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Abstract

This bachelor’s thesis comprehensively
addresses the topic of Synchronous Re-
luctance Motor (SynRM), covering its
construction, working principle, math-
ematical model, Field-Oriented Control
(FOC) method, qualitative parameters,
applications and future prospects.

Due to SynRM being often mentioned
nowadays, thanks to its higher effi-
ciency, as a potential successor of gener-
ally most frequently used electric motor
— Induction Motor (IM), an outline
of this issue and its potential future
development is going to be provided.

Furthermore, a measurement of the ef-
ficiency map of a SynRM drive system
built on Siemens products is going to
be performed at the faculty’s laboratory
workplace.

Lastly, options available for realization
of closed-loop torque control using the
drive system’s SINAMICS S120 drive
are going to be analyzed.

Keywords: Synchronous Reluctance
Motor, SynRM, Vector Control, FOC,
efficiency, sustainability, Induction Mo-
tor, IM, Asynchronous Motor, AM,
ASM, Siemens, SINAMICS S120, S120,
TIA Portal, TIA.

/ Abstrakt

Vi

Tato bakalarska prace komplexné po-
jednava o synchronnim reluktanénim
motoru (SynRM) z pohledu jeho kon-
strukce, principu funkce, matematic-
kého modelu, metody rizeni Field-
-Oriented Control (FOC), kvalitativ-
nich parametru, aplikaci, ve kterych
se vyuziva a vyhlidek do budoucna.

Vzhledem k tomu, ze se o SynRM diky
jeho wvyssi Ucinnosti dnes casto ho-
vori jako o potencidlnim nastupci dnes
obecné nejpouzivanéjsiho elektromotoru
— asynchronniho motoru (AM), bude
uveden nastin této problematiky a jeji
potencialni budouci vyvoj.

Déle bude na laboratornim pracovisti
fakulty provedeno méreni ucinnostni
mapy pohonu se SynRM vystavéného
na produktech firmy Siemens.

A nakonec budou analyzovany moznosti
realizace uzaviené momentové smycky
tohoto pohonu pomoci jeho ménice SI-
NAMICS S120.

Kli¢ova slova: Synchronni reluktanc¢ni
motor, SynRM, vektorové tizeni, FOC,
U¢innost, udrzitelnost, asynchronni mo-
tor, AM, ASM, Siemens, SINAMICS
S120, S120, TIA Portal, TIA.

Preklad titulu: Synchronni reluktanéni
motor a jeho tc¢innost
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Introduction

Let us begin by defining which electric machines are considered as Reluctance Machines
(RM). The following fall into the category:

m Stepper motor,
m Switched Reluctance Machine (SRM),
m Synchronous Reluctance Machine (SynRM).

The term ‘RM’ stems from the fact that these machines function based on magnetic
reluctance (or simply reluctance), which is measured in the SI unit of H-!. Equivalently,
it can be said that they function based on magnetic permeance (or simply permeance),
which is just the reciprocal of reluctance and is measured in the SI unit of H. All RM
are synchronous machines [1].

In this thesis, only SynRM are going to be discussed, providing a comprehensive de-
scription and analysis from multiple standpoints. In the literature, other terms referring
to this type of motor can be encountered, such as:

m Reluctance Synchronous Machine (RSM),
m Synchronous Reluctance Machine (SRM).

However, ‘SRM’ is particularly misleading when referring to SynRM, as this abbrevia-
tion should be reserved for Switched Reluctance Machines only. Nevertheless, SynRM
is the term most commonly used in literature [2], and it is the one that is going to be
used in this thesis.

Furthermore, from now on, all machines that will be mentioned in the thesis will be con-
sidered only in motor mode, unless stated otherwise. Thus, the abbreviation ‘SynRM’
will now be understood as ‘Synchronous Reluctance Motor’.

While SynRM can also be used in generator mode, this is not going to be discussed
in the thesis due to its complex working principle and rarity of usage [3].

Other abbreviations reflecting the particular type of SynRM and its features can be
added in front of the ‘SynRM’ abbreviation, which is going to be shown later in the
thesis.

The history of SynRM dates back to 1923 when J. K. Kostko published a paper estab-
lishing the fundamental theory for this type of motor for the first time ever [4].

More than 100 years have now passed during which various studies regarding opti-
mal design were conducted, and during which SynRM was repeatedly almost forgotten
and then brought back into the scientists’ and commercial sphere’s scope again.

Nowadays, with the huge help of semiconductor technology experiencing rapid advance-
ment in the second half of the 20th century and with the help of other favorable aspects,
SynRM stands among the elite of the electric motor market. Its most attractive feature
is its high efficiency, a very positive and important attribute for a motor to have in to-
day’s world, where ecodesign and CO, emissions reduction are constantly emphasized.



For this reason, SynRM is often considered as a possible successor to today’s most used
type of electric motor — Induction Motor (IM), also sometimes called Asynchronous
Motor (AM, ASM) [5], which was first constructed by Galileo Ferraris in 1885, followed
by Nikola Tesla in 1887 [6].

This is why a demonstrative measurement of the efficiency of a SynRM drive system
was incorporated into the thesis. The measurement is going to take place at a workplace
located in the faculty’s laboratory T2:H1-26.

The last topic to be addressed in the thesis is going to also focus on the workplace
and discuss options available for the realization of closed-loop torque control using the
workplace’s SINAMICS S120 drive. This topic is an extension to the bachelor’s thesis
of my colleague John Francis Horabin from May 2023, who built the workplace using
available Siemens equipment [7].

Finally, after reading this thesis, one should have a basic understanding of SynRM
and its implementation in today’s world. However, it is assumed that the reader pos-
sesses a basic knowledge of principles from electrical engineering, as the thesis builds
upon them. Additionally, one should refer to the cited literature for a deeper under-
standing of any of the discussed topics.



Chapter 1
Construction

A modern SynRM with no modifications has a simple structure and its manufacturing
does not require many different materials, making its production relatively easy. SynRM
boasts numerous advantages, such as high efficiency, low thermal losses, high thermal
endurance, low moment of inertia, and being a rare-earth-free product (applies always,
except for only one case described in subchapter 1.5.2).

However, it also possesses many disadvantages, namely low power factor, relatively
high torque ripple, and lower mechanical stability. Mechanical stability is particularly
problematic at high speeds (over 10 000 rpm), where centrifugal forces exert huge
pressures on the rotor structure. All these issues stem from the construction of the
motor [8], [9].

The design procedure of SynRM and many of its design aspects are not going to be
delved into in detail, as it is not the objective of this thesis. Moghaddam’s master’s
thesis [2] thoroughly covers this topic. For now, it is sufficient to know that the Finite
Element Method (FEM), which involves numerical analysis of magnetic fluxes flowing
through the motor and also numerical analysis of mechanical strain of the motor is used
[5] and that the number of rotor poles is chosen to be the same as the number of stator
poles [1], [10].

I 1.1 Stator

SynRM uses the same stator as the IM [11]. It is made of electrical steel sheets designed
in a tooth-slot geometry (see Figure 1.1). This geometry is achieved by punching the
steel sheets using a punching tool [12]. These sheets are then stacked on top of each
other and electromagnetically isolated from each other [13], before being compressed
together to form a solid stack.

The stator winding is then distributed into the slots along the inner circumference of
the stator. In most cases, it is a 3-phase winding and although multiphase SynRM do
exist, they are not going to be considered in this thesis [14]. The winding is distributed
sinusoidally, which, together with appropriate powering, ensures the creation of a rotat-
ing circular magnetic field in the air gap, which means that the waveform of magnetic
induction in the air gap will be almost sinusoidal (‘almost’, as in reality there is no
ideal motor) [13]. In most cases, the stator of a SynRM is non-skewed [15].



1. Construction

Real parts of a stator of a SynRM can bee seen in the figure below:

tooth

a) b) c)

Figure 1.1: A stator of a SynRM — a) a sheet, b) a stack, ¢) the stack wound and fitted
into housing [16], [17], [18] (edited).

All this means that SynRM stators can be produced in the same, already existing assem-
bly lines where IM are produced, which makes mass production of SynRM significantly
easier [12].

I 1.2 Rotor

The rotor of a SynRM, in the vast majority of cases (as is going to be shown later),
consists of only electrical steel sheets that are electromagnetically isolated from each
other and put together in the same manner as described for the stator. The only
difference is, of course, that the geometry of the sheets will be different for the rotor
compared with the stator. Other than that, there is neither winding nor any cage,
which implies that, in terms of construction, they differ from IM only in their rotors
[15].

The design of the rotor is crucial for SynRM, as it determines its resulting behavior
and qualitative parameters (such as output torque, torque ripple, efficiency, power
factor, etc.). Therefore, before designing the rotor, one should determine which of its
advantages should be emphasized the most and which of its disadvantages should be
minimized regarding this type of motor [19].

For further analysis, the concept of the d and ¢ axes will now be introduced, demon-
strated using a ‘universal’ rotor sheet of a SynRM:

Figure 1.2: A ‘universal’ rotor sheet of a SynRM [3].

4



In the direction of the d-axis (direct), the material’s reluctance is the lowest (permeance
is the highest, respectively). It can be also said that in the direction of the d-axis,
the material’s inductance L, (reactance X, respectively) is the highest.

Conversely, in the direction of the q-axis (quadrature), the material’s reluctance
is the highest (permeance is the lowest, respectively). And similarly, it can be also
said that in the direction of the g-axis, the material’s inductance L, (reactance X4
respectively) is the lowest [13].

The term 'ideal rotor of a SynRM' is defined as a theoretical model, in which the rotor
would have an ideal magnetically anisotropic strucuture. This implies that L; — oo
and L, — 0, resulting in zero reluctance in the direction along the magnetic field lines
(the d-axis) and infinite reluctance in the direction across them (the g-axis) [19].

Thus, in practice, an essential parameter for the design of SynRM rotors is the so-called
saliency ratio, denoted by &. It is defined as:

£=d, (1.1)

It can also be defined the same way but using X; and X . Almost all qualitative param-
eters of SynRM are affected by this ratio. The higher it is, the better the parameters
usually are and the more the unwanted phenomena are usually suppressed. Therefore,
the main goal is almost always to achieve the highest possible L, and the lowest possible
L, thus maximizing ¢.

Furthermore, the higher ¢ is, the better (by a large margin) the performance in field-
weakening (FW) range of all SynRM, with the exception of some of its rotor-modified
versions [20]. On the other hand, increasing & makes the rotor construction more com-
plicated, as well as the manufacturing process, resulting in a drastic increase in the price
of the motor [8].

For further enhancement of qualitative parameters or to suppress unwanted phenomena,
modifications are available, mainly for the rotor. The modifications are going to be
presented in subchapter 1.3 [15].

The rotor of a SynRM can be generally considered as cylindrical pole (with exceptions
for salient pole rotors and other sporadic designs) [1].

In the following subchapters, a possible classification of SynRM rotors are going to be
presented according to the literature referenced in subchapter 1.2.

However, the presented clusters do not necessarily exclude one another. This means
that the final rotor design can possibly be a mixture of different presented designs,
though it is not common [15].

Bl 1.2.1 Salientpole rotors

A salient pole rotor is the simplest design of a SynRM rotor. Quasi-square-shaped
cutouts oriented in the direction of the g-axis are made of the original uncut electrical
steel sheets with no geometry. This results in a mechanically stable and robust design
that requires low technological effort in terms of manufacturing [8].



1. Construction

The outcome is depicted in the figure below:

Figure 1.3: A sketch of a salient pole rotor indicating stacking of the sheets [8] (edited).

The cutouts can, of course, also be shapes other than quasi-square. Moreover, they can
occur more frequently, resulting in the rotor having higher number of poles [8], [19].
On the other hand, this design has relatively low ¢ (which cannot be expected to ex-
ceed 3 — with the common span being 2-3 [19]), because widening the interpolar cutout
to decrease L, would simultaneously decrease Ly due to a narrower pole arc.

Hence, such rotors are considered to have weak performance in terms of qualitative
parameters (such as output torque, efficiency, power factor etc.) to make them compet-
itive compared with other types of rotors, especially modern TLA and ALA designs,
which are going to be discussed later. Therefore, they are not generally preferred [11],
[12], [21], [22] and will not be discussed in further detail in this thesis.

B 1.2.2 Segmented rotors (Magneto-isolated pole rotors)

A Segmented rotor, also known as a Magneto-isolated pole rotor, is another infrequently
used SynRM rotor design that is only rarely seen [12]. In this design, multiple stacks
are formed from electrical steel sheets, with each stack making up one rotor pole (or
one segment). These stacks are designed to leave a small air gap between them when
mounted on the rotor core, creating reluctance in the g-axis. The entire structure
is then mounted on the shaft [23].

a) b)

Figure 1.4: A segmented (Magneto-isolated pole) rotor — a) only the poles, b) an entire
rotor [5], [12] (edited).

Segmented rotors are claimed to have better £ than salient pole rotors, therefore SynRM
with segmented rotors reportedly exhibit higher output torque, efficiency and power
factor than SynRM with salient pole rotors [24].

Despite this, due to the forementioned rarity of this rotor design, it will not be discussed
in further detail in this thesis.



l 1.2.3 Modern barrier rotors

Nowadays, the state of the art SynRM rotors, most commonly used and manufactured,
are the so-called barrier rotors. Their name stems from the fact that in most cases,
they introduce air barriers (also called flux barriers, magnetic barriers) in the direction
of their g-axis, to create reluctance (for decreasing L, respectively).

When designing a barrier rotor, its resulting electromagnetic and mechanical properties
are determined by the design of the barriers.
The main aspects to consider in the design process of the barriers are their:

m shape,
m width,
m number per sheet [2].

Shapes composed of rectangular cutouts are used, as well as more circular, or combined
[14]. Regarding the width, the so-called insulation ratio is used to gauge the proportions.
Therefore, in this instance, width is considered in the ‘from the center of the shaft
outwards’ sense. The insulation ratio is defined as:
w
K, = b (1.2)

w 9

wcar

where wy,, is the total width of all the flux barriers and w,,, is the total width of all the
flux carriers (also called flux guides — electrical steel segments in the g-axis direction
left after introducing the flux barriers into the rotor). The radius of the rotor is then
obtained after adding w,,,+w,,,. The upper limit of K, is constrained by the saturation
of the iron segments, since £ starts to decrease. K, is an important design parameter
that directly influences &, as well as the output torque and other qualitative parameters,
and is helpful when comparing different rotor geometries [14], [25].

The number of barriers per sheet has the most substantial effect on the qualitative pa-
rameters of the motor out of all of the barrier parameters [21] and is chosen depending
on the number of rotor poles and stator slots.

In theory, to maximize &, the number of barriers per sheet should be as high as possible.
However, a substantial volume of the rotor material is then removed, which endangers
the mechanical stability of the rotor structure. Therefore, an optimal trade-off between
electromagnetical, mechanical (including the weight of the rotor, and thus its moment
of inertia on whose magnitude the weight takes part) and thermal properties of the
rotor is always sought [2], [9]. For further reference, this principle will be referred to as
‘the trade-off rule'.

In practice, 4 is the optimal recommended number of barriers per sheet. A higher num-
ber would make the rotor technology too complicated, and beyond the optimal number,
the improvement in qualitative parameters would become less and less significant [22].
Conversely, a lower number would result in excessively high torque ripple [8].

Besides barrier parameters, the optimal number of rotor poles is also important when
designing this type of rotor. A low number, that is 2, would lead to the desired low L,
but on the other hand, also to a higher torque ripple. Conversely, when the number
of rotor poles is high, that is 8 or more, it is difficult to create more than one barrier
per pole, which leads to a reduction in &.

Thus, majority of barrier rotors is manufactured as 4-pole. 6-pole designs are also used
[10].



Barrier rotors report by far the best results among all SynRM rotors in terms of &
and subsequent qualitative parameters, which justifies why barrier rotors are currently
the most widespread, as mentioned earlier [9], [19], [24].

