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1. GENERAL DESCRIPTION OF THE THESIS

Relevance of the Topic
The increasing demands on the efficiency of electrical machines and the availability of

semiconductor electronic control systems led to a situation in which long-established solutions
were in many cases no longer the best solutions, such as the squirrel-cage induction motor on
factory benches, the wound rotor induction motor in crane machinery or the DC motor in
traction transport. The availability of semiconductor electronic control systems makes it
possible to use AC electric machines in variable speed applications such as transport drives.
The modern demands on the efficiency of electrical machines are very difficult to meet using
an induction motor. AC machines that meet modern efficiency requirements for electrical
machines are permanent magnet machines and synchronous reluctance machines (SynRM). The
main advantages of permanent magnet machine compared to the SynRM will be higher
efficiency and higher specific power, but the main disadvantages will be comparatively higher
material and production costs, sensitivity of the magnets to high temperatures and the risk of
magnet demagnetisation, as well as the availability of permanent magnets which must be
considered in a geopolitical context, given that China meets 98 % of the total European Union
demand for rare earth material.

The development and design of electrical machines is very much based on empirical
coefficients that have been refined over the years, but the very different nature of the SynRM
rotor from induction machines and synchronous machines with field winding means that
previously known solutions for machine design are only partially applicable to the SynRM,
applicable to the stator, and rotor geometry solutions have to be found anew. Importantly, the
relevance of SynRM coincided with the availability and performance development of finite
element mathematical modelling (FEM). The FEM method is widely used in SynRM research,
development and design.

The European Green Deal and the move towards climate neutrality were presented in 2019
as a necessity and as an opportunity for economic growth, with 25 % of the European Union's
long-term budget [1]. Currently, greenhouse gas emissions from the transport sector account
for about 25 % of the European Union's total emissions, and for Europe to become the first
climate-neutral region in the world by 2050, major changes are needed in the transport sector,
where climate-neutral public transport will have a significant impact. The European Green Deal
is more stringent for public land transport than for private transport, with all new urban
transport, including new urban buses, required to be zero-emission vehicles by 2030, which is
only possible through the electrification of urban public transport.

In this Thesis, SynRM has been chosen as the object of research because, in the author's
opinion, SynRM is the best choice in Europe for the drive of grid-connected public transport.
The SynRM rotor consists of only electrical steel, has no active materials, and is easy to
manufacture, repair or replace. The SynRM rotor is suitable for the harsh operating conditions
typical of transport drive systems. For mains-powered transport, efficiency and power density
are less important compared to battery-powered transport. SynRM does not have permanent
magnets, permanent magnet materials such as neodymium (Nd), praseodymium (Pr),



dysprosium (Dy) and terbium (Tb) whose extraction is associated with significant issues of
environmental degradation in proportion to the small amount of rare earth material extracted
from mines, ethical issues and security of supply chains. The European Union has taken
significant steps to address the rare earth material problem, but even in optimistic scenarios the
European Union would only be able to supply 20 % of its own rare earth needs in 2030 [2],
which, in the author's view, is a significant argument for the use of permanent magnet
alternatives especially in the drive of grid-connected public transport.

SynRM has significant advantages, as listed above. However, disadvantages include lower
specific power compared to other machine types, which can be addressed by improving the
cooling system efficiency, using an open machine design or using a high-performance cooling
system for a closed machine design. The Thesis proposes to increase the specific power of the
SynRM by using an innovative cooling method, the heat loops thermosyphon (HL), based on
the change of the coolant state of a matter in the evaporator from liquid to gas and in the vapour
condenser from gas to liquid. SynRM is particularly suitable for forced cooling methods
because the main losses of the machine, or the heat to be dissipated, are directly in the stator,
which increases the efficiency of the cooling method.

The heat loops thermosyphon is a closed-loop, passive, low-loss, heat transfer system, with
no additional energy consumption for heat circulation, which makes it possible to produce an
electrical machine of closed design and without the need for additional protection of the electric
motor from the environment. During the winter heating season, the heat from the SynRM can
be used to heat transport cabins, reducing the overall electricity consumption of the vehicle.

Aim of the Thesis
The Thesis aims to develop a high-performance closed-design synchronous reluctance

machine achieved by the application of an innovative cooling method, the heat loops.

A significant part of the Thesis is devoted to the design of SynRMs with the aim that the
Thesis becomes a source in Latvian for the reader, student or electrical design engineer, to
design high-performance SynRMs.

