 %, and 35 % for the loads 0 %, 30 %, and 100 % respectively.
For L, the sixth harmonic component has decreased by 8 %, 16.6 %, and 4 % for
the loads 0 %, 30 %, and 100 % respectively. A better sensorless performance is
obtained by this modification where the electrical position estimation error is kept
between 1 and —18.75 degrees. However in some time instants (negative part in the
middle), the position error becomes larger than that of the original machine. This
may be due to the fact that not all of the harmonic contents of the incremental
inductances are reduced as the harmonic contents of the direct axis cross-coupling
inductance (Lg,) of the machine becomes larger. Additionally, the rated torque
of the machine increases (4.64 %) by this modification. But, there is an increase
(2.62 %) in the total costs of the materials of the machine.

7.2 Future work

As seen in chapter 6, the reduction of all of the harmonic content of the incremental
inductances of the machine can’t be done by just one simple geometric modification.
Most of the harmonic contents can be reduced but not all of them. Consequently,
an optimization study should be performed by varying the machine dimensions to

obtain the lowest possible harmonic contents and the best sensorless performance.

Additionally, the implemented methodology for the measurement of the incre-
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mental inductances is to be integrated into Bosch’s in-house Finite Element Analysis
software (EDYSON) in an automated and user-friendly interface instead of using
SIMULINK and JMAG-RT. Also, instead of using the JMAG-RT generated block in
the system simulation the flux-based machine modeling can be developed and inte-

grated, eliminating the JMAG license bottle-neck when performing an optimization.
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Appendix

A.1 Transformations

Transformations between three-phase and two-phase system and ampli-
tude invariant transformation

S, S, 1 0
S 1 -5 -3 S
o 2 2 2 «
== Sol, |S| =|-1 £ (A1)
Ssl 3lo B8 _ S
B B} 2 B
R

Transformation between rotating and stationary coordinate system

u’ = geje, U= gse’je, 1% = cosh + jsinf (A.2)

Ug cosf) —sinf| |uy Uqg cosf sinf| |u,
_ 7 — (A.3)

ug sinf cos® Ug Uq —sinf cosf| |ug

A.2 Fourier Series

Let f be a piecewise continuous function on [—m, 7w|. Then the Fourier series of f

is the series
(o)

ap+ Y _(a, cosnx + b, sin nx) (A4)

n=1

where the coefficients ag, a,, and b, in this series are defined by

ag 1/ﬂf(x)dx, anZi/ﬂf(x)cosnmda;, bnzl/ﬂf(x)smnxdx (A.5)

21 J—n s

and are called the Fourier coefficients of f.



A. Appendix

A.3 Matlab Code for the Proposed Key Perfor-
mance Indicator

clc lear command window
clear all

close all

o° oo oe

c
clear workspace memory
closing all plot windows

KA KR A AR A AR A AR A A AR A AR A AR A A AR A AR A AR A A AR A AR A AR A A AR A AR A AR A AR hA A Ak Ak Ak kA Ak x Kk

o° o° oe

*

Parameter definition ( ECA-E machine) *

R R IR e e e e S b b b b b b b S ah dh S b e b b b b b b b (b Sh Sh S S S I 2 b b b b b b b b S b Sh dh g 2 b b b b b b b (Sb dh dh db S a2
P =10; % Total number of poles

Omega =2000; % Rated mechanical speed in RPM

delta=0.5; % injected current disturbance

R R IR e b b S b b S Sh b e Sh b S Ih b dh b b dh b b db b b dh S b b b b db Sh b S S b S b b J Sh b 2 Sh b S Sh b dh b Sb b db b db b S b 4
Current in dg ( To get the three phase current be used as a source in
JMAG) =

kA Ak h kA kA Ak kA rhhkhrhhk bk hhA Ak kA kA A kA Ak kA hkh Ak hhkhkhk Ak hkhkhhhkhhkhkhkhkhkrhkhkrhkkhhkhkhhhkxx*k

o° o oo oe

%$No Disturbance - Case 1
D0=0; % d-current in A
Q0=50; % g-current in A

$Disturbance in d - Case 2

Dd=0+delta; % d-current in A
Qd=50; % g-current in A
$Disturbance in g - Case 3

Dg=0; % d-current in A
Qg=50+delta; % g-current in A

% Call Simulink

%**********************************************************************

Tstart=0;

step=0.00001;

Fs=1/step;

Tstop=0.006%1; % one electrical cycle

sim('Parameters_calculation_calc', [Tstart:step:Tstop])