Despite this being true, they also possess some significant weaknesses, and there is
definitely room for improvement, which is currently ongoing in the Research and De-
velopment (R&D) sphere.

Their biggest weakness is their low mechanical stability and integrity, especially at high
speeds. Therefore, a lot of the R&D efforts is invested in researching options for
strengthening the mechanical construction, with respect to the forementioned trade-
off rule. Some of these options are going to be presented later in this thesis [9].

When comparing barrier rotors to a rotor of an IM, the structure of the latter is much
more solid, with no air introduced to its insides, resulting in much higher mechanical
stability and reduced sensitivity to mechanical stress [14].

Two main designs of barrier rotors (and of SynRM rotors in general) on which the
majority of the commercial and R&D sphere is currently focused [12] are now going to
be introduced.

Il 1.2.3.1 Axially Laminated Anisotropy (ALA)

This type of barrier rotor is composed of a combination of suitably shaped electrical
steel sheets and barriers that subsequently copy the shape of the sheets and electro-
magnetically isolate them from each other. The barrier material can be air, but it is
often some other electromagnetically insulating material (referred to as passive mate-
rial), such as epoxy [5], [12].

The term ‘suitably shaped’ refers to the shaping of the sheets to precisely replicate the
natural flow of magnetic field lines in a solid rotor:

Figure 1.5: The natural flow of magnetic field lines in a solid rotor [26] (edited).

This will ensure that the design will come close to fulfulling the definition of ideal rotor
of a SynRM (though this only applies if the influence of stator slotting is omitted and
simultaneously, p,, = 2, where p, is the number of pole pairs) [19], [27].

Continuing with the design, the sheets and barriers are then put together axially (mean-
ing lengthwise with respect to the horizontal axis of the shaft) in a ‘sheet-barrier-sheet-
barrier’ manner [5], [12]. This creates a stack, with the number of stacks equaling
the number of rotor poles, which is almost always 4. Each sheet and barrier within
a particular stack (that are all made the same) has its own unique shape [5], [21].



1.2 Rotor

Increasing the number of sheet + barrier combinations above 10 has only a minimal
effect on further enhancements of the motor’s properties [19].

The stacks are then affixed to the inner part of the rotor using pole holders and screws.
The inner part of the rotor is made of electromagnetically insulating material [19].
The screws are also made of electromagnetically insulating material to prevent an in-
crease in L,. The entire structure is then mounted on the shaft [21], as shown in the
figure below:

Figure 1.6: A sketch of an ALA rotor indicating the stacking of the sheets and barriers [8]
(edited).

The most lucrative feature of the design is that the number of flux barriers can be
drastically increased, leading to very high values of £&. A SynRM that possess this type
of rotor is called an Axially Laminated Anisotropy Synchronous Reluctance Motor (ALA-
SynRM) [12].

However, these are also not going be discussed in much detail in this thesis.

Il 1.2.3.2 Transversely (Radially) Laminated Anisotropy (TLA)

Similarly to ALA rotors, TLA rotors are made of electrical steel sheets that are electro-
magnetically isolated from each other. However, the sheets of TLA rotors are shaped
‘conventionally’, meaning they are round.

Unlike in ALA rotors, the sheets of TLA rotors are then put together transversely (ra-
dially respectively) with respect to the horizontal axis of the shaft. After compressing
the sheets together, a stack is created. This stack is then mounted on the shaft [22].
The entire structure is depicted in the figure below:

Figure 1.7: A TLA rotor — a) a sketch indicating the stacking of the sheets, b) in reality
[8], [28] (edited).
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The air barries are, of course, introduced into the sheets before the stack assembly. For
this purpose, there are two most widely used methods:

m punching,
m laser cutting.

In the punching method, a punching tool is used. Moreover, if the SynRM is mass-
produced using this method, the entire SynRM (including its stator) can be produced
the same way in the same (already existing) assembly line as an IM. The only differences
lie in changing the punching tool for the rotor geometry and, in most cases, not creating
the squirrel cage (as is going to be explained later).

There are also other methods, but they are often only used in prototype manufacturing
[22].

Both methods leave thin steel bridges (or ribs, but the term ‘bridges’ will be used
throughout the thesis) in the g-axis, connecting the flux carriers within each rotor pole.
This serves to improve the mechanical stability and mechanical strength of the rotor
[10], [12], [22], [29]. For a better illustration, a sketch of a TLA rotor sheet is depicted
in the following figure:

tangential bridge

radial bridge

flux barrier

flux carrier

Figure 1.8: A sketch of a TLA rotor sheet [30] (edited).

As seen in the figure above, the bridges are classified as:

m tangential (or end bridges),
m radial [10], [29].

Radial bridges can be present in all of the barriers, only in some them, or in none at
all. Their presence depends on how high the magnitude of mechanical stress exerted
on the flux carriers is, which can be analyzed using FEM [5].

Generally, a bridge should be > 1 mm wide, or problems with manufacturing will occur
[11], [14].
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There are also other methods for making TLA rotor structure more mechanically stable
and supported [9], which are going to be discussed in subchapter 1.5.
Applying the trade-off rule, by incorporating the bridges into the design, L, increases,
leading to worsened electromagnetic properties of the rotor [10], [11].

The increased L, causes two following nonlinearities of TLA rotors:

® an increase in magnetic saturation limit in the g-axis,
® an increase in cross-coupling.

Cross-coupling is a relatively strong nonlinearity that can be defined as the coupling
between magnetic flux linkages of the d and q axes, which occurs because the axes ‘share’
the same rotor sheet which is, moreover, not interrupted on its edges. Conversely, this
phenomenon is almost non-existent in ALA rotors [10], [11].

Both nonlinearities lead to another set of undesirable consqeuences [14] and become
more significant as the width of the bridges increases [11]. In practice, their main
impact is on the mathematical modeling of the motor and on the precise control of the
motor, which both become significantly more complicated. The latter may also become
less efficient.

Thus, the objective is to find an optimal width of the bridges that ensures an early
and deep saturation of the bridges, causing them to start appearing as mangetically
non-conductive, while maintaining sufficient mechanical stability and integrity of the
rotor structure [10].

The design of TLA rotors is, from the geometrical standpoint, a difficult task, and the
optimal geometry is still under study, as there are plenty of input parameters [5]. The
main ones are:

the number of poles (or the number of pole pairs pp),
the number of stator slots,

the width of air gap d between the stator and the rotor,
the number of flux carriers,

the number of flux barriers [12],

the width of the flux barriers,

the shape of the flux barriers [5],

K, [12],

the number of tangential and radial bridges [5],

the width of the tangential and the radial bridges [12],
the flux barrier alignment with the stator teeth [5].

For example, the number of flux barriers and the number of tangential and radial bridges
vary according to the number of stator slots and the overall level of optimization of the
rotor [5]. A change in any of the parameters listed above can significantly affect the
properties of the motor, such as &, power and torque density, torque ripple, power factor,
and others.

Moreover, the change cannot be selectively aimed with the intention of affecting only
the property that is in the scope, as the change will always affect other properties as well

[5].
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1. Construction

Eventually, a SynRM that possess this type of rotor is called a Transversely Lami-
nated Anisotropy Synchronous Reluctance Motor (TLA-SynRM) [12]. This is the type of
a SynRM rotor that is in the main scope of this thesis. Henceforth, in all subsequent
parts of this thesis, it will be automatically assumed that when describing a SynRM,
its rotor is TLA and with no modifications, unless stated otherwise. The reasons for
this assumption are going to be presented in the following subchapter.

Il 1233 ALAvs.TLA

The comparison is going to commence with a brief tabular evaluation of the properties
of ALA and TLA rotors, assigning a score to each of the properties, based on the design
of the rotor:

3
Torque ripple

[12], [27]
[5], [11], [27]

Iron losses
Efficiency
Mechanical stability and strength
Skewing feasibility

Series production suitability

Table 1.1: A comparison of properties of ALA and TLA rotors.

Further comments on majority of the properties listed in the table above are now going
to be given.

3

Values for ALA are the highest out of all SynRM rotors, that is over up to 20 [27],
while values for TLA are usually 10-12 [12].

Torque ripple

As both ALA and TLA face problems with this phenomenon, stator skewing in case of
ALA-SynRM and rotor skewing in case of TLA-SynRM is a necessity [20].

Iron losses

Assuming the same electrical steel is used for both ALA and TLA, the increased iron
losses in ALA compared with TLA can be explained by the relatively high eddy current
losses in ALA.

This is due to the fact that ALA rotors are put together axially, whereas TLA rotors
are put together transversely. As a result, eddy currents have much more surface area
to which they can induce in ALA design, rather than in TLA design [5], [27].

Mechanical stability and strength

For both designs, this is definitely their biggest weakness and both designs are inherently
less mechanically stable compared with a rotor of an IM.
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In terms of high speed aplications, ALA cannot be used, because mechanical stress
exterted on the rotor structure generally rises with the speed of the rotor, and due to
ALA being assembled from multiple parts that are screwed together (meaning there
are no solid sheets), the whole structure could potentially break down [5], [11], [29].
TLA can be used in high speed aplications, though its performance is will not be optimal
[9]. Besides that, higher number of wider bridges would be needed, which would lead
to many undesirable consequences [10].

Skewing feasibility

The design of ALA rotor inherently makes its skewing very difficult, thus leaving skew-
ing of the stator stack as the only option. For TLA rotors, skewing can be done without
any problems [21].

Series production suitability

Due to its unique construction, manufacturing and assembly of ALA-SynRM rotor
is much more technologically complex than of TLA-SynRM and by introducing more
barriers into the ALA rotor, the complexity further rises [3], [5], [11], [12], [22], [29].
The complexity lies mainly in the following:

m different design and size of every laminate segment must be made,
m inter-segment insulation thickness has to vary inbetween layers,

m rotor circumference needs to be machined after laminate mounting,
m only stator stack skewing is feasible.

The additional machining could lead to a change in the material properties and an in-
crease in iron losses. For the skewing, the vast majority of SynRM stators are mass-
produced as non-skewed, since they use same stator as IM. Moreover, if the stator
skewing was performed, it would become very challenging if the skewed stator now had
to be wound by a winding machine [20], [21].

In practice, the mentioned arguments give a reason for ALA-SynRM manufacturing and
assembly costs to be higher than for TLA-SynRM, whose construction is more suitable
for series production [21], can be manufactured in already existing assembly lines for
IM (thus the construction of new assembly lines is spared) [3], [5], [11], [12], [22], [29]
and their production itself is relatively cheap [25].

Based on all the information presented so far, including the data in Table 1.1 along
with the accompanying comments, it is evident why TLA is the most prevalent type of
SynRM rotor and why the majority of attention from R&D and commercial companies
involved with SynRM is focused on it today [2], [12]. In recent years, there has been
an effort to optimize TLA, as it is believed to be the most promising rotor design of
SynRM [5].
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1. Construction

Il 1.2.3.4 TLA-derived
Optimized TLA designs

There are constant efforts to optimize the rotor according to the trade-off rule. For ex-
ample, the following sheet design for a 6-pole motor was proposed using an optimization
algorithm:

Figure 1.9: An optimized design of TLA rotor sheet (6-pole) [10].

While the design contains more bridges to ensure better mechanical properties, they
are made as thin as possible to facilitate reaching their magnetic saturation.
According to reports, the design meets the requirements for the mechanical stability of
the rotor while achieving excellent electromagnetic properties [10].

Dovetail rotor

Dovetail rotors are a branch of TLA rotors with a specific design, where its poles are
divided into segments that are dovetail-shaped, and these segments fit into each other,
being mutually fixated using an electromagnetically non-conductive supporting material
[5], [22], as can be seen in the figure below:

flux carriers
supporting material

flux barriers

main body

Figure 1.10: A sketch of a dovetail TLA rotor design [29], [31] (edited).

As a result, the design does not require and thus does not have bridges. The dovetail
design ensures significantly higher mechanical strength compared with ‘conventional’
TLA, enabling operation at higher speeds [5], [22], [31], [32].
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1.2 Rotor

However, higher mechanical strength would in ‘conventional’ TLA typically lead to de-
terioration in electromagnetic properties, which may not necessarily be the case with
the dovetail design [31].

Though, it is generally argued that dovetail, although not having bridges that cause the
forementioned deterioration in electromagnetic properties, pays for its higher mechani-
cal strength by higher torque ripple, slightly lower efficiency and power factor compared
with ‘conventional’ TLA [5], [29].

Il 1.2.4 Rotors for torque ripple reduction

A suitable rotor construction is one of the solutions that can be used for reducing the
relatively high torque ripple that SynRM generally suffers from. Today, such construc-
tions are being studied, and there are many of them.

In the following two subchapters the main two of them, which are based on optimal
adjustment of asymmetrically arranged flux barrier shapes are going to be presented
[5], [32].

I 1.2.4.1 Romeo and Juliet (R&J)

This design still belongs into TLA category, only with the difference that compared
with the ‘conventional’ TLA, the stack consists of two types of sheets — Romeo and
Juliet (R&J), with Romeo (R) type of sheet having different barrier shape than Juliet
(J) type of sheet, as can be seen in the figure below:

R J

Figure 1.11: R and J rotor sheets in reality [32] (edited).

The sheets are then put and compressed together in R-J-R-J manner to create the
final stack. This alternating manner of composing the stack causes higher harmonics
of torque produced by R sheets to offset each other with higher harmonics of torque
produced by J sheets.

The content of higher harmonics in the resulting SynRM torque waveform is thus going
to be significantly reduced, resulting in a substantial decrease in torque ripple [5], [32].
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1. Construction

I 1.2.4.2 Machaon

Machaon is just another level of development of R&J, which combines these sheets into
one. Thus, all the sheets in the stack are uniform, while the principle of torque ripple
reduction remains the same.

Figure 1.12: Machaon rotor sheet in reality [32].

The name of the design was derived from the characteristic appearance of the swallowtail
butterfly — in Latin: Papilio machaon, which has two large and two small wings, as the
similarity can be seen in Figure 1.12 [5], [32].

I 1.3 Modifications

Modifications are performed in order for the motor to be capable of something it was
not capable of before or for the purpose of improving some of its properties (torque
ripple reduction, power factor improvement etc.). Modifications can be divided into:

m stator modifications,
m rotor modifications,

where rotor modifications make up the absolute majority of all the modifications avail-
able. Apart from subchapter 1.85.1, these rotor modifications are going to concern TLA
rotors exclusively. The motor may also incorporate multiple of stator/rotor modifica-
tions simultaneously, if the combination is sensible and feasible [15].

Bl 1.3.1 Squirrel cage (Starting cage)

Inserting a squirrel cage (also known as starting cage) into the rotor enables asyn-
chronous starting, thus a frequency converter (or VFD - Variable Frequency Drive/VSD
- Variable Speed Drive) is then not needed for the starting. However, since such SynRM
are designed for operation on a constant voltage and frequency power grid (generally
for motors, the term DOL — Direct On Line is frequently used for this type of operation
and for starting motors connecting them directly to the power grid [15]), the operation
of the motor is then going to be limited to a single operating speed determined by this
frequency [3].

Nowadays, this modification is merely a historical relic from the times when VFD
did not yet exist, therefore now in practice, this modification is almost non-existent.
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Additionally, the modification has many disadvantages, such as worse resulting rotor
properties (e.g. £ = 23 [3]), minimal prospects in the contemporary world, and others
[5]. Moreover, for ALA, due to the nature of this rotor design, inserting the cage would
be very difficult, although being done in the times when VFD did not yet exist [19].
A SynRM with this type of modification is called a Line Start Synchronous Reluctance
Motor (LS-SynRM) [15].

However, due to the evident reasons, this modification is not going to be further dis-
cussed in this thesis.

Bl 1.3.2 Permanent magnets (PM)

Through a suitable addition of PM into the air barriers of TLA rotor, synchronous
torque is added to the motor’s overall torque, which has so far consisted only of reluc-
tance torque. The addition can improve the power and torque density, efficiency and
power factor of the given SynRM [33], which would not be achieved with other rotor
modifications either at all or to such an extent.