Tasks

e To develop a description of the design of synchronous reluctance machines.

e To develop a method for the calculation of SynRM parameters, which can be used
to accurately calculate the parameters of the SynRM to be designed already at the
design stage.

e Design, manufacture and test a 180 kW SynRM prototype.

e Test the performance of the 180 kW SynRM using an innovative cooling method —
heat loops.

Object and scope of the study
The object of the study is a synchronous reluctance machine designed to drive public

transport. The Thesis is limited to the SynRM itself without considering the frequency converter
feeding it, assuming that the frequency converters and their algorithms required for the SynRM
operation are well studied and commercially available, which have been studied in other studies



[3]. The Thesis considers a SynRM whose stator is similar to that of a typical three-phase AC
machine, and the SynRM rotor has no active elements.

In the framework of the study, a 180 kW SynRM was designed, fabricated and
experimentally tested to replace an asynchronous motor in a public transport drive.

A 180 kW SynRM model with an innovative cooling method — heat loops — was produced
and experimentally tested in the framework of the study.

Novelty of the research
A method for calculating the parameters of the SynRM machine has been developed, which

takes into account the interaction between direct and quadrature axis magnetising forces. The
developed method allows for more accurate calculation of the motor parameters at the design
stage compared to standard calculation methods. The developed method improves the design
result, based on which the designer can assess with higher certainty whether the design result
satisfies the design task or whether additional optimisation steps are necessary.

A closed-loop SynRM has been developed using an innovative cooling method, heat loops,
replacing SynRM with ICO1 cooling.

Practical relevance
Within the framework of the research, the largest electrical machine building company in

Latvia, JSC "Riga Electrical Engineering Plant", produced a 180 kW SynRM machine, which
gave the company practical experience in the manufacture of this type of machine. Prior to the
project, the company specialised mainly in induction and DC traction motors.

As part of the research, "Allatherm" Ltd had the opportunity to apply its technological skills
in the development of cooling systems to the cooling of a high-power traction electric machine.
The company's technologies have been mainly applied in electronics cooling.

The SynRM design description developed in the framework of the research can be used as
a guideline for developing this type of electrical machine.

Hypotheses put forward in the Thesis
The calculation of SynRM parameters at the design stage can be approximated to the actual

one, taking into account the magnetic cross-saturation according to the calculation algorithm
presented in the study. The hypothesis is tested in Chapters 2 and 4, where the calculation
method is presented in Chapter 2 and the results of the calculation method are compared with
the experimental results in Chapter 4.

The technical performance of the SynRM can be improved by using an innovative cooling
method, the heat loops. The hypothesis is tested in Chapters 3 and 4, where Chapter 3 describes
the application of the method and Chapter 4 describes the experimental results.

Research tools and methods
The Thesis uses a numerical research method. The mathematical modelling of the magnetic

fields in the study is performed using the finite element modelling software Altair Flux. Finite
element mathematical modelling is a widely used tool for the modelling and calculation of
magnetic fields. The results of the finite element mathematical modelling have been processed
using the basic equations of electromagnetic processes and well-known computational methods.
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The Thesis uses a laboratory study method. Laboratory experiments with physical models
have been carried out in the framework of the study in order to validate the results of the
numerical method.

Approval
In the framework of the Thesis, seven scientific publications have been published in the last

eight years. The author has actively contributed to two ERDF projects that pertain to the subject
of the Thesis. The research endeavours have encompassed the development and
experimentation of a 180 kW SynRM, two SynRM models (1/12 segments) equipped with a
heat loops cooling system, and a full 180 kW SynRM that is also fitted with a heat loops cooling
system.
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2. SYNCHRONOUS RELUCTANCE MACHINES
AND THEIR DESIGN

2.1. History and development of SynRM

The electric motor with salient rotor poles, no rotor winding and no permanent magnets,
which develops torque based on the magnetic asymmetry (saliency) of the rotor, is one of the
oldest electric machines. In the 20th century, reluctance machines were used in niche
applications such as positioning machines in the textile industry and other applications where
it was particularly important to maintain a precise pitch or speed, but the developed torque,
efficiency and power factor were of secondary importance. The late 20th century saw the
development of reluctance stepper motors, with which the name reluctance machine is
associated until the second decade of the 21st century, when the first mass-market-ready
synchronous reluctance machines became commercially available [4]. The synchronous
reluctance machine with air barriers to prevent g-axis flux is a 100-year-old solution presented
by Kostko in 1923 [5]. In the late 20th century, the fundamental issues of SynRM were
extensively studied. A low-pulsation SynRM rotor model is patented [6], which is the basis for
the first mass-produced SynRMs that reached consumers in 2011.