R R R b b b S b b S Sh S e Sh b S Sh b b dh b 2 Sh b b b b 2h b b SE b b S S b SR S b S b b 2 b b 2 Sh S S Sh b S dh b Sh b dh b Sh S db b 4
Removal of the first point which causes wrong calculations
based on the periodicity

e o oo oe

R R I I B I e S I I I I I I I I b I IR R S I I b I I b S S b I I I I R A I SR S I b b I SR b b b I b b b 4

PSI_DO(1l) = PSI_DO (end);
PSI_DO = PSI_DO(l:end-1);
PSI_Dd(l) = PSI_Dd(end);
PSI_Dd = PSI_Dd(l:end-1);
PSI_Dg(l) = PSI_Dg(end);
PSI_Dg = PSI_Dg(l:end-1);

IT
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PSI_Q0 (1) = PSI_QO(end);
PSI_Q0 = PSI_QO0(l:end-1);
PSI_Qd(1l) = PSI_Qd(end);
PSI_Qd = PSI_Qd(l:end-1);
PSI_Qqg(l) = PSI_Qg(end);
PSI_Qg = PSI_Qg(l:end-1);

I_AO0(1)= I_AO (end);
I_A0 = I_AO0(l:end-1);
I_BO(1)= I_BO(end);
I_BO = I_BO(l:end-1);
I_CO(1)= I_CO(end);
I_CO = I_CO(l:end-1);
I_DO(1)= I_DO(end);
I_DO = I_DO(l:end-1);
I_Q0(1)= I_Q0(end);

I_Q0 = I_Q0(l:end-1);

I_Ad(1l)= I_Ad(end);
I = I_Ad(l:end-1);
I_Bd(1l)= I_Bd(end);
I = I_Bd(l:end-1);
I_Cd(1l)= I_Cd(end);
I_Cd = I_Cd(l:end-1);
I_Dd(1l)= I_Dd(end);
I = I_Dd(l:end-1);
I_Qd(1l)= I_Qd(end);
I I_Qd(l:end-1);

|

[®)

(o8
Il

|
>
Q

1)= I_Ag(end);
I_Ag(l:end-1);
)= I_Bg(end);
= I_Bg(l:end-1);
(1)= I_Cg(end);
I_Cg(l:end-1);
)= I_Dg(end);
I_Dg(l:end-1);
)= I_Qg(end);
I_Qg(l:end-1);

|

o
Q Q
=l

|
03]
Q

I

Q

Q
Il

|
SR
Q.9 9
(R

IH Mo HIH Mo
0 0O Q

Q Q

Il

t = t(l:end-1);
theta_el = 2+pixOmega/60xP/2xt; % Rated electrical angle in rad

R R S B S B S R R I R I I I I S I S I I I I I I I I I I I A I b S I b I I SR b I b b I b b I b S

Calculation of incremental inductance according to Asher *

o° o oe

R R R b b b S b b S Sh S Sh b I Sh b Sh b b Sh b b 2h b 2R b b Sh b b 2h S b 2R b b S Sh b 2 Sh b 2 Sh S S Sh b 2 dh b Sh b dh b Sh b S Sh b 4

Ldd=(PSI_Dd-PSI_DO0)./delta;
Ldg=(PSI_Dg-PSI_DO) ./delta;
Lggq=(PSI_Qg-PSI_QO0)./delta;
Lgd=(PSI_Qd-PSI_QO0)./delta;

R R i I I e I I I I I b I I I I I e I R I I I I I I e I I e I e e I b 4

Plotting *

R R I i I I I I I I S S I S S I I S I I b I I S b e b I e b I b I I b b I S I b b I b b I R S I IR b b b I Sh b 2 b 4

set (0, 'DefaultAxesFontSize', 14)

o° o

o
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$No Disturbance - Case 1
figure ('Name', 'No Disturbance - Case 1', 'NumberTitle', 'off')

subplot (2,2,1)

plot(t,I_AO, 'b',t,I_BO,'x",t,I_CO,"'g")

grid on

xlabel ('Time (s) ")

ylabel ('Stator Current [A]")

title('blue A-phase, red B-phase, green C-phase')

subplot (2,2,2)

plot(t,I_DO,'b",t,I_0Q0,"'rc")

$axis ([0 inf -3 11])

grid on

xlabel ('Time (s) ')

ylabel ('Stator Current Component [A]")
title('blue d-component, red g-component')

subplot (2, 2, 3)

plot (t,PSI_DO, 'b',t,PSI_QO0,'r")