This synchronous torque component also assists the SynRM during starting when it is
necessary to overcome the rotor’s stiction and, in general, enhances its dynamics, espe-
cially at low speeds [34].

However, the idea of introducing PM is based on the assumption that, with sufficient
accuracy, the following applies:

Hr PM = My airs (1.3)
where p, py is the relative permeability of the PM and p, ,;, is the relative permeability
of air. In other words, the assumption is, that the PM behave more or less like air
barriers. If PM were to have a greater relative permeability than air, their introduction
would also mean an increase in L, which is generally aimed to avoid [33].

It is also possible to encounter the abbreviation IPM (Internal Permanent Magnets),
which only indicates that the permanent magnets are housed inside the rotor (therefore
Internal), rather than on its surface. However, in this thesis, except where context
necessitates it, the abbreviation PM will be adhered to, as the area of their placement
has already been specified, thus eliminating further dispute.

The design of SynRM with PM for optimum reluctance and synchronous torque com-
ponents is generally a complex task, since rotor dimensioning for one torque component
limits the possibility to optimize the other torque component [25].

Furthermore, the addition of PM should be included in the motor design from the outset,
as adding them later to an already manufactured motor could have the opposite effect
on some of its qualitative parameters, contrary to what is wanted from the addition of
PM ([35].

It is also necessary to consider that after adding PM, there may be an attraction of
metallic impurities (most commonly in the form of metal dust), which can clog the
motor and even with periodic maintenance, it may lead to a reduction in the motor’s
lifespan and, in severe cases, even to its destruction [3].

If the addition of PM caused the reluctance torque component of the overall torque to
be smaller than the synchronous torque component of the overall torque formed by the
PM, logically speaking, the motor should be rather called Interior Permanent Magnet
Synchronous Motor (IPMSM). That is a synchronous motor with PM placed inside the
rotor, where, if present, the reluctance torque component plays only a supplementary
role [25].
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There are multiple aspects to consider regarding PM that play a role in affecting the
resulting properties of the given SynRM. That is their:

m material,

m shape, dimensions, quantity,

m arrangement,

m occupation of barrier layers [5].

Each of the aspects is now going to be analyzed.
Material

Currently available PM suitable for the addition are made from:

m rare-earth metals,
= neodymium (NdFeB alloys),
= samarium (SmCo alloys),

m hard ferrites,

m AINiCo alloys [33].

The material used will then determine the resulting properties of the PM, which are
primarily judged by their magnetic energy density (simply put, the ‘strength’ of the
PM), maximum and minimum operating temperature, and corrosion resistance. Pro-
jected on a given SynRM, then for example, higher magnetic energy density causes,
besides other, higher power factor [20], [33].

For the purpose of adding PM into air barriers of TLA rotor, PM from rare-earth
metals are the most commonly used. Though if used, then obviously, the given SynRM
is no longer going to be a rare-earth free product, which has already been encountered
in chapter 1.

In the case of neodymium (Nd), iron (Fe), and boron (B), they are added to form an
alloy NdFeB, from which the PM is then made, thus this type of PM will be referred to
by the name of the alloy. Out of all rare-earth PM, NdFeB are the ones that are preferred
and used the most due to the fact that their magnetic energy density is the highest
out of all of the commercially used PM, thus a reduction in the motor’s volume can
be achieved. On the other hand, they are expensive, prone to market fluctuations [36]
and can demagnetize at higher temperatures (from 150 °C). Moreover, if a performance
across the entire FW range of a SynRM containing NdFeB should be evaluated, it would
be rated as ‘satisfactory’ [20].

Similarly, in the case of samarium (Sm), cobalt (Co) is added to form an alloy SmCo,
from which the PM is then made, thus this type of PM is also going to be referred to
by the name of the alloy. Conversely, SmCo can withstand higher temperatures and
more corrosive environments than NdFeB — however, its magnetic energy density is not
as high as of NdFeB and also are even more expensive. Therefore, in the category of
rare-earth PM, they are less used than NdFeB.

PM from hard ferrites, which are ceramic compounds derived from iron oxides, generally
have worse properties than rare-earth PM. There is also a risk of demagnetization at
low temperatures (from —40 °C) [20]. On the other hand, their price is lower than of
rare-earth PM.

AINiCo alloys (Al — aluminium, Ni — nickel) are used the least out of all the mentioned
options [5], [33].
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The selection of the material will also highly depend on the nature of the application
in which the motor is to be used, the operating environment that is associated with the
application, and last but not least, the price of the resulting PM [5], [33].

Shape, dimensions, quantity

This aspect is highly limited by the number of barrier layers per pole and by the barrier
geometry [33], as it is, for example, not feasible to insert rectangular PM inside circular
barriers [36].

A coefficient « is introduced:

M M,
o=t = —2 = const., (1.4)

_Blznn- B

n

where M is the width of the PM (meaning the longest side of the rectangle representing
the given PM in a cross-sectional drawing of the rotor), B is the width of the barrier
(in the same sense) and n is the order of the barrier layer, counted from the center of
the rotor sheet onwards to its edge.

Thus, the width of the PM is going to be gradually decreasing towards the outermost
barrier layer [37], which is shown in the figure below:

Figure 1.13: A sketch of PM inserted into a TLA rotor [37] (edited).

Depending on the number of barrier layers per pole of the motor, there is always an «,
which is optimal for the motor in terms of factors such as torque per unit volume of
the PM, use ratio of the PM, torque ripple, and overall performance. For example,
through analysis it has been concluded that for a rotor with 3 layers of barriers per
pole, @ = 0.4 is the optimal value [37].

Arrangement

It is always necessary to ensure symmetry of the arrangement and to avoid having more
mass in one part of the rotor than in another, which would have many unacceptable
consequences [35]. The distance of the PM from the shaft also plays a role. For example,
the further away from the shaft the PM are placed, the lower is their influence on overall
torque of the motor [5], [35].

Essentially, there are 3 different arrangement patterns for the PM in which they can
be inserted into the rotor of a SynRM. The motor is then called based on the pattern
it possesses [38]. Description of the patterns, along with figures (for only the first barrier
layer occupied), is now going to be provided.
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Il 1.3.2.1 PMa-SynRM

PM are inserted only into g-axes in this pattern, which is shown in the figure below:

Figure 1.14: PM inserted into g-axes [38] (edited).

The magnetic flux linkage of the PM then acts against the magnetic flux linkage in g-
axis caused by the stator current, while also contributing to the saturation of tangential
and radial bridges, which both leads to a reduction in L.

The magnetic flux linkage of the PM also intervenes into the d-axis, where it, conversely,
adds up with the stator magnetic flux linkage, thus increasing the overall magnetic flux
in the motor. However, the influence in the d-axis is not as crucial here, and therefore
it is often neglected. This pattern is the most basic and also the most frequent out of
the 3. A SynRM that possesses this pattern is called a Permanent Magnet assisted
Synchronous Reluctance Motor (PMa-SynRM) [35], [38].

Il 1.3.2.2 FI-PMa-SynRM

PM are inserted only into d-axes in this pattern, which is shown in the figure below:

Figure 1.15: PM inserted into d-axes [38] (edited).

The magnetic flux linkage of the PM primarily complements the stator magnetic flux
linkage, thus increasing L.

The effect of the magnetic flux linkage of the PM on the g-axis is neglected.

This pattern is less frequent than PMa-SynRM. A SynRM that possesses this pattern
is called a Flux Intensifying Permanent Magnet assisted Synchronous Reluctance Motor
(FI-PMa-SynRM) (also known as Permanent Magnet excited Synchronous Reluctance
Motor (PMe-SynRM)) [35], [38].
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Il 1.3.2.3 PMa-SynRM + FI-PMa-SynRM

PM are inserted into both d and q axes in this pattern, which is shown in the figure
below:

‘ ¢
-

—
m—

Figure 1.16: PM inserted into both d and q axes [38] (edited),

and it combines the features of both of the previous patterns into one [35], [38].

For the rest of the thesis, the term PMa-SynRM will be used generally for any SynRM
that contains PM in its rotor.

Occupation of barrier layers

PM may or may not be present in each of the barrier layers. If more of them are
occupied, then for example, power factor of the motor will improve even further.

On the other hand, the moment of inertia of the rotor as well as the price of the motor
will increase, therefore it is necessary to find a compromise [5], [35].

Generally, the influence of the addition of PM on torque ripple is still not well under-
stood. However, it is suggested that with the occupation of more barrier layers per
pole, it should decrease. In the case of only partial layer occupancy, its magnitude
will heavily depend on which layers with respect to the distance from the center of the
rotor sheet were occupied [35], [38] Generally, during the operation of PMa-SynRM,
it is necessary to ensure that they are not excessively overloaded, as this could lead
to irreversible demagnetization of the PM used [5]. LS-SynRM can also contain PM —
in such case, the abbreviation of its name will be LS-PMa-SynRM [15].
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1. Construction

l 1.3.3 Skewing

Stator as well as rotor skewing can be performed on a SynRM. However, only one of
them is usually done [20].

Il 1.3.3.1 Statorskewing

In this modification, skewing of the stator stack is done, which can be seen in the figure
below:

Figure 1.17: A skewed stator stack of a SynRM [39].

Generally for SynRM, stator skewing is much less common than rotor skewing, as it is
performed only in cases where rotor skewing is technologically very poorly feasible (e.g.
in case of ALA rotor) or completely impossible [20].

Il 1.3.3.2 Rotorskewing

When rotor skewing is performed on a SynRM, the rotor stack is typically skewed by the
size of a stator tooth [5]. Rotor skewing is depicted in the figure below:

Figure 1.18: A sketch of a skewed TLA rotor [40] (edited).

Thanks to rotor skewing, a reduction of the content of higher harmonics in the torque
waveform caused by the rotor construction will be achieved [5], which leads to a signifi-
cant reduction in torque ripple [21], though it is not sufficient to smooth out the torque
completely [32].

Rotor skewing is primarly meant for TLA rotors. For ALA rotors, it appears to be very
difficult to implement [27].

If it is a PMa-SynRM, only step skewing is possible. The rotor is then imaginarily split
into two or more parts, and each of them is skewed with respect to the others [32].
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1.3 Modifications

B 1.3.4 Axially-sinusoidal cut-offs

In the rotor stack, the so-called cut-offs are created, meaning that some of the rotor
material is selectively removed from the stack (using a laser, for example). The cut-offs
are created in a so-called axial-sinusoidal shape, and each sheet then has its own unique
shape compared with others [41], which can be seen in the figure below:

a) b)

Figure 1.19: TLA rotors with axially-sinusoidal cut-offs — a) 4-pole, b) 6-pole [41], [42]
(edited).

This modification leads to a reduction in the motor’s torque ripple [41].

Bl 1.3.5 Epoxyresin

In practice, it is possible to completely omit the bridges of the TLA rotor and fill the air
barriers with epoxy resin, which has similarly suitable electromagnetically insulating
properties [5], [9]. As a result, the rotor exhibits significantly better electromagnetic
and primarily mechanical properties than it would with bridges [5], [9]. On the other
hand, thermal properties of the rotor will worsen, the rotor will become a little heavier
and thus its moment of inertia will also increase, which is generally not wanted [5].
However, this modification is still more in the developmental stage, thus it is not com-
monly seen in today’s practice [9].

B 1.3.6 Retainingsleeve

Retaining sleeve is a constructional addition primarily to TLA rotors in the form of
a rotor sleeve, which has a hollow cylindrical shape and is made of carbon fibers or
of electrically conductive, yet non-magnetic material (Inconel alloys for example). The
main task of the sleeve is to improve the mechanical properties of the rotor. The sleeve
is depicted in the following cross-section of a TLA-SynRM, highlighted in orange:

stator winding

stator stack

rotor stack

shaft

Figure 1.20: A cross-section of a TLA-SynRM with retaining sleeve (orange) [5] (edited).
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1. Construction

Moreover, in the past 9 years, when the sleeve was being examined, it was found that
it significantly reduces torque ripple of the given SynRM, which results in achieving
higher power density and lower total losses, hence higher efficiency of the motor [5].

Il 1.3.7 Bridges from low relative permeability materials

Recently, the possibility of replacing the bridges of TLA rotors with bridges made of
materials with low relative permeability p, (e.g. Ti— titanium) has begun to be tested.
This would result in a high reluctance of these bridges compared with the electrical
steel, leading to an increase in €.

However, the manufacturing process of such TLA rotors would be much more compli-
cated than that of the ‘conventional’ TLA rotors [5].
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Chapter 2
Working principle

Generally, in order to discuss the working principle (torque production respectively) of
any electric motor, it is necessary first to understand the construction of the motor and
then second, the powering of the motor. As the construction has already been clarified,
the explanation on how SynRM is powered is going to be provided in first of the two
following subchapters, followed by an analysis on how the torque in SynRM is produced
in the second of the subchapters.

I 2.1 Powering

Since stator of SynRM typically features a 3-phase winding, SynRM is usually powered
by a 3-phase power source. At the ends of each winding, alternating voltages are
applied, all sharing the same frequency, amplitude, and being electrically phase-shifted
by 27/3 rad (120° respectively) relative to each other. Combined with the sinusoidally
distributed winding around the stator circumference (as described in subchapter 1.1),
a rotating circular magnetic field in the air gap is created. The field then rotates at
the so-called synchronous speed and the creation of the field is one of the fundamental
conditions for functioning of SynRM [1], [14].

Essentially, there are two available sources of the alternating voltages:

m 3-phase power grid,
m inverter (VFD respectively).

Powering from a 3-phase power grid — and thus, in most cases, DOL starting — can only
be considered for SynRM that have squirrel cage implemented in their rotor. However,
according to subchapter 1.3.1, this method of powering cannot be considered nowadays
almost for any SynRM [5], [19]. Thus, and for other reasons listed in the forementioned
subchapter, this method of powering will not be further considered.

Powering from an inverter!, or from a VFD respectively (as inverter is a part of most
VFED) is much more relevant today, because modern VFD allow very easy, smooth,
precise and reliable speed control of AC (Alternating Current) motors [1], [15].

I Voltage Source Inverter (VSI) rather than Current Source Inverter (CSI) is used in the vast majority of cases
(1], [15].
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A power circuit diagram depicting the discussed situation can be seen in the figure
below (for the inverter part only):
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Figure 2.1: A simple power circuit diagram of a SynRM connected to a power supply [1],
[15],

where Up is the voltage in the DC (Direct Current) link, I is the current in the
DC link, C'is the capacitance of the input capacitor, w,y,, u,., U, are the line voltages
between each of the stator phases, u,, u;,, u, are the phase voltages across each stator
phase, i,, i, i, are the phase currents flowing through each stator phase, and L_,, Ly,
L. and R,, R,, R, are the self-inductances and resistances of each stator phase. For
clarity, the stator windings are represented by coils, which also include the resistances
of the respective phases in themselves, as indicated in the diagram. The transistors
are labeled S (switch), because they are used as electronic switches in this circuit [1].
The windings can obviously also be connected in delta configuration [13] — however,
star configuration without neutral (N) conductor was chosen for the diagram.

The conclusion reached is that the choice of power supply for SynRM is generally
determined by evaluating the following main criteria:

m type of rotor,
m application,
m financial budget.

Regarding the type of rotor, then for example ALA-SynRM can only be powered almost
exclusively by a VFD due to the reasons given in subchapter 1.3.1 [19].

However, regardless of the evaluation of any criteria, it is observed that, due to all the
facts presented so far, SynRM is generally almost always powered by a VFD nowadays.
Furthermore, other, let alone better options are not currently available [1], [15].