In the history of SynRM development, it has long been assumed that the ability to start and
run the motor connected directly to the grid is a prerequisite for widespread motor adoption, for
which asynchronous starting is the most commonly proposed solution. Given the availability
of control systems and the increased demand for control systems from consumers, it can be
predicted that grid start will be a requirement for niche applications in the future rather than an
existential requirement for SynRM applications.

2.2. Typology of SynRM

The current most popular rotor types for SynRM are summarised in Fig. 2.1.

a) SynRM b) DOLSynRM
Fig. 2.1. Synchronous reluctance motor rotor designs:

a) rotor with non-magnetic (air) barriers (SynRM) operates with a frequency converter;
b) grid-connected motor, rotor design with air barriers and short-circuited squirrel cage
starting windings (DOLSynRM);
¢) rotor design with magnets in air barriers (PMASynRM).



2.3. SynRM operating principle and electromagnetic torque

The electromagnetic torque of the SynRM can be expressed by Equation (2.1), where it
depends on the applied voltage and its frequency, the inductive reactance of the direct axis Xy
and quadrature axis X; and the load angle ®. The larger the ratio between the inductive
resistances Kq; = Xa/X, (saliency ratio), the larger the electromagnetic torque. The maximum
electromagnetic torque will be reached at a load angle of 45°.

3V2 (X — X,
20 ( XaXq
The direct and quadrature axis reactances contain the winding leakage reactance X, which

T

) X sin20 2.1)

are assumed to be the same for both components. The direct and quadrature inductive reactances
are to be calculated from the winding electromotive force (emf) and current. The emf can be
calculated from the magnetic flux analytically or by FEM.

The shape of the SynRM electromagnetic torque curve depends on machine geometry
parameters such as air gap width, air gap uniformity, pole pitch, stator slot and rotor air barrier
dimensions and their relationship to each other. In addition to the geometrical parameters, the
winding pitch and the electrical parameters will influence the shape of the electromagnetic
torque curve. As a result, the electromagnetic torque versus load angle curve shown in Fig. 2.2
will be different from that calculated by Equation (2.1) if the torque is calculated assuming
constant direct and quadrature field resistances. The maximum torque of the model in Fig. 2.2
corresponds to a critical load angle of 53°. The critical load angle depends on the design of the
magnetic system of the machine, in particular, the pole pitch.
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Fig. 2.2. Electromagnetic torque versus load angle.
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2.4. SynRM parameters

2.4.1. Causes, effects and ways of limiting electromagnetic torque ripple

Torque ripple in an electrical machine can be attributed to a mechanical or electromagnetic
cause. Such causes may include mechanical load, rotor centring misalignment, control
equipment, and magnetic circuit asymmetries. Regardless of the underlying cause, the ripple
invariably leads to mechanical vibration, noise, and stability problems in the synchronous
machine.

The phenomenon of mechanical vibrations has been observed to induce detrimental effects
on various components of machinery, including bearings, the drive mechanism, and fastening
mechanisms. Acoustic pollution, a by-product of mechanical vibrations, is a subject that has
garnered significant attention. The utilisation of switched reluctance motors, for instance, has
been constrained by the noise emanating from torque oscillations. The economic rationale for
mitigating noise emissions is compelling, as machines that operate with minimal noise do not
necessitate the implementation of additional sound attenuation measures. Machine instability
may arise from the control equipment's inability to align the expected torque value with the
actual value, resulting in a displacement due to torque ripple. The present study focuses on
electromagnetic torque ripple generated by a magnetic system, with the mechanical cause of
the ripple being analogous to that of a synchronous reluctance motor and other electric motors.
Oscillations due to magnetic asymmetry are primarily caused by the interaction between the
stator slots and the rotor barriers. The design of the magnetic system can mitigate the torque
ripple caused by the interaction between the stator slots and the rotor air barriers. SynRM rotor
designs can exhibit significant electromagnetic torque ripple, which cannot be eliminated by
stator or rotor offset and stator winding pitch shortening alone. The key to designing a SynRM
with low electromagnetic torque ripple is the development of the correct rotor geometry, which
includes the ratio of the number of stator slots to the number of rotor air barriers, the rotor
mechanical strength bridges and the shape of the rotor air barriers. The reduction of the
electromagnetic torque ripple by considering the ratio of the number of stator slots to the
number of rotor air barriers has been addressed in the literature [6], [7].