%$axis ([0 inf -3 117)

grid on

xlabel ('Time (s) ")

ylabel ('"Flux Component [Wb]")

title('blue d-component, red g-component')

$Disturbance in d - Case 2
figure('Name', 'Disturbance in d - Case 2', "'NumberTitle', 'off'")

subplot (2,2,1)

plot (t,I_Ad, 'b',t,I_Bd, 'r',t,I_Ccd,'g")

grid on

xlabel ('Time (s) ")

yvlabel ('Stator Current [A]")

title('blue A-phase, red B-phase, green C-phase')

subplot (2,2, 2)

plot(t,I_Dd,'b',t,I_Qd,'r")

$axis ([0 inf -3 117)

grid on

xlabel ('Time (s) ")

ylabel ('Stator Current Component [A]'")
title('blue d-component, red g-component')

subplot (2, 2, 3)

plot (t,PSI_Dd, 'b',t,PSI_Qd, 'r")

grid on

xlabel ('Time (s) ')

ylabel ('"Flux Component [Wb]")

title('blue d-component, red g-component')

$Disturbance in g - Case 3

figure ('Name', 'Disturbance in g - Case 3', 'NumberTitle',6 'off'")
subplot (2,2,1)

plot(t,I_Aq, 'b',t,I_Bg,'r',t,I_Cqg,'g")

grid on

xlabel ('Time (s) ")

ylabel ('Stator Current [A]")

IV
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title('blue A-phase, red B-phase, green C-phase')

subplot (2,2,2)

plot(t,I_Dg, 'b',t,I_Qq, 'r")

$axis ([0 inf -3 11])

grid on

xlabel ('Time (s) ")

vlabel ('Stator Current Component [A]'")
title('blue d-component, red g-component')

subplot (2, 2, 3)

plot (t,PSI_Dq, 'b',t,PSI_Qq, 'r")

grid on

xlabel ('Time (s) ")

ylabel ('"Flux Component [Wb]")

title('blue d-component, red g-component')

$Incremental inductances

figure('Name', 'la- Direct-axis self-inductance (Ldd) ', "NumberTitle', 'off")
plot (Omegax (360/60) xP/2*t,Ldd/ (1e-06), 'b")

%$axis ([0 inf 1e-05 4e-05])

grid on

xlabel ('Electrical angle (degree)')

ylabel ('Ldd [\muH]")

nue_dd = 0:100; % electrical order
n_dd = length (Ldd);
for 1 = l:length (nue_dd)

if 1 == 1
k = 1;
else
k = 2;
end
an_dd (i) = sum(k/n_ddxLdd.*cos (nue_dd (i) *theta_el));
bn_dd (i) = sum(k/n_dd*Ldd.*sin (nue_dd (i) xtheta_el));

end
A_dd = sqgrt(an_dd.”2 + bn_dd.”2);

figure('Name', 'lb- Harmonic content of Ldd ', 'NumberTitle', 'off')

bar (nue_dd(1:2:15),A_dd(1:2:15)/A_dd (1)) ;

grid on

set (gca, 'Xtick',nue_dd(1:2:15), 'XTickLabel', {'DC"', '2', "4', '6','8", ...
10", "12",'14"})

xlabel ('Multiples of Electrical Frequency')

ylabel (" |Ldd| [p.ul]l")

figure ('Name', '2a- Direct-axis cross-coupling inductance(Ldq)', ...
'"NumberTitle', 'off'")

plot (Omegax* (360/60) *P/2xt,Ldqg/ (1le-06), 'b")

$axis ([0 inf 1e-05 4e-05])

grid on

xlabel ('Electrical angle (degree)')

ylabel ('Ldg [\muH]")
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nue_dg = 0:100; % electrical order
n_dg = length (Ldqg);
for 1 = l:length (nue_dqg)

if 1 == 1
k =1;
else
k = 2;
end
an_dqg (i) = sum(k/n_dgxLdg.+*cos (nue_dqg (i) +*theta_el));
bn_dg (i) = sum(k/n_dgxLdg.*sin(nue_dq(i)+theta_el));

end
A_dg = sqgrt(an_dg.”2 + bn_dqgq.”2);
figure ('Name', '2b- Harmonic content of Ldg ', "'NumberTitle', 'off')

bar (nue_dqg(1:2:15),A_dg(1:2:15) /A_dg(1l)) ;
grid on

set (gca, 'Xtick',nue_dg(l:2:15), 'XTickLabel', {'DC", '2', "4', '6',"'8", ...