Finally, comparing the method of powering SynRM with the method of powering IM,
it is noted that, due to having the same stator which is wound in the same way, the
methods would be identical. Similarly, the stator windings of the IM could also be con-
nected in delta configuration, and the power circuit diagram when powered by an in-
verter (by a VEFD respectively) would also be the same as in the case of SynRM.
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However, when powering IM using DOL method, for which IM is inherently designed
(having a squirrel cage in its rotor), the power source section of the diagram would
obviously look different. IM is in applications where speed control is not required,
unlike SynRM, often run DOL. This allows the owner of the drive system to save
money on a VED, which is not required in this case [1], [13], [15], [19].

I 2.2 Torque production

The principle of torque production in SynRM is now going to be clarified. Firstly,
for simplicity and clarity, the torque production is going to be described for the case
of a homogeneous and static magnetic field. Subsequently, the case of a real SynRM,
where the magnetic field is rotating and circular [13], [15] is going to be discussed.

Bl 2.2.1 Homogeneous static magnetic field

Let us consider a body made of magnetic material, which is magnetically anisotropic
in the d and q axes — meaning it has different reluctance (permeance, inductance,
reactance respectively) in these axes.

If the body was to be placed in a homogeneous static magnetic field, it would always
seek a position in which the energy of the magnetic circuit is maximized, that is the
one that minimizes the reluctance of the magnetic circuit (the d-axis would then be
parallel to the magnetic field lines) [3].

If its capability of free rotational motion was ensured before the insertion into the field
(e.g. by attaching the body to a shaft mounted in bearings), tangential forces F; would
begin to act on the body?, and since they would act on an arm with respect to the
axis of rotation, torque would be produced, that would align the body to the sought
position. This torque, due to its origin, is called reluctance torque [1], [5].

The discussed situation is depicted in the case a) of the following figure, where the
magnetic field is represented by the magnetic field lines of the magnetic flux linkage ¥

31, [5]:
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Figure 2.2: Reluctance torque production — a) a magnetically anisotropic body, b) a mag-
netically isotropic body [3].

2 Throughout the thesis, vector quantities (and also matrices) are going to be distinguished from scalar
quantities by making the vector quantities (or matrices) in bold.
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Obivously, if the mentioned body attached to a shaft mounted in bearings was already
inserted into the field in the sought position, no reluctance torque would be produced.
Similarly, it would not be produced even if the body was positioned so that the d-
axis was perpendicular to the magnetic field lines, as is going to be proven by the
mathematical formula for reluctance torque in later explanations. Put in words, the
tangential forces would cancel out, and the body would be in a labile position [5].
Paradoxically, it might seem to be the position where the maximum torque is achieved.
However, placing the rotor so that the d-axis is exactly perpendicular to the magnetic
field lines cannot be achieved.

Finally, torque would also not be produced in case b) of Figure 2.2, as production of
reluctance torque is conditioned by the existence of magnetic anisotropy in the d and
q axes, and this body is magnetically isotropic in these axes, meaning it has the same
reluctance (permeance, inductance, reactance respectively) in their direction [1].

Il 2.2.2 Rotating circular magnetic field

First, let us consider how the placement of various rotors made of magnetic material
would appear in a real stator of SynRM in terms of magnetic field lines, though with
the stator’s magnetic field still being homogeneous and static:
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Figure 2.3: Magnetic field lines of a homogeneous static stator magnetic field in various
cases [43] (edited).

Case a) depicts the magnetic field lines when the rotor is absent. In case b), the
rotor is now present but magnetically isotropic, thus the field lines remain unaffected.
In case c), the rotor is present and magnetically anisotropic, which causes the field lines
to deform in a way that maximizes the number of the field lines running in the direction
of the d-axis, where the reluctance of the rotor is the lowest® [43].

The system will thus attempt to suppress this deformation by aligning the rotor to
a position where the deformation is minimized, which corresponds to the position where
the energy of the magnetic circuit is maximized [1], [5].

2 The deformation of the field lines is also indicated in Figure 2.2, although not commented upon, serving
more as an initial conceptual model.
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However, as has been already stated, the construction and powering of the stator will
not cause the magnetic field in the air gap to be homogeneous and static, but hetero-
geneous and dynamic — more specifically, it will be a rotating circular magnetic field,
and its direction will therefore be constantly changing.

Consequently, the reluctance torque acting on the rotor will also be constantly chang-
ing. If this is happening too quickly, the rotor will only ‘tremble’ in place at most, but
in the end, nothing will actually happen to it, let alone to start rotating [3].
Therefore, the motor will only start when there is enough time for magnetic coupling
between the field and the rotor to develop, so the rotor will then be pulled into syn-
chronism by the field (the field will start ‘drifting’ the rotor — or in other words, the
field will start rotating the rotor). Once pulled into synchronism, the torque acting on
the rotor will be constant (ideally — because in reality there is still some torque ripple
as was already being mentioned throughout the previous chapters).

Hence, it is necessary to start rotating the field at an appropriate speed, and only after
the rotor is pulled into synchronism, gradually increase the speed of the field if nec-
essary. As has been already said, this is done using a VFD [1]. It is now clear why
cageless SynRM cannot be started DOL [19].

The rotor is now rotating in synchronism with the rotating circular magnetic field of
the stator. The presence of a load, or rather a load torque on the shaft, causes the
d-axis to deviate from the direction of the flux lines of ¥ by the so-called load angle
B (which could already have been seen in Figure 2.2), whose magnitude depends on
the magnitude of the load. The load torque always acts against the direction of the
reluctance torque [1].

In real motors, some load torque is always present, even when the motor is running
in no-load operation. It stems from the loss torques of the motor itself, caused by
mechanical friction in the bearings and by ventilation. However, in an ideal case, these
would not be present, and the magnetic flux lines would run parallel to the d-axis [1],
[13].

By a suitable control of the stator current space vector I using for example the control
method that is going to be outlined in chapter 4, the speed of the rotating magnetic
field can be influenced while maintaining 5 at a desired value — which, as is now going to
be shown mathematically, allows to influence the magnitude of the produced reluctance
torque, which in the final consequence also means affecting the speed of the motor [3].

When deducing the mathematical formula for the produced torque of a SynRM, the
following procedure is going to be followed. First, it is declared that mechanical angular
velocities will be denoted as uppercase §2 and electrical angular velocities as lowercase
w in this thesis, with the following equation defining their relationship:

0,=-2="" (2.1)

where p, is the number of pole pairs of the motor, f is the frequency, and the subscript
x can be substituted by either ‘s’ — stator (or synchronous respectively) — relating to
the rotating magnetic field, ‘v’ — rotor — relating to the rotation of the rotor, or ‘2’
— relating to quantities in the rotor (e.g. rotor current).
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The electrical angular velocity of quantities in the rotor would then be calculated as:
Wy = Wy — W, (2.2)

or
f2:fs_fr (23)

for frequencies respectively [13].
Then starting from the universal equation for the static torque (torque in steady state
(ss)) of a synchronous machine:

U, - U, U?
T=T.+T= (325 (delepsinﬁ) +~(323 (; (é—é) sin2,3> , (2.4)
where T} is the synchronous torque, T, is the reluctance torque, U, is the RMS (Root
Mean Square) value of the stator phase voltage, Uep 1s the RMS value of a stator phase
back electromotive force (back EMF) produced by the rotating excited rotor and X and
X, are the reactances in the d and q axes of the rotor.

In the vast majority of cases, SynRM does not possess any source of T, (as SynRM
does not have any excitation winding, PM only in some cases), therefore the universal
equation for its static torque is going to be:

3 (U2 /1 1Y .
Trel = ﬁ (2 (X — X,d> S1n 26) y (25)

S q

which means that SynRM indeed produces only reluctance torque, and that is why its
torque is referred to as such [15], [43].

Therefore, it can be observed that the magnitude of the torque produced by SynRM is
going to be influenced not only by (2 and U, but also by 8 and by the difference of
the reciprocals of X, and X;, as was being pointed out over the course of subchapter
1.2 and now verified mathematically.

The torque of a SynRM can be formulated in many ways [1], [3], [19] and more of
them are going to be presented in chapter 3, along with their deductions and a clearer
depiction of the used variables.

Finally, if the cause for the torque production in SynRM had to be compared with the
cause for the torque production in IM, there would be a significant difference, primarily
due to the construction of their rotors. In SynRM, there is no back EMF in its rotor
as in a rotor of an IM, because there is nowhere for it to be produced. In IM, torque is
produced as a result of the interaction of rotor conductors carrying current caused by
the back EMF, with the magnetic field of the stator.

According to the principles of electromagnetism, this results in tangential forces acting
on the conductors, and as the forces act on an arm with respect to the axis of rotation,
torque is produced.

Also, SynRM inherently lacks slip [44], as evident from its categorization described in
the Introduction section.
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Chapter 3
Mathematical model

Generally, mathematical model of a SynRM varies by the absence or presence of squirrel
cage and PM [19]. Furthermore, it also varies based on the desired level of accuracy
of the model that is to be achieved. As greater accuracy increases the complexity of
the model, the choice of the level of accuracy depends on the intended purpose of the
model.

In this chapter, a simple model of the most basic SynRM with no squirrel cage, with
no PM and with many simplifications is going to be introduced. The model is based
on the mathematical model of a conventional synchronous machine with salient poles,
from which the excitation and damper windings were removed [19)].

Additionally, an outline of how nonlinearities would affect the model if they were in-
cluded is going to be given, as they would need to be included in an accurate and thus
more reality-corresponding model [3].

Lastly, only the model itself is going to be presented and explained. The principles
of the means used to create it, such as the Park’s transformation, space vector etc.,
are not going to be discussed in any detail.

I 3.1 Assumptions and simplifications

In order to start creating the defined model, several assumptions and simplifications
need to be adopted, on which the model is going to be based — they are listed below.

1. The power system is 3-phase and symmetrical.
All voltages are harmonic.

3. The windings of each stator phase are sinusoidally distributed in the stator slots
along the air gap.

4. For the resistances of each stator phase applies:

R, =R, = R, = R, = const. (3.1)

5. The following is neglected:
m stator slotting — thus, for the air gap width é now applies:

d = const., (3.2)

® magnetic saturation,
m cross-coupling,

m iron losses APp,,

m mechanical friction.

Points 1, 2, 3 together imply that the waveform of magnetic induction in the air gap is
sinusoidal [45]. Point 4 implies, that R, is now the resistance of a stator phase [1].
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I 3.2 Modelin the abc system

The model is going to be first described in the abc system. A conceptual model of
a SynRM with stator phases a, b, ¢, from which is going to be further proceeded, is as
follows:

Figure 3.1: A conceptual model of a SynRM in the abc system [45].

According to Figure 3.1, the voltage equations are written as:

. dy

=R 2 3.3

ua S’La + dt ’ ( )

- dyy,

= —b A

ub Rsllb + dt ? (3 )
dy

=R - 3.5

UC S/LC + dt ) ( )

where u,, u;,, u. are the phase voltages across each stator phase, i, 7, 7. are the phase
currents flowing through each stator phase and v,, 1, 1, are the stator magnetic flux
linkages caused by the currents.

For the magnetic flux linkages, the following flux equations apply:

wa = Laaia + Labib + Lacim (36)
Uy, = Loty + Lyyiy + Lycle,
¢c = Lacia + Lbcib + Lccic'

L,., Ly, L., are the self-inductances of each stator phase:

L,,= L, + Ly + Lycos2v, (3.9)
2

Lbb - LSO‘ + Lh + LO COS (219 - ?>’ (310)
2

L.. = Ly, + Ly + Lycos (219 + §>, (3.11)
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and Ly, L,., L. are the mutual inductances between each of the stator phases:

ac)

1 2
Lo = Ly = — 5Ly + Ly cos (219 - g) (3.12)

1 2
L,=L.,=-— §Lh + L cos (219 + %)’ (3.13)

1
Ly, =Ly =— §Lh + L cos 20, (3.14)
where

9 = wt (3.15)

is the electrical angle of the turning of the rotor relatively to the stator, t is the time
variable, L.  is the leakage inductance of the stator winding, L, is the magnetizing in-
ductance component independent of ¥ and L, is the magnetizing inductance component
caused by the anisotropy of the rotor [19], [45].

I 3.3 Modelinthe dqsystem

The model is now going to be described in the dq system. A conceptual model of
a SynRM in the dq system is as follows:

q Rs

Figure 3.2: A conceptual model of a SynRM in the dq system [1].

If the system of differential equations (3.3)-(3.5). had to be solved, it would be chal-
lenging due to the presence of the variable ¥ — and thus, the use of a numerical method
would likely be necessary. However, this obstruction can be overcome by employing
the Park’s transformation of all quantities from the abc coordinate system to the dq
coordinate system, which is rotating with a general electrical angular velocity wy,.

33



The formula for the Park’s transformation is generally given by the following transfor-
mation matrix:
cos wyt cos (wyt — &) cos (wyt + &)
pr )
—sinw,t  —sin (wkt— 2{) —sin (wkt+ 2?”)

where K is the Park’s transformation coefficient. The values w;, = w, and K = 2/3
are chosen for further procedure. This value of K ensures that the amplitude of the
3-phase waveform of a given quantity in the abc system will be equal to the magnitude
of the space vector of this quantity in the dq system.

After applying the transformation to equations (3.3)—(3.5), the voltage equations in the
dq system are obtained:

d

Uqg = Rsid + % - wr¢q7 (317)
d

uy = R+ ;iq + Wby, (3.18)

where ug4, u, are the components of the stator voltage space vector Uj in the d and q
axes, iq, i, are the components of I; in the d and q axes, 9, 1, are the components of
the stator magnetic flux linkage space vector ¥, in the d and q axes, the terms di),/dt
and d@ZJq/dt are the components of the so-called transformational back EMF and the
terms w, 1y and w,, are the components of the so-called rotational back EMF.

For flux equations is going to apply [46]:

Vg = Laig, (3.19)
Yy = Lyiq, (3.20)
and for inductances in the d and q axes applies:
Ly=L,+ L4, (3.21)
L,= Ly + Ly (3.22)

where L, 4 and L, are the magnetizing inductances in the d and q axes. From equations
(8.17)-(3.22), an equivalent circuit of a SynRM can be constructed, which will itself
consist of two circuits, each for one of the axes. The circuits are interconnected via
back EMFs generated by the magnetic flux linkage from the other of the axes [1]:

I.d wrif)q 7.(1 wr"}/)d

O kM

dy
d d
1d 2 & d

G O

Figure 3.3: An equivalent circuit of a SynRM — the d-axis part on the left-hand side,
the g-axis part on the right-hand side [19].
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For the model to be complete, it is necessary to provide two more equations, the first
of which is the relationship for the electromagnetic torque (also known as the internal
torque) of the SynRM.

Starting from the most common form of the equation for the electromagnetic torque of
a synchronous machine in the dq system [1]:

3
T = 2 b, (taiq = yia) (3.23)

on which a rearrangement is going to be performed to explicitly display the vital in-
ductances of a SynRM [19]:

3 -
T =5 py (La— Lg) daiq (3.24)

The second equation is the equation of motion of an electric drive system:

T—T, =J—" (3.25)

dt’
where T'is the driving torque of the motor, 77, is the load torque acting on the motor
shaft, J is the moment of inertia of the rotating parts of the entire mechanism with
respect to the axis of rotation and {2, is the mechanical angular velocity of the rotor.
If the loss torques of the motor itself are included into 77, then T in equation (3.25)
will become the electromagnetic torque [1].

I 3.4 Unaccounted nonlinearities

If an almost complete, and thus an almost accurate model of a SynRM is to be obtained,
it is necessary to include these unaccounted nonlinearities in it (the word ‘almost’ is
used due to the fact that, besides other, most of the assumptions and simplifications
from subchapter 3.1 would still be in effect) [19], [45].

B 3.4.1 Magneticsaturation

Generally, magnetic saturation refers to the relationship between magnetic flux linkage,
inductance and current ¢ = L - 4. In the presented model, the complete behavior of
this relationship is not implemented and the relationship is considered linear at all
times, thus L = const. However, the stator and rotor sheets of a SynRM are made of
ferromagnetic material, for which in reality, the relationship becomes nonlinear after
surpassing the so-called saturation limit. Beyond this limit, ¢ further increases only
slightly. The reason for this is that after surpassing a certain value of ¢ that defines this
limit, L begins to decrease.