2.4.2. Factors affecting the efficiency ratio

The SynRM benefits from the absence of electrical losses in the rotor, a significant
advantage over an induction machine [8]. However, magnetic losses are comparable to those
of other electrical machines. The SynRM exhibits a higher current due to its low power factor,
resulting in increased electrical losses compared to a permanent magnet machine.

A key benefit of the SynRM over an induction motor is its higher efficiency. It is difficult
to design an induction motor to comply with efficiency class IE4, the energy efficiency class
being assigned according to EN 60034-30-1:2014 "Rotating electrical machines — Part 30-1:
Efficiency classes of line operated AC motors (IE code)". This can be achieved by increasing
the size of the induction motor and the amount of copper and steel. Looking at the performance
of ABB, one of the largest manufacturers of electrical machines: from 2011, SynRMs were
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offered with IE4 class compliance without increasing the frame size; in 2019, SynRMs were
offered with potential IES class compliance; in 2024, ABB presented a press release on SynRMs
with potential IE6 class compliance, the so-called "hyper-efficiency" class, e.g. IE6 22 kW
2p = 4 motor efficiency is 95.8 % [9].

A modern SynRM is designed to operate with a frequency converter, so it is useful to
consider both the efficiency of the motor and the overall efficiency of the drive system, which
is isolated in a separate standard IEC 60034-30-2:2016 "Rotating electrical machines — Part 30—
2: Efficiency classes of variable speed AC motors (IE-code)".

2.4.3. Factors affecting the power factor

Historically, SynRM has been characterised by a significant drawback in the form of a low
power factor. In the context of a contemporary SynRM driven by a frequency converter, this
low power factor gives rise to two key consequences. Firstly, the selection of a larger frequency
converter becomes imperative to match current rather than active power. Secondly, efficiency
is reduced due to electrical losses or winding cross-section is increased, which in turn
necessitates larger motor dimensions.

The power factor of a SynRM is determined by the air gap width and magnetic asymmetry
(saliency ratio). It has been demonstrated that designs exhibiting higher magnetic asymmetry
are associated with higher power factors [10], [11].

2.5. SynRM design

The SynRM stator consists of slots in which a three-phase winding is inserted, teeth through
which the magnetic flux is directed towards the rotor and a yoke, and the dimensions of these
stator elements and winding are similar to those of permanent magnet synchronous and
induction motors. SynRM stator design can be achieved with well-developed methodologies
and manufactured with existing technologies for synchronous and induction machines. AC
machine design methodologies have their nuances in each region, but are uniformly based on
coefficients and ratios that have been empirically refined over decades. In contrast, SynRM
rotor design is a relatively new necessity, emerging at the same time as finite element modelling
(FEM) techniques became available and easy to use, which can very successfully replace the
empirical coefficients previously very popular in design.

2.5.1. AC machine design

The design of electrical machines is an iterative procedure, the outcome of which depends
on the objective functions of the electric motor and on the validating constraints related to
temperature rise, starting current, starting torque, maximum torque, etc. The objective function
may be the weight, cost of the active materials, the overall cost, efficiency or a weighted
combination of all these factors. The design of AC machines, in particular induction motors, is
explained extensively in references [11] and [12], which have been used extensively to define
the reference points within the framework of this research.
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2.5.2. SynRM design algorithm

The SynRM design algorithm is proposed in Fig. 2.3. The full description of the developed
design flow chart is available in the Thesis. The contributions of [11]-[14] have been important
in the development of the algorithm. The implementation of FEM in the design process is
recommended, e.g. in the development of the optimal geometrical parameters of the SynRM,
especially in the design of the SynRM rotor: selection of the width, number, shape and position
of the rotor air barriers.

1. Starting a project

I 3. Design criteria — determined by
the designer and the manufacturer
(production capability)

2. Design brief parameters —
determined by the client

4. Define the

5. Calculation of the main dimensions of the machine PATIs
criteria (3)

6. Main dimensions of the 8. Adjust

machine criteria (3)

7. Do the main dimensions satisfy the
parameters of the design brief?

Yes

9. Calculation of electrical, magnetic and geometrical

A . 9.1. Rotor calculation
parameters of the machine

10. Machine dimensions and

5 9.2. GEA rotor
winding

11. Finite Element Analysis

No
12. Are the FEA results relevant to - 13. Adjust
the design brief? criteria (3)

Yes

14. Completion of the project

Fig. 2.3. SynRM design flow chart.
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2.5.3. Main dimensions of SynRM

The sequence for calculating the main dimensions of the machine will be the same as for
other AC machines. The sequence of calculations is based on an assumed machine utilisation —
Esson factor Cp [kW/m®] [12]. The calculation algorithm will be similar, choosing instead of
the Esson coefficient the linear load 4 and the magnetic induction in the air gap Bs from the
recommendations [11]. The differences between SynRM and AD or PMSM should be evaluated
by choosing Cy, A4, and Bs.