'10', '12','14'})
xlabel ("Multiples of Electrical Frequency')
ylabel (' |Ldq]| [p.ul")

figure ('Name', '3a- Quadrature-axis self-inductance (Lgqg)', ...
'NumberTitle', 'off'")

plot (Omegax* (360/60) xP/2xt, Lgg/ (1e-06), 'b")

$axis ([0 inf 1e-05 4e-05])

grid on

xlabel ('Electrical angle (degree)')

ylabel ('Lgg [\muH]")

nue_qq = 0:100; % electrical order
n_qq = length(Lqq);
for i = 1l:length (nue_qgq)

if 1 ==1
k =1;
else
k = 2;
end
an_qgq (i) = sum(k/n_qgg*Lgg.=*cos (nue_qgq (i) *theta_el));
bn_gg (i) = sum(k/n_gg*Lgg.*sin(nue_qgq(i)+theta_el));

end
A_ggq = sqgrt(an_gg.”2 + bn_qgg.”2);

figure ('Name', '3b- Harmonic content of Lqgg ', 'NumberTitle', 'off")
bar (nue_gqg(1:2:15),A_gq(1:2:15)/A_qgq (1)) ;

grid on
set (gca, 'Xtick',nue_qgqg(l:2:15), 'XTickLabel', {'DC"', '2', '"4', '6',...
'8" '10', '12','14'})

xlabel ('Multiples of Electrical Frequency')
ylabel ("|Lggl [p.ul")

figure('Name', '4a- Quadrature—-axis cross-coupling inductance (Lgd)'...

, 'NumberTitle', 'off'")
plot (Omegax* (360/60) «P/2xt,Lgd/ (1e-06), 'b")

VI
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%$axis ([0 inf 1e-05 4e-05])

grid on

xlabel ('Electrical angle (degree)')
ylabel ("Lgd [\muH]")

nue_gd = 0:100; % electrical order
n_gd = length (Lgd);
for 1 = l:length (nue_qgd)
if 1 ==
k =1;
else
k = 2;
end
an_qgd (1)
bn_gd (i)
end

A_gd = sgrt(an_gd.”2 + bn_qgd.”"2);

figure ('Name', '4b- Harmonic content of Lqgd
bar (nue_gd(1:2:15),A_qgd(1:2:15)/A_qgd (1))

grid on

4

= sum(k/n_qgd*Lgd.*cos (nue_qgd (i) *theta_el));
sum (k/n_qgd*Lgd.*sin (nue_qgd (i) *theta_el));

', "NumberTitle', 'off")

set (gca, 'Xtick',nue_qgd(1:2:15), 'XTickLabel', {'DC", '2', '4', '6', ...

'8" '10‘, '12','14'})

xlabel ('Multiples of Electrical Frequency')

ylabel (' |Lad| [p.ul")

Testing

o° o oe

AO=max (I_AO0)
Ad=max (I_Ad)
Ag=max (I_Aq)

PSI_AQ0 (1) = PSI_AO(end);
PSI_AQ = PSI_AO(l:end-1);
PSI_Ad(l) = PSI_Ad(end);
PSI_Ad = PSI_Ad(l:end-1);
PSI_Aqg(l) = PSI_Ag(end);
PSI_Agq = PSI_Ag(l:end-1);

PSI_BO (1) = PSI_BO (end);
PSI_BO = PSI_BO(l:end-1);
PSI_Bd(1l) = PSI_Bd(end);
PSI_Bd = PSI_Bd(l:end-1);
PSI_Bg(l) = PSI_Bg(end);
PSI_Bqg PSI_Bg(l:end-1);

PSI_CO(1l) = PSI_CO (end);
PSI_CO = PSI_CO(l:end-1);
PSI_Cd(1l) = PSI_Cd(end);
PSI_Cd PSI_Cd(l:end-1);
PSI_Cg(l) = PSI_Cqg(end);

R I I b I S b I S S S I S I I S S I b b S I I S b b S b S b I 2R I I I b I S S b 2 S b 2 b I S SR b I dh b I SR b I dh b S Sh b S b b 4
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A. Appendix

PSI_Cqg = PSI_Cqg(l:end-1);

figure

plot (t,PSI_AO, 'b',t,PSI_Ad, 'r',t,PSI_Aqg, 'g")
grid on

figure

plot (t,PSI_BO, 'b',t,PSI_Bd, 'r',t,PSI_Bqg, 'g")
grid on

figure

plot (t,PSI_CO, 'b',t,PSI_cd, 'r',t,PSI_Cq, 'qg")
grid on
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