Therefore if magnetic saturation was considered, equations (3.19), (3.20) would also
need to be rewitten into their complete form, further adding that the inductances in the
d and q axes are dependent on both of the components of I in the dq system:

Vg = Lq (ig,iq) - g5 (3.26)

Yy = L (ig,1q) - - (3.27)
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Generally in SynRM, 14 saturates much earlier with increasing ¢y and constant 7, than
th, with increasing i, and constant ¢4, where the growth is almost linear. This is due
to the much smaller reluctance in the d-axis compared with the g-axis.

For ALA-SynRM, magnetic saturation generally occurs only in the d-axis, hence i4
would play a significant role for Ly, and L, would not change with i, almost at all
(it would only change at very high magnitudes of i) [3].

Bl 3.4.2 Cross-coupling

This nonlinearity would cause 94 to decrease with increasing i,, with the decrease
being more significant for lower i4. Analogically, this also applies to 1, in the case of
increasing 7,4, which can have negative effects, for example in the FW operating range
of the motor [10], [11].

I 3.5 Steady state

In ss, in addition to the assumptions and simplifications given in subchapter 3.1, the be-
low statements apply.

1. 2, = (2, or w, = w, respectively.
2. Stator voltages and currents are symmetrical and sinusoidal.
3. All derivatives are zero [1].

Voltage equations in the abc system are thus written as:

u, = V2 U, cos, (3.28)

27
u, = V2 U, cos (19 — 3), (3.29)
u, = V2 U, cos (19 + 2;), (3.30)

where w,, wu,, u, are the phase voltages across each stator phase and U, is the RMS
value of a stator phase voltage.

The voltage equations in the dq system are obtained by first substituting [46]
wit = w, it — I, (3.31)
into (5.16), where (for motor mode):
=5 +8 (3.32)

is the angle by which U, ‘leads’ the d-axis and [ is the already mentioned load angle,
by which U, ‘leads’ the g-axis.
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The resulting transformation matrix is then applied to equations (3.28)-(3.50), yielding:
Uy =V2 U, cos ¥y, (3.33)
U, = V2 U, sin?,, (3.34)
where Uy, U, are the components of U; in the d and q axes in ss.

The equations could also be obtained, just in a different form, by omitting the deriva-
tives from equations (3.17), (3.18), according to the statements for ss given at the
beginning of this subchapter:

Ud = RSId — wrgfq, (335)
U, = R,I, +w¥,, (3.36)

where I, I, are the components of I in the d and q axes in ss and ¥y, ¥, are the
components of ¥, in the d and q axes in ss.

Current equations in the dq system will be identically structured as equations (3.33),
(3.34), except that the lagging of I, behind U, by the angle ¢ needs to be incroporated:

I,=V2 I, cos (Vg — @), (3.37)
I, = V2 I sin (9, — ), (3.38)
where I, is the RMS value of a stator phase current.

Due to Uy, U, being DC quantities in ss together with the statements given at the
beginning of this subchapter being in effect, I, I, ¥y, ¥, will also be DC quantities
(3], [19].

Now, sufficient information has been obtained for the construction of a phasor diagram
of a SynRM in ss, where all space vectors and the dq coordiante system itself is rotating
with the electrical angular velocity w;:

Us Wy
R N

w, s

Figure 3.4: A phasor diagram of a SynRM in steady state [19].
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For the model of a SynRM in ss to be complete, it is yet necessary to provide it with
the relationship for torque, which is going to be deduced using the phasor diagram in
Figure 3.4. The introduction of the equation of motion, whose general formula remains
the same, into the model of a SynRM in ss is not meaningful, as 7"and 7}, are equal in
ss and the derivative on the right-hand side of the equation is zero, thus 0 = 0.

Using 3, the components of U in the d and q axes in ss are first going to be formulated:
Uy = V2 U, sin b, (3.39)

U, = V2 U, cos . (3.40)

In further deduction it is going to be assumed that in equations (3.85), (3.36), the volt-
age drop due to R, compared with the rotational back EMF is negligible (in reality,
this is true for higher motor speeds). Yelding:

Uj=—wV (3.41)

q7
U, = w, ¥y. (3.42)
Now, from equations (3.41), (3.42), ¥4, ¥, is going to be expressed, as well as 44, i, from

equations (3.19), (3.20). The obtained relationships are then going to be substituted
into equation (3.23), yielding:

3p 1 1
T=_"P | _—_ _ 4
4w, (Xq Xd) Ua Uy (3.43)
where:
XOl = erq. (3.45)

Equations (3.39), (3.40) are then substituted into equation (3.43), and after a few rear-
rangements, the final form of the equation for the torque of a SynRM in ss is obtained:

T = 5Dy
2w,

1 1 :
(Xq — Xd) U2 sin2p. (3.46)

Under the conditions U, = const. and w, = const., the maximum torque is achieved at
B = m/4. Conversely, at values of 0 or 7/2, the output torque is zero.

The torque of a SynRM in ss can also be formulated using the angle v, by which I
‘leads’ the d-axis. First, the components of I, in the d and q axes in ss are going to be
formulated using this angle:

I, =2 I, cos, (3.47)
I, = V2 I,sinvy, (3.48)
which is going to be substituted into (3.24), yielding [3], [19]:
3 .
T =5 pp (La—Lg) I sin2y. (3.49)

The maximum torque, under the condition I, = const., is achieved at v = /4. How-
ever, this is valid only under the statements presented at the beginning of this subchap-
ter together with the assumptions and simplifications stated in subchapter 3.1 — because
in reality, increasing the value of I, also causes the optimal v to increase [3], [19].
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Chapter 4
Control method - FOC

Firstly, speed control of SynRM considers cagless rotors exclusively (as stated in sub-
chapter 1.3.1) [19]. Furthermore, it has been also already mentioned that SynRM is
powered by an inverter (or VFD) in the vast majority of cases, thus the motor speed
is controlled by varying the frequency of the supply voltage. This method of control is
therefore called frequency speed control, which can be classified into categories:

m Scalar Control (V/f control, V/Hz control, U/f control),
m Vector Control,

= Field-Oriented Control (FOC),

= Direct Torque Control (DTC).

When scalar control is discussed, it is also possible to encounter the abbreviation SC,
whereas when vector control is discussed, it is possible to encounter the abbreviation
VC. However, generally, when the term vector control is used, it is commonly referred
to FOC. Therefore, to avoid confusion, this transferred meaning will not be used in
this thesis and each of the terms from the list above will be referred to by only one
abbreviation — that is V/f, VC, FOC, and DTC, according to the sequence in which
the terms were presented.

When comparing V/f and VC — the two main branches of speed control methods of
electric motors, V/f is limited only to the frequency and magnitude of the space vector
of the given motor quantity (such as current, magnetic flux or voltage). On the contrary,
when VC is used, also the position of these vectors can be controlled. VC is generally
more modern and technologically advanced, which results in greater precision of the
speed control (as VC controls to an exact speed setpoint unlike V/f that controls to
a supply voltage frequency setpoint), better dynamics, and a smaller occurrence of
uncontrolled transients. However, VC requires much larger computational capacity
of the microprocessor used than is required for V/f, as the control algorithm is more
complex than the control algorithm of V/f [1], [47].

VC is commonly divided according to the method used to control the space vectors, as
can be seen from the categorization above. However, it can also be divided in other
ways, such as by the controllers used, etc. [47].

Out of the presented control methods, only FOC is going to be briefly outlined in this
thesis, as it is a modern and the most commonly used method for controlling SynRM
and generally all AC motors among all the methods presented [1]. Therefore, V/f or
DTC are not going to be further addressed in this thesis.

The control processes of FOC take place in the dq system, in which the components of
the particular space vectors are DC quantities, which makes their control much easier.
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The principle of FOC then builds upon the fact that in the dq system, I, can be
broken down into two components — each for one of the axes of the dq system. These
components are also frequently referred to as:

m ¢4 — the field-producing component of the stator current,
m i, — the torque-producing component of the stator current,

where the field-producing component is tied with the magnetic flux linkage of the motor
and the torque-producing component is tied with the torque of the motor.

The control of the components is carried out using two controllers — one for each of
the components, thus closely resembling the control of a separately excited DC motor.
Simply put, as a result, the flux linkage determining the degree of ‘excitation’ of the
motor readily available during its operation is chosen, as well as the speed setpoint,
which eventually collaborates with the controller of the torque-producing component
to accelerate or decelerate the motor to achieve the setpoint.

However, there is an issue that in a real motor, there is only one stator current, and
its breakdown into components is therefore merely an imaginary concept. This results
in the control of one component in the imaginary conceptual control system affecting
the control of the other. Nevertheless, nowadays the technology of FOC is advanced
enough to sufficiently mitigate this issue [1].

A simple block diagram of FOC of a SynRM, from which the principle of function of
this control method is evident, is depicted in the figure below:
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Figure 4.1: A simple block diagram of FOC of a SynRM [1].

The blocks and other components of the diagram as well as their placement within the
diagram may vary, leading to different variants of FOC [1].
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For example, in practice, for rotor position detection and for its speed determination,
sensors such as incremental rotary encoders, absolute rotary encoders, etc. (denoted
as S in Figure 4.1) are commonly used. However, in applications that do not require
precise speed control (e.g., pumps, fans, and compressors), money can be saved on the
sensor and its cabling by using a less accurate option — the mathematical model of the
given SynRM. Unlike when a sensor is used, the model determines the position and
speed directly from the equation of motion of the drive system. Moreover, if the model
is accurate enough, a relatively fairly precise control is still achievable [48].

I 4.1 Control strategies for FOC

Control strategies for FOC generally assist in optimizing the motor control by providing
the optimal pair of values of i4 and i, thus the optimal v from subchapter 3.5, which
needs to be achieved through the control in order to ensure that the power supplied
to the motor is utilized as efficiently as possible relative to the goal of the strategy.
The strategy is then usually named according to its objective.

If any control strategy is to be used, it is necessary, as SynRM is powered by an inverter
(by a VFD respectively), for |U,| and |I | to always satisfy:

Ul = \Jud +ug <UL, (4.1)
L] =i + 3§ < L, (4.2)

where \Us\max is the maximum voltage that the given inverter is capable of supplying®
and |I|  is the maximum current for which the inverter and motor are designed [49).

The most commonly used control strategies for FOC of a SynRM [50] are now going to
be described.

B 4.1.1 MTPA

Maximum Torque Per Ampere (MTPA) is a strategy that identifies such a ~vyirpa
at which the maximum possible output torque is achieved for a given magnitude of
stator current. The main advantage of this strategy is the reduction in Joule losses in
the motor, because the desired torque is produced using the minimum possible current.
Sometimes, this method can also be referred to as Maximum Efficiency (ME), due to
the reduction in these losses.

One of the analytical methods to find the vy;rps (Which can similarly be used for other
strategies that are going to be mentioned) involves searching for constrained extrema
— for example, using Lagrange multipliers.

The procedure involves taking the formula for the torque of a SynRM and solving an
optimization problem. From all of the presented versions of formulas for the torque of
a SynRM, equation (3.24) is going to be used. The problem is formulated differently
depending on whether the output of the speed controller is the torque setpoint 1™ or the
torque-producing component setpoint ¢;. However, both formulations of the problem
lead to the same result.

Its magnitude depends on the modulation method used and on the value of Up — i.e. for Space Vector
Pulse Width Modulation (SVPWM) |U,| = Upa/V/3.

max
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If it is T, the optimization problem is formulated as:

find min(i_d,i_q) for [I_s(i_d,i_q)| so that
sqrt{i~2_d+i~2_q} less or equal than |I_s(i_d,i_q)|_max while
T(i_d,i_g)=T"*(i_d,i_q).

If it is 4, the optimization problem is formulated as:

find max(i_d,i_q) for T(i_d,i_q) so that
sqrt{i~2_d+i~2_q} less or equal than |I_s(i_d,i_q)|_max while

i_g=i"*_q.

As aresult, the currents i4 \yppy and i \yrpa corresponding to the specified requirements
will be obtained.
The sought angle is then determined as:

T MTPA
YaTpA = arctg (_q ) . (4.3)
14, MTPA

For SynRM, under the conditions stated in subchapter 3.5, applies yyrpa = 7/4, thus
tq MTPA = tqMTPA, Which has already been mentioned in that subchapter.

However, if magnetic saturation was considered, the search for yy;ppsy would be much
more complicated. In most cases, due to computational complexity, the MTPA tra-
jectory is not determined analytically, but rather by other means (similarly applies to
trajectories of other strategies that are going to be mentioned) [49].

B 41.2 MTPV

Maximum Torque Per Volt (MTPYV) is a strategy that identifies such a vy;ppy at which
the maximum possible output torque is achieved for a given magnitude of stator voltage.
MTPYV is used, for instance, during FW with stator current limiting, when the objective
is to achieve high motor speeds while maximizing torque simultaneously.

Nevertheless, the search for the extrema follows the same rules and procedures as
MTPA, only with the exception that the criteria for the search are altered.

After solving the optimization problem and also after neglecting the voltage drop due
to the stator winding resistance, the sought angle is determined as [49]:

L
YyTpy = arctg (Ld) = arctgé. (4.4)
q

B 4.1.3 MTPF

Maximum Torque Per Flux (MTPF) is a strategy that identifies such a vy ppp at which
the maximum possible output torque is achieved for a given magnitude of motor mag-
netic flux. At high speeds, MTPF minimizes iron losses.

Sometimes, this method is referred to as MTPV — however, this substitution is not
always correct and can lead to erroneous results because MTPV generally addresses
a different optimization problem than MTPF.
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4.2 Selection of the control strategy based on the motor speed

Only when the voltage drop due to the stator winding resistance is neglected or when
its magnitude is very small and motor speeds are high, the trajectories of MTPV and
MTPF overlap. The search for the extrema also follows the same rules and procedures
as MTPA, only with the exception that the criteria for the search are, again, altered.

After solving the optimization problem and also after neglecting the voltage drop due
to the stator winding resistance, the sought angle is determined the same way as in the
case of MTPV [49], [51]:

L
YMTPF = arctg (Ld> = arctgé. (4.5)
q

B 4.1.4 MPFC(MTPkVA)

Maximum Power Factor Control (MPFC), or sometimes also referred to as Maximum
Torque Per kilovolt-ampere (MTPkVA), utilizes the dependency of power factor cos ¢
on v given by function (5.2). 1t identifies such a ~yyppc at which the maximum possible
power factor is achieved for a given speed, magnitude of stator current, etc.

After solving the optimization problem, the sought angle is determined as [49], [51]:

L
Ypre = arctg ( Ld> = arctgé. (4.6)

q

I 4.2 Selection of the control strategy based on the
motor speed

The optimal choice of the control strategy based on the desired speed at which
the SynRM is to be rotating while, of course, maintaining the requirements for |U|
and |I,| from equations (4.1) and (4.2) is now going to be discussed.

Starting with the introduction of the ideal course of RMS values of output torque
(T'), output power (P), stator voltage (U), and stator current (I) of a SynRM vs. its
mechanical angular velocity §2:
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Figure 4.2: The ideal course of RMS values of T, P, U, I of a SynRM vs. its {2 [50].
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As can be seen, the course is divided into 3 ranges, which are:

m Constant Torque Range (CTR),
m Constant Power Range (CPR),
m Reduced Power Range (RPR),

whereby in each of them, the optimal control strategy of a SynRM is different [49], [50].