2.5.4. SynRM windings and stator slots

SynRM winding calculation
The SynRM winding parameters can be calculated using the same methods as for other AC

machines. Typical winding calculation methods are based on a number of empirical coefficients
that may be inaccessible to the designer of a new type of machine, such as the SynRM, so it is
proposed to include FEM-based optimisation steps in the SynRM winding calculation.

Single- or double-layer winding

SynRM can use single- or double-layer windings like other AC machines. Simplifying the
choice, a single-layer winding has a higher peak electromagnetic torque and a simpler design,
while a double-layer winding has a smaller torque ripple. For a four-pole machine, the
recommended winding pitch reduction ratios are 5/6, 7/9, 10/12 or 12/15. Smaller pitch
shortening does not sufficiently reduce torque ripple due to the increased complexity of the
stator winding design and increased manufacturing costs. The proposed step-shortening ratios
provide a reduction of the fifth and seventh MDS harmonics [15], [16].

SynRM’s slot size calculation

As with other AC machines, the SynRM's slot dimensions will be mainly determined by the
calculated winding dimensions and the manufacturer's technological capabilities.

2.6. Modern SynRM rotor design

The rotor of a modern SynRM is made of radially laminated sheets of electromagnetic steel
with air barriers to restrict the g-axis magnetic flux (Fig. 2.4 b)). The air barriers in the SynRM
rotor are designed to obtain a high magnetic resistance in the quadrature axis direction. The
SynRM rotor with air barriers is characterised by a wide pole overlap of ~2/3 1 and a high
saliency ratio Ka,> 4, compared to the rotor of a salient pole synchronous machine without air
barriers Kajy ~ 2 (Fig. 2.4 a)). The manufacturing of a SynRM rotor with air barriers will be
simpler compared to an axially laminated rotor (Fig. 2.4 c)). The design of the rotor will be
mainly determined by the magnetic circuit. The mechanical strength requirements will have a
minor influence on the design. Heating and cooling will not affect the rotor design.
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a)
Fig. 2.4. SynRM rotor designs: a) salient pole; b) non-magnetic air barrier; c¢) axially
laminated electrical steel sheets.

The overwhelming majority of SynRMs in production have four poles. A rotor design with
air barriers, characterised by a high saliency ratio and low electromagnetic torque ripple, is
practically impossible for a two-pole machine. For six- (Fig.2.5a), b)) and eight-pole
(Fig. 2.5 c)) machines, it is possible to design a rotor with air barriers, but the design will be
characterised by a lower specific electromagnetic torque [17]. For six- and eight-pole machines,
it is more complicated to design a rotor with a large number of barriers, because the barriers are
narrow and of variable width.

Fig. 2.5. SynRM design with different numbers of poles and rotor air barriers:
a)2p=16,N,=42;b) 2p =6, N,=48; c) 2p = 8, N,= 56.

The calculation of the main dimensions, winding and stator of a SynRM does not differ
significantly from an induction motor, the differences are in the values of the empirical
coefficients adopted. The SynRM has no active elements in the rotor, so its calculation will be
completely different from an induction or permanent magnet synchronous machine (Fig. 2.6).

15



SynRM rotor

1. Design task, main dimensions
and winding, manufacturer's
technological capabilities

2. Number of rotor air
barriers

3. Rotor air barrier width

3.1. Adjust the width of
the barriers

4. Shape of the rotor air
barrier

4.1. Choose a different
form of barrier

5. Requirement, location
and width of mechanical

5.1. Adjust the strength joints

mechanical strength of the
connection

etc. consistent

7. Are T, T
with the task?

ripple, m,

8 .SynRM dimensions defined

Fig. 2.6. SynRM rotor sizing algorithm.

2.6.1. Number of non-magnetic air barriers in the rotor

The number of non-magnetic rotor air barriers will depend on the number of poles, the
number of stator slots, the size of the machine and the manufacturer's ability to create small
rotor air barriers. A higher number of rotor air barriers will be characterised by higher magnetic
asymmetry and lower electromagnetic torque ripple; as a limiting design with a very high
number of flux-conducting channels and non-magnetic barriers, an axially laminated rotor can
be considered (Fig. 2.4 ¢)).

Laminating the steel sheets axially instead of radially creates a layer of magnetic insulation
between them, which is used to restrict the flux in the quadrature direction. The magnetic
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asymmetry value Kgq ~ 10 [18], [19] for axially laminated rotor structures is significantly
higher compared to radially laminated air barrier rotor structures. However, the axially
laminated rotor design has significant drawbacks. An axially laminated rotor is difficult to
fabricate; each sheet will be a unique size. In Fig. 2.4 c), it can be observed that each successive
sheet closer to the air gap is shorter than the previous one. The bending of the sheets must be
ensured, which is particularly difficult in the part near the shaft. The sheets shall be secured to
each other utilising axial bolts or other elements. It has been established that an axially
laminated rotor is characterised by increased eddy currents. This phenomenon consequently
results in elevated magnetic losses, which are estimated to be 2—3 times higher in comparison
to those of a radially laminated rotor equipped with air barriers [19].

The manufacturing of a radially laminated rotor with a large number of air barriers is likely
to be challenging due to the complexity of the flux-guiding channels, which are only a few
millimetres wide. The mechanical robustness and high manufacturing precision of these
channels are also questionable. The optimum number of rotor air barriers for high
electromagnetic torque and low electromagnetic torque ripple can be determined from the
number of stator slots, Ns and the number of poles, following Equation (2.2) [6]. By following
the equation, the higher harmonics of the magnetic flux density in the air gap caused by the
interaction between the stator slot and the rotor air barrier and the resulting electromagnetic
torque ripple are significantly reduced. The choice between a number of rotor air barriers
greater or less than the number of stator slots (2.2) must be considered for each machine to be
designed individually. Figure 2.7 ¢) shows that if N.= N is chosen, all rotor air barriers are
placed directly against the stator slots, resulting in a large torque ripple, and such a design is
not viable.

Nr NS
Nr=NSiZX2por?=?i4 2.2)

Fig. 2.7. Number of air barriers, SynRM with 2p = 4, N; = 48:
a) Ny <Ns, N;=Ns-2x2p =40;b) N> Ns, N-=Ns+ 2 x 2p = 56; c) N-=Ns, N, = Ns = 48.
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2.6.2. Width of rotor non-magnetic air barriers and flux channels

The ratio of the width of the rotor's non-magnetic air barriers to the width of the flux-
conducting channels (2.3) will affect the magnetic asymmetry of the machine and the
electromagnetic torque developed by the machine. Magnetic asymmetry determines not only
the electromagnetic torque but also the power factor, current and losses. In the first iteration of
the rotor calculation, the ratio of the width of the non-magnetic air barriers and the width of the
flux-conducting channels can be assumed based on the recommendation Kyp/r € (0.3-0.5) [10];
similar values are recommended in [18]. For the selection of the rotor barrier and the width of
the flux-guiding channels, it is recommended to solve the optimisation problem with several
parameters to be optimised, such as maximising the peak torque and the power factor.

The SynRM rotor non-magnetic air barrier and flux-guiding dimensions are denoted in
Fig. 2.8, where the dimensions by, — air barrier width and br. — flux-guiding channel width are
distributed along the g-axis and at the air gap 9, additionally denoted b:- q— cut-out along the g-
axis at the air gap and t¢r) — rotor tooth section.

(@) E &
| b?c & ~ = %
I | : ~

?:’ biz q
i bﬁh 5 A,
{ d

bFe q
i
L
bl-:h q
Shaft

Fig. 2.8. Dimensions of rotor air barriers and flux channels.

It is preferred that rotor flux conducting channels have a constant width throughout the
length of the channel br. ¢ = bre 5. Almost all br, 5 are of the same width, so that the channel
closest to the cut-out can be designed with a slightly increased br. s to provide the desired pole
pitch. Almost all br. 4 are of the same width, with a slightly reduced width on the g-axis the
closest bre q to the shaft can be formed, the width is determined by FEM, the criterion being
equal magnetic flux density distribution in all br. q. A constant width of br. throughout the
channel ensures a uniform distribution of the magnetic flux density in the channel without
generating additional higher harmonics.