For further procedure, the mathematical relationship for the upper speed limit of the
CTR, or for the rated speed respectively is going to be introduced:

1 |Us|maX—RS,/i§+i§1
‘Qrated = = - . (47)

Dp Latq + Lyt
Now, the limits that are necessary to fulfill when increasing speed can be graphically
deduced. In the deduction, the voltage drops due to the stator winding resistance are

neglected. Then, (4.7) is substituted into (4.1) and after a few rearrangements, the
following is obtained:

.2 22

i

\Us|d, 2 \Us\q. 7 =1 (48)

(Ge=) (S

From this relationship, it can be seen that \Us\max represents an ellipse in the Cartesian
coordinate system, where i, is identified with the x-axis and i, with the y-axis. With
increasing speed, this ellipse is shrinking to the point (0, 0). To maintain the condition
defined by (4.1), the motor’s operating point in this Cartesian coordinate system must
be located inside or on the edge of the given ellipse. At the same time, the operating
point must also be located inside or on the edge of the circle given by the condition
defined by (4.2). The graphical description of the situation is in the figure below:

q
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C r1 Trated
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Figure 4.3: Voltage ellipses (orange), current circle (turquoise) and torque hyperbolas
(blue) vs. MTPA, CVLC and MTPV trajectories [50].
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Now, it is possible to provide a more detailed description of each range and its corre-
sponding optimal control strategy [49], [50].

CTR

The name of this range derives from the fact that the speed of the motor is controlled at
constant torque in it. Since utilizing the maximum of the power offered by the motor is
aimed for, operating with |IS|max within this range is going to be considered. In CTR,
MTPA strategy should be chosen as it reduces Joule losses in the stator winding, which
represent the majority in the total losses in a SynRM in this range.

According to equations (3.85), (3.36) and from the phasor diagram in Figure 3.4,
it is evident that the stator voltage increases with increasing speed. Once this voltage
reaches the value of |Uy|  , or when (2,4 from equation (4.7) is reached respectively,
the voltage ellipse intersects the current circle in the MTPA point (see Figure 4.3 —
point A), where the motor also achieves its maximum power.

For further speed increase, it is necessary to begin FW, as otherwise, with increasing
speed, the operating point A would not satisfy condition defined by (4.8). FW generally
extends the range of operating speeds of the motor — however, any increase in speed
should always be subject to the maximum permissible speed that the motor is designed
for while it is also necessary to change the control strategy [49], [50].

CPR

The name of this range derives from the fact that the power of the motor is constant in
it — thus, the speed control of the motor continues at the maximum value of the motor’s
power. This is ensured by maintaining constant voltage and current using the Current-
Voltage Limit Control (CVLC) strategy. The principle of function of this strategy is
not going to be explained. FW of the motor is commenced at the beginning of CPR
[49], [50]. In Figure 4.3, CPR is depicted by the curve between points A and B.

RPR

The name of this range derives from the fact that the power of the motor decreases in
it while FW still staking place.

The motor will be operating in RPR when a certain speed is reached, at which the
respective voltage ellipse and current circle intersect - in Figure 4.3, it is the point B.
At this moment, the control strategy should be switched to MTPV, with its advantage
over CVLC used in the previous range being that it enables achieving higher operating
speeds [1], [49], [50]. A section of the MTPV trajectory is depicted in Figure 4.3
between the points B and C.
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Chapter 5
Comparison of qualitative parameters with IM

Qualitative parameters of an electric motor typically refer to properties that describe
its performance and operational features.

These parameters are primarily of interest in terms of the practical use of the motor.
Many of them are therefore found in datasheets and often serve as the basis for an elec-
tric motor company’s promotional and marketing plans for the given series of motors.
In this chapter, qualitative parameters of SynRM and IM that are considered most rel-
evant and attractive for this thesis and current practice in terms of their optimization
[11] are going to be discussed and compared. A brief summary of this comparison is
then going to be provided at the end of this chapter.

Mathematical formulas — without their deduction, for some of these SynRM parameters
are also going to be presented. This is going to confirm the earlier suggestions that &
often has a significant influence on their magnitude.

It must be mentioned that for both motors, it is not possible to optimize all the pa-
rameters to the best values in one design. Therefore, some of these parameters must be
prioritized in the design (depending on what is required from the motor). This means
that the design will, once again, be based on trade-offs.

Finally, a property of SynRM, which is not quite a qualitative parameter, is that due
to its working principle, unlike in IM, its speed does not change with load, which is
positive in many respects [11].

I 5.1 Losses

Generally, losses in an electric motor depend on its construction and the physical phe-
nomena acting on it during its operation [13].

It has been already mentioned that the only constructional difference between SynRM
and IM lies in their rotors and, moreover, the rotor sheets can be considered the same
for the purpose of assessing losses. Therefore, the only remaining difference is that there
are no conductors (winding/cage) in the rotor of SynRM [15]. This naturally results in
Joule losses in the rotor of SynRM being zero, unlike in the rotor of IM [5].
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5. Comparison of qualitative parameters with IM

The following figure clearly illustrates the comparison of the total losses in these two
motors:

for 15 kW, 1500 rpm:
IM

100 % 7

rotor Joule

SynRM

e bearings T 100 %
——— windage — _

\ rotor iron /
stator iron
stator Joule
0% )

Figure 5.1: An illustration of approximate theoretical comparison of total losses in SynRM
and IM for a given output power and speed [48].

/ 0%

Thus, SynRM generally have smaller total losses than IM of the same rated power [14],
[48], by up to 40 % [52].

Moreover, for both motor types, there is an option for further reduction in the total
losses by reducing the thickness of the stator and/or rotor sheets, which leads to a re-
duction in iron losses in stator and/or rotor. However, thinner sheets (< 0.2 mm) make
the production of the stacks difficult for many reasons, such as:

m handling of the sheets,

m increase in the wear of the sheet punching tool (if this manufacturing technology
is used),

m special attention to the respective production processes to avoid the need for ad-
ditional machining of the stack must be paid.

The increase in the wear is due to the fact that more sheets per motor are needed.
Furthermore, the attention must be paid because otherwise both motor types would
face problems as they are highly sensitive towards geometric errors (deviations) that
can, apart from the initial design stage, also happen during manufacturing and assembly

[9].

I 5.2 Operating temperature

Operating temperature of SynRM is lower than that of IM due to the absence of rotor
Joule losses, as has just been described [9]. SynRM is therefore sometimes called a ‘cool
motor' [48].
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Thus, external cooling is generally not necessary in SynRM, the lifespan of the stator
winding insulation is extended [9], [48] and the thermal load on the bearings is reduced
[9]. In general, the motor has a greater overall thermal reserve compared with IM.

At the same operating temperature, SynRM achieves higher power than IM by 5-15 %

[5].

I 5.3 Efficiency

Efficiency is arguably the most attractive feature SynRM offers and is also the reason
why commercial interest in these motors has been revived in the last 10-15 years.
Efficiency is a highly debated topic today due to reasons such as carbon footprint,
electricity price per kWh, and sustainability in general — thus, an emphasis on efficiency
is placed as well in the electric motor industry [14], [44].

The efficiency of a SynRM can be approximated — if out of its total losses only Joule
losses in the stator winding are considered — by the following formula:

—1
1
3R, 12

S P

where (2, is the mechanical angular velocity of the rotor, R, is the resistance of a stator
phase, T'is the electromagnetic torque of the motor and I, is the RMS value of a stator
phase current.

Thus, for maximizing efficiency, it is aimed to maximize the ratio 7'/I2 [21]. Also, the
efficiency of a SynRM is found to be very sensitive to any increase in the width of the
air gap between the stator and the rotor due to geometric errors or due to the use of
a rotor retaining sleeve [9].

SynRM achieves efficiencies of up to 95 % due to the forementioned almost absent rotor
losses [9], which is about 5-8 % higher than the efficiency of an IM, whose efficiency
essentially cannot be further increased through its construction, while other ways also
not providing significant improvements [22].

Thus, the efficiency classes (which are going to be further discussed in chapter 7) that
SynRM usually achieve are IE4-TE5, while for IM it is IE1-TIE3 (though being true that
some manufacturers also offer IM that achieve IE4).

Finally, when comparing their efficiency, it is crucial to distinguish which operating
point is being referred to, as the difference in efficiency of these motors is not constant
throughout their entire operating ranges — for example, in the partial load range and at
the rated operating point, the difference in efficiency of these motors will be considerably
different [33], [53].
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5. Comparison of qualitative parameters with IM

The comparison of their efficiency curves vs. the torque of the motor for a given

operating speed (for a given supply voltage frequency respectively) is approximately as
follows:

ni‘\

IM

b

0 > T

Figure 5.2: An illustration of the approximate theoretical comparison of efficiency curves
of SynRM and IM for a given operating speed (frequency respectively) [53].

I 5.4 Power factor

If the voltage drop due to the resistance of the stator winding and iron losses are
neglected and subsequently a more complex deduction using the phasor diagram from
Figure 3./ is performed, the following formula for the power factor of SynRM is obtained

[34]:
—1
cosp = ——= , (52)
52 1 1
sin®y ' cos?y

where ¢ indeed corresponds to the respective angle from the phasor diagram in Figure
3.4. Plotting the function (5.2) gives the following graph:

cos p (-)

0 10 20 30 40 50 60 70 80 90 ()

Figure 5.3: The dependence of cos ¢ on « for various values of € [34] (edited).
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The maximum power factor of the given SynRM is then obtained by seeking the max-
imum of the function (5.2) [34]:

£E—1

max = 5?’ (53)

(cos )

while for achieving a power factor of at least 0.9 it is necessary for the £ of the motor to
be at least 20, which can be challenging even for ALA rotors, which generally achieve
the best £ among all SynRM rotors [27].

Therefore, SynRM achieve relatively low power factors, the cause of which is now
apparent. The power factor of SynRM is thus generally lower than that of IM.

The power factor of both SynRM and IM, similar to efficiency, also depends on the
operating point at which the given motor operates [34].

For electric motors that possess power factor, its lower magnitude generally leads to
a lower ratio of the motor torque to the supplied stator current [3] — and since SynRM
has a lower power factor than IM, this ratio will thus be lower for SynRM than for IM.
In other words, SynRM will require more input power to achieve the same output power
as IM [14]. Therefore, SynRM will need a more powerful VED (one that has a higher
volt-ampere (VA) rating — or in other words, higher rated apparent power) [5].
However, if a PMa-SynRM had to achieve the same output power as an IM, the VA
rating of its VFD could remain the same as the VA rating of the IM’s VFD — or the
VA rating of the PMa-SynRM’s VFD could even be lower than that of the IM’s VFD
(it would be up to an individual assesment of the particular case) [20].

Improvement of power factor is generally more beneficial with increasing speed [20)].

I 5.5 Torqueripple

As has already been mentioned many times throughout this thesis, all SynRM suffer
from torque ripple, which is a periodic deviation of the instantaneous value of torque
over time from the constant value of torque that should act on the synchronously
rotating rotor of SynRM in steady state, and to which the instantaneous value of
torque should, under the condition of steady state, always be equal [32].

Torque ripple is undesirable because it exerts increased mechanical stress on the motor
(concerning the rotor primarily) and increases motor vibrations and thus noise, which
are also dependent on the speed and mechanical balancing of the rotor [9]. Therefore,
there is an effort to reduce torque ripple as much as possible — however, complete
smoothing of the torque waveform can never be achieved [5].

SynRM have higher torque ripple and consequently vibrate more and are therefore
noisier than IM [3]. However, in this subchapter, only the torque ripple of SynRM
is going to be further addressed.

Torque ripple in SynRM is caused by the so-called slotting effect [2], [19]. It states
that the reluctance of the magnetic paths between the stator and the rotor in the
d and q axes, or the inductances Ly and L respectively, are due to the stator slotting?
dependent on the mechanical position of the rotor relative to the stator [2].

Or, described in greater detail, due to the fact that the magnetic flux path from the stator to the rotor
passing through the stator teeth has lower reluctance (higher inductance respectively) than the path
passing through the slots.
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Therefore, in an ideal scenario, where the stator would be slotless, torque ripple would
not occur. In reality, this is not feasible as there would be nowhere to place the stator
winding.

However, if the rotor structure (or the rotor barriers) was designed to compensate
for the slotting effect, then the torque ripple would be minimal (‘only’ minimal as
there would still be some really small geometric deviations causing some tiny torque
ripple) [2]. Additionally, another explanation (which is also more concise) which can be
encountered is that torque ripple occurs due to the interaction of higher space harmonics
of magnetomotive force (MMF), which are generally caused by stator slotting, with the
anisotropy of the rotor. Both formulations of the cause of torque ripple are equivalent
[20], [32].

The magnitude of torque ripple of a SynRM is usually given as a percentage according
to the following relationship:
T . .—T.
Ty = —28—Zmin 100, (5.4)

ripple T
avg

where T . are the maximum and minimum values of torque within one period

of its deviation and 7T, is the average value of torque within one period of this deviation
[5].

Increasing T, and generally, decreasing T, has a major impact on the rotor iron
losses [21] and on significant amount of other properties of the motor, as was being

mentioned throughout the previous chapters.

and T

min

Thus, expanding the list of already known aspects affecting torque ripple of SynRM and
expanding the list of already proposed options for its reduction, if a SynRM with no
modifications is considered, it is the following rotor design parameters that are regarded
as having the biggest positive effect on torque ripple reduction of the motor:

m optimal number of the flux carriers and the flux barriers with respect to the ratio
number of stator slots/p, [12], [32],

m constant ratio length of a flux carrier/width of a flux carrier for all of the flux
carriers [21],

m optimal width of the flux barriers [41],

optimal shape of the flux barriers,

m wider tangential and radial bridges [12].

The length of a flux carrier in the second listed is measured in a ‘circumferential
manner’, while the width of a flux carrier is measured in ‘from the center of the rotor
sheet onwards to its edge’ manner, as was already mentioned in previous chapters.
The second listed then ensures a constant reluctance of the flux carriers that mini-
mizes the interaction of the forementioned higher space harmonics of MMF with the
anisotropy of the rotor [21].

To conclude, another commonly used method for torque ripple reduction is called stator
winding chording, referring to the shortening of the coil pitch of the stator winding.
This leads to a reduction of the content of low-order higher space harmonics of MMF,
resulting in the wanted decrease in torque ripple [5].

Generally nowadays, there are many methods by which torque ripple in SynRM can be
reduced, with many of them reducing it substantially. Therefore, torque ripple is far
from being as significant drawback of SynRM as it appeared to be 10 years ago [5].
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I 5.6 Dynamics

Dynamics of an electric motor, that is how quickly in reality the motor responds to
the instructions given to it by its control (e.g. acceleration or deceleration to a certain
speed), are primarily determined by its:

m time constant 7,
m moment of inertia J of its rotor with respect to the axis of rotation.

The time constant is given for both SynRM and IM as:

Lq 5.5

where R, is the resistance of a stator phase. From this formula, it can be seen that the

time constant of both motors depends solely on the magnitude of the torque-producing
component of the stator current i, which is readily available.

Moment of inertia of an electric motor’s rotor depends on its weight and on the distri-
bution of its mass around the axis of rotation.

If rotors of a SynRM and an IM, which belong to the identical motor shaft height (SH)
(also referred to as frame size (FS)) were compared, the rotor of the SynRM would
have a lower moment of inertia because it does not contain winding/squirrel cage and,
moreover, cointains flux barriers that are filled with air.

Thus, in general, it can be stated that precisely because of the lower moment of inertia,
SynRM have better dynamics than IM [5], [7].

B 5.7 weight

Weight of an electric motor obviously depends on the material from which its frame
is made of (cast iron or Al). However, if a SynRM and an IM, whose frames are both
made of the same material and are the same size are considered, then the SynRM
would be lighter. Again, this is due to the absence of winding/squirrel cage in the rotor
and the presence of flux barriers [7], [44].
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5. Comparison of qualitative parameters with IM

I 5.8 Evaluation

For additional clarity, the evaluation of the conducted comparison of qualitative pa-
rameters of SynRM and IM is now going to be performed in tabular form along with
a score assignment, similar to Table 1.1:

Losses

Operating temperature

[22], [33], [53]
[5], [14], [34]

Efficiency

Power factor

Torque ripple
Dynamics
Weight

GOOD

Table 5.1: A comparison of qualitative parameters of SynRM and IM.
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Chapter 6
Applications

In the following two subchapters, the use of SynRM in industry and as a traction motor
is going to be discussed.

SynRM are generally manufactured with power ratings ranging from tenths to hun-
dreds of kW, indicating that they are considered for higher power applications as well,
although they are primarily used in applications requiring lower tens of kW of power.

Generally, it could be stated that over the past 10-15 years, SynRM have started to be
used in most applications where IM are used, with IM still remaining the most used
type of electric motor in the world. They remain so despite the reasons why SynRM
have begun to be implemented in practice in the first place, which are:

m today’s demands for higher overall sustainability,

m today’s demands for reduction of CO, footprint,

m marketing-promoted reduction of operating costs of the drive system if SynRM
is used.

SynRM meet these points accurately due to their higher efficiency compared with IM
(further details are going to be presented in chapter 7) [5].

I 6.1 Industries

SynRM are used in many industries (sometimes also referred to as vertical markets,
or verticals in short) around the world, such as:

m chemicals,

m food & beverage,

m oil & gas,

m water & wastewater,
pulp & paper,
cement,

metals,

commercial buildings?,
pharmaceutical,
battery,

m hydrogen,

m transportation.

! Primarily Heating, Ventilation and Air Conditioning (HVAC).
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In every industry, there are then specific application examples, which, however, can be
(and often are) common to multiple industries. Instances of the most common appli-
cation examples for SynRM are:

pumps [34], [53],
fans,
COMPressors,
CONVEyors,
mixers,
extruders,
winches [5], [14].

Traction motors fall under the transportation industry — however, the following brief
subchapter is going to be dedicated to them separately, because in the field of electric
drive systems, traction motors are generally a greatly important topic [20], [36].

I 6.2 Traction motors

In many research studies, the ‘conventional’ SynRM is also discussed as a suitable
choice for traction motors due to its relatively favorable cost and satisfactory range of
operating speeds. However, currently, ‘conventional’ SynRM are not widely used as
traction motors due to slightly lower efficiency, low power factor, and lower torque and
power density compared with Permanent Magnet Synchronous Motor (PMSM), which,
conversely, is as traction motor used very often.

Another reason is likely the fact that IM and PMSM have been more verified and tested
in practice in the field of traction motors, as these motors have been used in this field
longer and, moreover, have achieved very good results.

Therefore, although it has been proven that the torque density of ‘conventional’ SynRM
is sufficient for its use as a traction motor, it remains a question whether ‘conventional’
SynRM will evolve and establish themselves enough in the future to be implemented in
this field to a greater extent [5], [20].

However, the situation is different for PMa-SynRM, which have such better power
factor, torque and power density and efficiency compared with ‘conventional’ SynRM
that they have attracted many commercial companies and are starting to compete with
PMSM, especially in the electric vehicle (EV) sector — for example, the car company
Tesla often uses these motors in their vehicles.

There is generally consideration for the use of PMa-SynRM in railway traction as well
[5], [36].
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Chapter 7
Future of SynRM

The completion to subchapter 5.3 is now going to be initiated. In the subchapter it has
been outlined that electric motors are assigned an efficiency class that belongs to the
particular motor according to certain criteria. Efficiency classes of electric motors for
the whole world, except for North America, are managed according to the Standard
60034-1 from the International Electrotechnical Commission (IEC). For North America,
efficiency classes are managed according to the book MG 1 from the National Electrical
Manufacturers Association (NEMA), which has its equivalent names established for the
IEC classes:

IEC NEMA

1E1 Standard Efficiency
1E2 High Efficiency
1E3 Premium Efficiency

1E4 Super Premium Efficiency
1E5 Ultra Premium Efficiency
Table 7.1: The efficiency classes of electric motors according to IEC and NEMA [54],

where IE stands for International Efficiency and each class signifying a 10 % reduction
in total losses in the motor compared with the previous class [54].

In the Czech Republic (CR), the legislative regulations concerning the efficiency of
electric motors are given by IEC standards, technical standards and regulations of the

European Union (EU) — as CR is a part of it, and of course, Czech technical standards
(CSN).
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As of May 2024, when this thesis is completed and published, the following legislative
regulations issued by the mentioned entities concerning the efficiency of electric motors
are in effect within the territory of the CR:

m [EC,

= IEC 60034-2-1,

= IEC 60034-2-3,

= IEC 60034-30-1,

= IEC 61800-9-2,
m EU,

= Commission Regulation 2019/1781 [55],
m CR,

= CSN EN 60034-1 ED.2,

= CSN EN 60034-2-1 ED.2,

= CSN EN 60034-30-1,

= CSN EN 61800-9-2,

= CSN EN IEC 60034-2-3,

= CSN CLC IEC/TS 60034-30-2 [56], [57].

Briefly, it is for now sufficient to know, that these regulations together mandate that
every electric motor must have an efficiency class stamped on its rating plate for its sale
and operation within the territory of the CR (EU respectively) to even be considered.

And because electric motors account for 40-45 % of the total world’s electrical energy
consumption, and for about 70 % of the total industrial electrical energy consump-
tion [14], [44], [58], their operation leaves a significant carbon footprint behind. Many
governments of various countries around the world strive to generally reduce carbon
footprint, including the carbon footprint of the electric motor sector [53].

Therefore, on July 1st, 2023, the so-called Minimum Energy Performance Standard
(MEPS) introduced by the EU came into effect. This standard specifies the minimum
required efficiency classes of electric motors according to their area of use, rated output
power, number of poles, etc. As a result, most motors used in the EU today are required
to have at least IE3 [55].

It is therefore very likely that the EU will aim to further increase its requirements
for electric motors’ efficiency classes in the upcoming years. This could lead to some
IM (e.g. lower rated powers, that is < 30 kW) no longer being able to meet these
requirements.

And it is precisely for these reasons that the most significant opportunity that arises
for SynRM is the replacement of IM in the future [24], [44], [53].

The replacement could also have a positive financial impact on the owner of the drive
system in the long run, as manufacturers of SynRM claim nowadays that energy savings
in operating SynRM compared with IM can reach up to 10 % [3], while the market prices
of SynRM and IM of the same SH being comparable® [14], [53]. Furthermore, the price
of a SynRM drive system, as already stated in the preamble of chapter 4, can in some
applications be reduced by the price of the rotor position/speed sensor and its cabling.
Though, if the IM that is being replaced was operated DOL (or if a VFD with higher
VA rating is now needed due to the lower power factor of the SynRM), it is necessary
to include the purchase of a VFD into the financial calculation of the retrofit [48].

The exact energy savings can be calculated online with the help of online tools from the manufacturers —
for example, Siemens offers SinaSave [59].
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However, as much as SynRM can seem promising, they also possess many drawbacks
[15], the majority of which has already been presented. Therefore, SynRM nowadays
appear to be a more advantageous choice only for certain applications. Thus, majority
of IM will very likely remain in their place [3] until when the owners of the drive systems
are due to the efficiency legislative regulations compelled to replace them.

Hence, if it is claimed somewhere that SynRM have already begun to replace IM in gen-
eral, it is not true [14], [24], [44].

Finally, from a technological point of view, room for improvement in SynRM can be
anticipated especially in the optimization of its rotor and coil pitch of the stator winding
[3], while IM cannot be really further optimized in terms of their construction — at most,
there is the possibility of further improvement of control strategies, which, however,
are already at a relatively high technological level [1], [13], [50].
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Chapter 8
SynRM drive system measurements

In this chapter, practical measurements are going to be performed on a SynRM drive
system. The workplace with the drive system is going to be described, along with the
necessary resources, the measurement procedure, and the acquired and processed data,
which are eventually going to be evaluated.

I 8.1 Workplace description

The workplace is located in the faculty’s laboratory T2:H1-26 in Prague 6 — Dejvice.
It was constructed using Siemens products by a colleague John Francis Horabin as the
topic of his bachelor’s thesis from May 2023. A detailed description of the setup, in-
cluding the connection of communication interfaces and all necessary settings, can be
found in his thesis [7], so it is unnecessary to paraphrase it here. In [7], the method of
programming the workplace through the so-called Totally Integrated Automation (TIA)
Portal from Siemens is also described. TTA Portal is a software (SW) and tools pack-
age that aims to integrate multiple development tools for automation devices through
unification and remodelling of preexisting SW such as SIMATIC STEP 7, SIMATIC
Windows Control Center (WinCC), and SINAMICS STARTER, which are responsible
for programming, configuring, and commissioning drive systems built using Siemens
equipment [60].

Thus, for the purpose of understanding this measurement, it is sufficient to provide
only a list of the components used, a photograph of the workplace, and a basic block
diagram of the setup.
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Starting with the components used — they are listed in the following table:
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where PLC stands for Programmable Logic Controller, CPU stands for Central Pro-

cessing Unit, and HMI stands for Human-Machine Interface. A dynamometer is a DC
machine, which is often used as a variable load for the tested motor. Generally, it can

also be equipped with a torque scale, which is used to measure the load torque applied

to the tested motor, as was the case in this setup — however, torque scale is considered
somewhat old-fashioned nowadays. A more detailed description of the components used

can be found in [7].
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The workplace looks as follows:

Figure 8.1: The workplace in reality.

8.1 Workplace description

Unfortunately, components 5, 10, 11, 18 cannot be seen in the photograph.

A block diagram of the setup is as follows:

3x AC

Logic
and
operator
control

o—|

VED

Operator
control
Ward Leonard
DM excitation drive system
——-o
Y ‘ 3x AC
——o0

Rotary incremental
encoder
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8. SynRM drive system measurements

The touchscreen of the control HMI panel of the workplace looks as follows:
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8.1 Workplace description

where AIM stands for Active Interface Module. A more detailed description of what
can be controlled and how it can be controlled via this screen is, again, available in [7].
For this measurement, the most important windows were ‘SETPOINT’ and ‘DIAG-
NOSTICS’. The ‘SETPOINT’ window was used to accelerate the SynRM to the desired
speed, and the ‘DIAGNOSTICS’ window was used for reading values of almost all of the
measured quantities. All the OFF /ON sliding bars, except for ‘Turn Off AIM Cooling’,
were in the right-hand side positions during the measurement (so for most, 'OFF’ was
visible on the left-hand sides of the sliding bars). Additionally, the ‘DC Link Ready’
indicator was lit green.

The rating plates of the electrical machines used are shown below:

e w—

SIEMENS -
0-90441- Niimberg Made in Czech Rep, ~ ~ ® C €

SMOT 1RVA164B 1FP1014 s
IEC/EN 60034 1601 B3 g A= U OLHB08TI=001- 00t _

“82kq

SINAMICS  Nimax 3000 Vi
R .

1/min :
1500|939 0%

Figure 8.5: The rating plate of the used DM.

65



I 8.2 Procedure

The workplace is arranged and prepared for the measurement and its powering

is switched on.

2. The speed of the SynRM is set to a given setpoint.

The DM is excited.

4. The armature voltage of the Ward Leonard drive system’s DC generator (dynamo)
is set to equal the armature voltage of the driven DM.

5. The armature circuits of the dynamo and the DM are connected together in par-
allel.

6. The desired load torque of the DM is set by changing the excitation current

of the dynamo.

The values of the measured quantities are read.

Steps 6-7 are repeated for different values of the load torque.

The load torque produced by the DM is set to zero.

10. The armature voltage of the Ward Leonard drive system’s dynamo is set to equal

the armature voltage of the driven DM.
11. The armature circuits of the dynamo and the DM are disconnected from each
other.

12. The DM is unexcited.

13. Steps 2-12 are repeated for different speeds of the SynRM.

14. After obtaining the very last value needed, steps 9-12 are performed, the SynRM

is stopped and the powering of the workplace is switched off.

—

B

=] 2] B

I 8.3 Acquired and processed data

The following 2 subchapters are going to be dedicated to the acquired and processed
data from the measurement performed on May 6, 2024, 10:00 A.M.-12:30 P.M.

Il 8.3.1 Tables

For the sake of orderliness, all data tables are going to be provided as appendiz D at the
very end of the thesis. The following quantities were measured:

m ny; (rpm) — speed (also referred to as revolutions) of the SynRM,
m Ty (Nm) — dynamometer torque (load torque of the SynRM),

m Iy (A) — motor current (line current of the SynRM — per one line),
m T); (Nm) — motor torque,

m P; (kW) — mechanical output power on the shaft,

m 7y (%) — motor efficiency,

m TEMP,; (°C) — motor temperature,

m Ppy; (kW) — electrical input power (active input power),

m PUT,; (-) — motor power utilization.

Measured quantities that possess the subscript ‘M’ were provided by the SINAMICS
S120 drive and were read from the HMI panel’s display. What leads to the quantities
being displayed on the HMI panel is described in [7] — it, besides other, involves the
use of so-called telegrams, which is a data format used by the SINAMICS S120 drive,
in which various data of the drive system are communicated between its components

7).
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However, some values displayed on the HMI panel seem not to correspond to reality.
Therefore, out of all the read values of the measured quantities, it is only the values of
these quantities that can be considered as corresponding to reality:

m 7y (rpm) — obtained directly from the encoder,

m Ty (Nm) — provided by the mechanical torque scale, which has been reliably
functioning in the laboratory for decades,

m [; (A) — the method by which S120 measures this current is quite accurate,

m TEMP,; (°C) — measured directly by the temperature sensor,

m Ppy (kW) — only the product of multiplication between square root of 3, Iy, stator
line voltage measured by S120 also quite accurately and power factor, also accu-
rately determined by S120 [7].

This inconsistency with reality or sometimes outright nonsense can be clearly seen in
the tables in appendiz D, for example, in some values of 7,;, which sometimes reached
100 % or more, which is obviously not possible. A commentary on the possible reason
for incorrect values of 1, is going to be provided in subchapter 8.4.2

Therefore, attention will be paid only to the values of quantities that have been just
listed as corresponding to reality. Values of the quantity PUT,,, which is also displayed
by the HMI but not corresponding to reality, is not going to be evaluated at all — this
quantity is included here only for the completeness of the measurement. More about
its meaning can be found in [7].

Thus, generally, in order to make any meaningful evaluation of the data possible, it is
necessary to calculate the reality-corresponding (or real in short) values of some of the
‘suspected’ quantities. However, in this thesis, only the real values of motor efficiency
are going to be determined. The formula is as follows:

™ NN\

Tpy - 30

"M real = - 100, (81)

PP,M

where the numerator represents the real mechanical output power on the shaft (atten-
tion: do not confuse this with real (active) electrical power that is a part of apparent
electrical power, because the word ‘real’ is used in a different meaning in this part of
the thesis).

The motor and dynamometer torque difference given as:
Tyig =Ty —Tpm (8:2)

is also going to be listed in the tables, as it is among the outputs of this measurement
which are intended to be evaluated.

l 8.3.2 Heatmaps

The quantities primarily discussed so far and the ones that are according to the thesis
assignment aimed to be evaluated are:

= nM,real’

® T
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8. SynRM drive system measurements

From the data in the tables in appendiz D, heatmaps of these quantities are now going
to be constructed:

nM,reaI (%)
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Figure 8.6: The efficiency map of the SynRM drive system,
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Figure 8.7: A heatmap of the motor and dynamometer torque difference,
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8.4 Discussion
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Figure 8.8: A heatmap of the motor current.

The heatmaps have been constructed in the software Wolfram Mathematica using the
function ListContourPlot.

I 8.4 Discussion

In the following 5 subchapters, a constructive discussion of the main outputs of the
measurement is going to be conducted.

Bl 8.4.1 Efficiency

For the reasons stated in subchapter 8.3.1, only the efficiency 7,0, is going to be
assessed. As can be seen from the efficiency map in Figure 8.6, the claim from subchapter
5.3 that SynRM achieves high efficiency of up to 95 % has indeed been confirmed. The
highest efficiency was determined to be 99.35 % at values of ny = 1400 rpm and
Thy = 70 Nm. However, this value is, of course, very likely somewhat exaggerated,
which is probably due to the significant error factor of inaccurate reading of values in
some operating points, accompanying the entire measurement.