The shape of the rotor non-magnetic air barriers may be of uniform width, bgs q = bgps, along
the entire length or of increasing width in the q-axis direction, bgs q > bgp 5. A structure with an
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air barrier wider at the air gap than on the g-axis is considered undesirable, in which case it
should be examined whether too small a pole pitch and too large a cut-out towards the g-axis —
bi- q— have been chosen. SynRM with a pole number greater than 4 for virtually all designs
bebq > by 5. The necessity for a cut-out along the g-axis at the air gap b q shall be determined
by the designer through the following considerations:
e the requirement for the rotor to be shaped like a perfect cylinder, as dictated by the
manufacturing technology;
¢ the sufficiency of the design's mechanical strengthening, in the absence of a cut-out;
e the capacity of the design to produce sufficient saliency, without the formation of a
cut-out.

Without the cut-out (Fig. 2.9 b)), the air barriers and flux channels at the air gap along the
g-axis can form complex geometries with small dimensions and very sharp angles, which will
be difficult to manufacture, such as barriers 4 and 5 in Fig. 2.7 a).

When the SynRM is designed as recommended in [6], the width of the rotor air barrier and
the flux-guiding channel section 1, is kept constant.

The ratio of the width of the flux-conducting channels and air barriers (2.3) is expressed as
the ratio of the width of all non-magnetic air barriers and cut-outs to the total width of the
barrier, cut-out and steel.

Ky e = Xbgy + by,
Zbgb + biz + ZbFe

(2.3)

2.6.3. Shape of non-magnetic air barriers

The shape of the rotor air barriers is usually trapezoidal (Fig. 2.9 ¢)) or arch (Fig. 2.9 a)).
The shape of the air barrier may be a separate optimisation task. The choice of air barrier shape
will be influenced by the manufacturer's capabilities, which will depend on the equipment
available to the manufacturer and the rotor manufacturing technology chosen. The required
shaft diameter will have a significant influence on the shape of the barrier. Trapezoidal or arch
barriers can be of fixed barrier width or bgs q > bg» 5. Trapezoidal barriers are often designed
with rounded edges (Fig. 2.9 b)) to limit the non-uniform distribution of magnetic flux density.
For arc-shaped barriers, the determination of the centre of the arc will be essential.

When air barriers have an arch design and all barriers have a common centre, the torque
ripple is reduced compared to trapezoidal air barriers, e.g. 180 kW, p =2, f=50 Hz SynRM at
rated load has 4 % smaller electromagnetic torque ripple [20]. When designing PMASynRMs,
it is recommended to choose trapezoidal barriers.
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a) b) ©)

Fig. 2.9. Shape of air barriers: a) arch with common centre; b) trapezoidal with rounded
corners; ¢) trapezoidal.

2.6.4. Mechanical strength connections

Mechanical strength connections are designed to ensure the mechanical strength of the
rotor. As the size of the machine increases, larger connections must be provided as the
mechanical forces on the steel parts of the rotor increase. The mechanical strength connections
reduce the saliency ratio and reduce the peak electromagnetic torque. While the mechanical
strength connections at the air gap have a positive effect on the electromagnetic torque ripple,
which is slightly reduced, e.g. in [21] and [22], it is estimated that the mechanical strength
connections reduce the peak torque by 7 % and the torque ripple by 2 %. Similar observations,
decomposing the effect of mechanical strength joints at the air gap and along the g-axis, are
presented in [18]. A separate optimisation problem based on mechanical and electromagnetic
calculations is recommended for mechanical strength connections.

Typical mechanical connection types for a modern SynRM design are: at the air gap in
Fig. 2.10, denoted by width by.s 5 and air barrier separating in Fig. 2.10 b), denoted by width
bumen q 1f the attachment is directly on the quadrature axis, or in Fig. 2.11 a), denoted by e o if
the attachment is offset from the quadrature axis by angle o.er. The need, location, width and
number of mechanical connections shall be determined by the rotor mechanical strength
calculation. For example, the 1.5 kW, p =2 SynRM (Fig. 2.9 b)), manufactured by KSB, one
of the largest manufacturers of electrical machines and pumps, has only mechanical strength
connections at the air gap buer 5. Mechanical strength connections of different shapes have also
been investigated, which make the rotor more complex to fabricate but are characterised by a
higher saliency ratio, e.g. a specific shape (Fig. 2.11 ¢)) increases saliency ratio by 5 %
compared to (Fig. 2.11 a)) design [21], or for example, the "dovetail" shape investigated in [23].
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Fig. 2.10. Tllustrative sketch of mechanical strength connections and their main dimensions: a)
g-axis offset connection; b) g-axis connection.

b) c)

Fig. 2.11. Location and shape of mechanical strength connections: a) shifted from the g-axis;
b) on the g-axis; ¢) connections with a complex shape.