Furthermore, Figure 8.6 shows that at rated speed (which is 1500 rpm in this measure-
ment), there is a relatively wide range (T, = 60 = 75 Nm) where the motor reaches
its maximum efficiency values, i.e. above 90 %, which is truly very favorable.

Unfortunately, there is no IM with the same or very similar rated power available in the
laboratory with which the efficiency of this SynRM could be relevantly and reasonably
compared.
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Il 8.4.2 Motor and dynamometer torque difference

From the heatmap in Figure 8.7, it can be seen that the motor and dynamometer
torque difference T4 always ranges approximately between 2-6 Nm — there are only
3 very small areas where T is higher (approximately 9 Nm). However, considering
that T4 is more or less constant and evenly distributed in the rest of the heatmap,
and that these extreme areas are very small, their existence can again be attributed to
inaccurate readings at the operating points where these extremes occurred.

Since values of Tj,; can be considered as corresponding to reality for the reason men-
tioned in subchapter 8.3.1, values of Ty, are then offset from reality by the already
mentioned difference Tjy;¢. In this measurement setup, unlike in [7], no torque sensor
was present (as seen in Figure 8.2) — therefore, Ty, displayed on the HMI panel was
calculated by the S120 drive itself.

In the search for the origin of 7,4, various sources were thoroughly sought through and
many manuals of the SINAMICS S120 drive were consulted to determine the complete
origin of T}, which apparently causes Ty;z. The most ‘promising’ manuals, where these
information could be listed, seemed to be SINAMICS S120/S150 — List Manual ed.
2023-11 [63] and SINAMICS S120 — Function Manual ed. 2020-06 [64]. However, even
these did not contain any information clearly stating the complete origin of Ty; — in
[63], only diagrams were found that deduced the torque from other quantities, whose
complete origin is again unknown.

In these diagrams and generally in both manuals, these quantities appeared through the
so-called parameters, which already contained the ‘ready-made’ information about the
values of the given quantities. For example, the information about the instantaneous
value of the motor torque is encoded in the manuals as parameter ‘r0080 — Torque ac-
tual value’, or alternatively as a deduced parameter ‘r0031 — Actual torque smoothed’.
Then, generally, these and many other parameters are processed by the drive in some
way (e.g. in motor speed control), as can be seen from various function diagrams in
[63].

As a last resort, Siemens technical support was contacted, who also did not exactly
know but suggested that the S120 most likely calculates it using a mathematical model
of the controlled motor, which is though further a subject to the internal know-how of
the Siemens company.

Therefore, it can be stated that assuming there is no torque sensor in the setup to
provide data about the motor torque in some form, 7y, is very likely obtained in the
manner described by Siemens technical support. Generally, more detailed information
on such matters is typically not accessible because it is a part of Siemens’ internal
know-how, and thus it is then not possible to assess whether Ty; could be determined
in a better, more accurate way and so on. The exact cause of T, is therefore going to
remain unknown.

T g likely also subsequently causes the motor efficiency 7,; determined by the drive
not to correspond to reality and sometimes even to be outright nonsensical. The proof
for this claim lies in equation (8.1), according to which the drive calculates the motor
efficiency — though, obviously, the drive considers Py; as the numerator [7]. Since it has
been proven in the past that the values of electrical input power Pp); are provided
reliably by the drive, examining how P,; is obtained is the only way to go from here.
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8.4 Discussion

According to [7], the drive calculates Py; as follows:

TNy

P:
M= 30

-Typ- (8.3)
As has already been stated in subchapter 8.3.1, the values of ny; can also be considered
reliable. Therefore, the discrepancy of efficiency 7,; from reality can only be attributed
to incorrect Ty; values, or to the existence of T ;5 respectively.

Il 8.4.3 Operating temperature

During operation, the SynRM remained relatively cool to the touch throughout the
entire measurement, which lasted just under 3 hours, confirming the claim from sub-
chapter 5.2 regarding the relatively low operating temperatures of SynRM across their
entire operating ranges.

Il 8.4.4 Motorcurrent

It seems that, in general, current measurements by the converter correspond to real-
ity, which was further verified before the actual measurement by an oscilloscope with
a current probe. However, this took place only one time before the measurement itself
— just for verification. Thus, before the measurement begun, the oscilloscope with the
current probe had been removed, so the current values were determined solely by the
S120 drive throughout the entire measurement.

The fact that Iy; in the heatmap in Figure 8.8 exhibits a ‘tooth’ approximately at
ny = 1000 rpm and 7y; = 25 + 38 Nm is most likely again due to inaccurate readings
at these operating points, as there are no other significant anomalies in the rest of the
map.

Il 8.4.5 Options available for the implementation of closed-loop
torque control into the drive system

Implementing closed-loop torque control of the SynRM using the SINAMICS S120
drive into the drive system at the workplace enables fulfilling the overall purpose of the
workplace, that is the SynRM serving as a variable load for the given tested motor —
or conversely, as a motor whose output torque could be set to a setpoint to rotate the
tested load at this torque [7].

However, due to time reasons, in Horabin’s thesis [7], this was not implemented entirely
— thus, options available for the implementation are now going to be analyzed.

Il 8.4.5.1 Motor currentis used for the control

The first recommended option regarding the implementation is that for the reasons
mentioned in subchapter 8.4.2 and 8.4.4, motor current Iy;, which closely relates to
the motor torque 7y could be used for the control rather than directly controlling Ty,
itself. Moreover, according to the map in Figure 8.8 it is possible to say that for each
current value there is exactly one torque value (due to the lines in the mentioned map
being nearly horizontally straight), which is very favorable regarding the just described
recommended control principle.
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8. SynRM drive system measurements

Il 8.4.5.2 Resolving the issue with incorrect motor torque values

The second recommended option is to use directly 7y, for the control, though only after
resolving the issue with its incorrect values — e.g. through some form of calibration.
This option may seem more labor-intensive than the first one — however — as the afore-
mentioned problem with Ty, will be eliminated at the same time, another subsequent
issues such as erroneous reporting of values of important operating quantities of the
SynRM will be eliminated as well — thus more is achieved in one go.
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Conclusion

In the first 7 chapters, SynRM has been theoretically analyzed from various perspec-
tives, continuously highlighting its differences compared with IM, which is currently
the most used type of electric motor.

A discussion regarding their potential replacement with SynRM also took place, al-
though I personally do not think this will happen anytime soon (within the next 10-15
years) — or at least not to a significant extent. Moreover, it is not entirely certain
that SynRM would be the alternative the owners of the drive systems would go for if
IM started being replaced by another type of motor. However, there will definitely be
ongoing pressure to improve efficiency, reduce carbon footprint, lower operating costs
and enhance overall sustainability of electric motors.

Thus, in general, the first 7 chapters aimed to provide the reader with an overview of
the technical fundamentals of SynRM while outlining the place of these motors in to-
day’s world. These chapters should therefore further serve as an educational material,
offering a unified basic overview regarding the topic of SynRM at one place for anyone
interested in learning about these motors in a straightforward, accessible, yet relevant
and information-rich way.

In the second part of the thesis, high efficiency and relatively low operating temperature
of SynRM have been proven through a measurement on a real SynRM drive system.
Through the measurement, some primarily SW-related deficiencies of the faculty’s work-
place with the SynRM drive system were also pointed out and two different options that
could lead to their elimination were proposed. The actual realization of these or entirely
different proposals could be the topic for my master’s thesis, or generally, a separate
bachelor’s or master’s thesis of someone else.

Finally, I thoroughly enjoyed working on this bachelor’s thesis. I gained a lot of new
information, learned new skills and I plan to continue pursuing this topic and engaging
in it in the future — though the form of this engagement is yet to be discovered.
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Appendix A
Index

The meanings to the abbreviations below are located on the pages on the right-hand

sides of the abbreviations.
H A

AC, 25

AIM, 65

ALA, 8
ALA-SynRM, 9
AM, 2

ASM, 2

H c

CPR, 44

CPU, 62

CR, 57

CSI, 25

CTR, 44
CVLC, 45

W <

CSN, 57

DC, 26

DM, 62

DOL, 16
DTC, 39

EMF, 30

EU, 57

EV, 56

W

FEM, 3
FI-PMa-SynRM, 20
FOC, 39

FS, 53
FW, 5
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HMI, 62

HVAC, 55

IE, 57
IEC, 57
M, 2

IPM, 17
IPMSM, 17

H

J, 15

H .
LS-PMa-SynRM, 21
LS-SynRM, 17

H m™

ME, 41

MEPS, 58



A Index

MMF, 52
MPFC, 43
MTPA, 41
MTPF, 42
MTPKkVA, 43
MTPV, 42

H n

NEMA, 57
Hr

PC, 62

PLC, 62

PM, 17
PMa-SynRM, 21
PMe-SynRM, 20
PMSM, 56

H r

R, 15

R&D, 8

R&J, 15

RM, 1

RMS, 30

RPR, 44
RSM, 1

W s

SC, 39

SH, 53
SRM, 1

ss, 30
SVPWM, 41
SynRM, 1

[ RS

TIA, 61
TLA, 9
TLA-SynRM, 12
H v

VA, 51

VC, 39
VFD, 16
VSD, 16
VSI, 25
Hw

WinCC, 61
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Appendix B

List of Notation

Quantity

Meaning (Sl unit considered)

B

N O~ =Ny

R

length of a flux carrier

M

n
number of stator slots
P

PUT

AP

width of a barrier of a PMa-SynRM (the longest side of the
rectangle representing the given barrier in a cross-sectional
drawing of the rotor) (mm)

capacitance (F)

error of the controlled quantity, relating to the block dia-
gram of FOC (SI unit thus depends on the given quantity)

force (N)

frequency (Hz)

current — constant value in time (A)
current space vector (A)

current — instantaneous value in time (A)
moment of inertia (kg - m?)

Park’s transformation coefficient (—)
insulation ratio (—)

inductance (H)

length of a flux carrier (mm)

width of the PM of a PMa-SynRM — in the same sense as
for B (mm)

speed (also referred to as revolutions) (rpm)
number of stator slots ()

power (W)

power utilization ()

losses (W)

number of pole pairs (—)

resistance ()

torque (Nm)

temperature (°C)
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~

width of a flux carrier

X

S 2

<> 3

=

cos

SRS

time (s)

voltage — constant value in time (V)
voltage space vector (V)

voltage — instantaneous value in time (V)
total width of all the flux barriers (mm)

total witdth of all the flux carriers (also called flux guides)
(mm)

width of a flux carrier (mm)

reactance (12)

coefficient relating to the gradual decrease of the width of
the PM of a PMa-SynRM towards the outermost barrier

layer ()

load angle (rad)

angle by which I, ‘leads’ the d-axis (rad)

width of air gap between stator and rotor (mm)

efficiency (%)

electrical angle of the turning of the rotor relatively to the
stator (rad)

permeability (H-m ™)

saliency ratio (—)

time constant (s)

angle by which I lags U, (rad)

power factor (—)

magnetic flux linkage — constant value in time (Wb)
magnetic flux linkage space vector (Wb)

magnetic flux linkage — instantaneous value in time (Wb)

mechanical angular velocity (also referred to as speed
as there is direct proportion between the two) (rad - s’l)

electrical angular velocity (rad -s!)

electricity consumption (kWh)
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Subscript

Meaning

aa
ab/ba
ac/ca
air

avg

bb
be/cb
CPR

C
cc
control

DC

DM
d

diff

Fe

ie

MPFC

relating to phase a

a self-value of phase a (e.g. inductance)
between phase a and b/b and a
between phase a and ¢/c and a
relating to air

average — if this subscript is not used and the quantity is
scalar, periodic, not maximum or minimum and denoted
by an uppercase, then it is a RMS value

relating to phase b
a self-value of phase b (e.g. inductance)
between phase b and c¢/c and b

relating to the CPR range (if used with (2, it denotes the
speed at which the CPR range ends)

relating to phase ¢
a self-value of phase ¢ (e.g. inductance)
relating to control voltage from the block diagram of FOC

a DC value (in this thesis relating to the DC values of
voltage and current in the DC link of an inverter)

dynamometer

relating to the d-axis of the dq system (if used with 4, it de-
notes the field-producing component of the stator current)

difference
iron (e.g. losses)

relating to the magnetizing inductance component inde-
pendent of 4

given quantity is produced by the rotating excited rotor
of a synchronous machine

substitutable by a subscript that denotes a particular elec-
trical angular velocity of the rotating dq coordinate sys-
tem (if used alone with w, it denotes the general electrical
angular velocity of the rotating dq coordinate system)

load
motor

relating to the optimal value of v (i and i, respectively)
for the MPFC (MTPkVA respectively) control strategy
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MTPA

MTPF

MTPV

max

min

rated
real

rel

ripple

relating to the optimal value of v (i and i, respectively)
for the MTPA control strategy

relating to the optimal value of v (i and i, respectively)
for the MTPF control strategy

relating to the optimal value of 7 (i4 and i, respectively)
for the MTPYV control strategy

magnetizing

maximum — if this subscript is not used and the quantity is
scalar, periodic, not average or minimum and denoted by
an uppercase, then it is a RMS value

minimum — if this subscript is not used and the quantity is
scalar, periodic, not average or maximum and denoted by
an uppercase, then it is a RMS value

order of the given barrier layer of a barrier rotor, counted
from the center of the rotor sheet onwards to its edge

used with P to denote input power
relating to permanent magnets
phase

relating to the g-axis of the dq system (if used with 4,
it denotes the torque-producing component of the stator
current)

1st meaning: relative, 2nd meaning: rotor — relating to
the rotation of rotor (depends on the context)

a rated value

a real value

reluctance

used with T to denote torque ripple

stator (or synchronous respectively) — relating to the ro-
tating magnetic field (if used with ‘R’ it denotes the re-
sistance of a stator phase)

tangential

substituable by either ‘s’, ‘t’ or ‘2’ and is related to the
definition of the relationship between mechanical and elec-
trical angular velocities

relating to the a-axis of the af§ system

relating to the B-axis of the af8 system

a leakage quantity
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1st meaning: relating to the magnetizing inductance com-
ponent caused by the anisotropy of the rotor, 2nd meaning;:
if used with 4J, it denotes the angle by which U, ‘leads’ the
d-axis (depends on the context)

relating to quantities in rotor (e.g. rotor current)

Superscript Meaning

* setpoint

Chemical element Meaning

Al aluminium

B boron

C carbon

Co cobalt

Fe iron

Nd neodymium

Ni nickel

(@) oxygen

Sm samarium

Ti titanium

Other Meaning

abc the abc system

C controller
diode

d denotation of the d-axis of the dq system

dq the dq system

f denotation of frequency in the list of other possible names
for scalar control

j imaginary operator

N 1st meaning: neutral (conductor), 2nd meaning: north
pole of a magnet (depends on the context)

P Park’s transformation matrix

87



afl

denotation of the g-axis of the dq system

1st meaning: switch (in this thesis an electronic one),
2nd meaning: south pole of a magnet, 3rd meaning: sensor
(depends on the context)

denotation of voltage in the list of other possible names
for scalar control

denotation of voltage in the list of other possible names
for scalar control

the af8 system

denotation of mechanical angular velocities (or speeds re-
spectively, as there is direct proportion between the two)

denotation of electrical angular velocities
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Appendix C
Contents of the electronic attachments

All electronic attachments are located in the ZIP file ‘F3-BT-2024-Tlamsa-Petr-
electronic_attachments.zip’ available at CVUT DSpace (electronic version of the
thesis) or on the attached CD (paper version of the thesis).

The file contains:

m data.x1lsx — an excel notebook with all the acquired (measured) data, processed
data and data prepared for the Wolfram Mathematica notebook,

m heatmaps.nb — a Wolfram Mathematica notebook with a code that constructs the
heatmaps from the prepared data and exports these maps to .pdf.
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