2.6.5. Pole pitch
The rotor pole pitch will influence the maximum electromagnetic torque to be developed,

the electromagnetic torque ripple and the load angle at which the maximum electromagnetic
torque will be developed. Larger pole pitch machines will be characterised by smaller
electromagnetic torque and reduced electromagnetic torque ripple [18]. According to [13], it is
recommended to choose the pole pitch t,/t ~ 2/3. In practice, several manufacturers choose
rotors with 1,/ = 1, e.g. KSB 1.5 kW, p =2 SynRM (Fig. 2.9 b)), thus the rotor is an ideal
cylinder, which can be a necessity or optimisation of the manufacturing process.

2.6.6. Rotor skewing
Similar to an induction motor, the geometry of the stator and rotor slots creates higher

harmonics in the air gap, which have a negative effect on the performance of the motor,
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including causing electromagnetic torque ripple. In order to limit the higher harmonics caused
by the slots, the stator or rotor of the SynRM can be designed with an axial offset. The rotor
offset is mostly used. Stator offset is a technologically complex process involving the assembly
of the steel stack, isolation of the slots and insertion of the winding, after which the stator stack
is rotated, or offset, then fixed and impregnated together with the winding [11]. The SynRM
rotor has no active elements, which is a major advantage for skewing the rotor. The rotor can
be skewed by each electrical steel sheet (Fig. 2.12 a)), which has a greater effect on limiting the
higher harmonics but is more complex and expensive to produce, or by dividing the rotor into
segments (Fig. 2.12 b)).

The maximum effect of the offset on limiting the electromagnetic torque ripple is usually
by about one stator slot. The offset will reduce the electromagnetic torque developed by the
SynRM; the larger the offset, the smaller the developed torque. By skewing the rotor, air
barriers form a fan-like design, and the air barriers will create forced air circulation with a minor
cooling effect [24].

a) b)

Fig. 2.12. SynRM with skewed rotor: a) skewing each sheet of electrical steel by a small
angle; b) dividing the rotor into segments and skewing the segments.

2.7. SynRM parameter calculation

Calculation algorithm
An algorithm is proposed to calculate the reactances xaq, X4q and the load angle ®, whereby

the reactances are calculated from the FEM results taking into account the magnetic cross
saturation and magnetic losses. The calculation algorithm does not require reactances to be
expressed as a function of a given axis current. A new calculation algorithm, presented in [25],
is proposed; the method is complemented by the consideration of magnetic losses. The magnetic
losses can be calculated from: the magnetic flux density in the stator teeth B. and yoke B;
obtained by FEM; the mass of the tooth and yoke of electrical steel; or in the FEM subroutine
by calculating the Bertotti losses.

An algorithm is proposed based on which the resistances x.4, X.q and the load angle ® are
the design values. The resistances are calculated and need not be expressed as a function of the
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currents. The angle ® is calculated taking into account the effect of /;0n x.q and the effect of 7,
on Xad.

The algorithm is based on sinusoidal alternating voltages. Machine design calculations are
usually carried out assuming a sinusoidal AC voltage [13]. The developed algorithm differs
from the Kamper method [26] in that the reactances are determined by calculating the
electromagnetic torque with a FEM, and the reactances of the armature direct field x4z and
quadrature field x4, are determined according to the vector diagram (Fig. 2.13).

Fig. 2.13. 180 kW SynRM vector diagram, Iy=372A, Uv= 420V, nominal load mode.

Algorithm calculation sequence
The vector diagram of a synchronous reluctance machine for the algorithm is shown in

(Fig. 2.13). The sequence of operations of the algorithm is shown graphically in the flow chart
(Fig. 2.14). The algorithm includes a numerical calculation part and a FEM calculation part.
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Fig. 2.14. Sequence of steps in the algorithm for calculating characteristic curves.
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2.8. Finite element method in design

The numerical method for the calculation of electromagnetic fields, the finite element
method (FEM), is widely used in the design of SynRMs, in the framework of this work and in
the design of advanced electrical machines in general. A description in Latvian of the
application of advanced FEM software in electrical engineering can be found in [27]. The FEM
software Flux is used in the framework of this work, and its functionality and principle of
operation do not differ significantly from other FEM software popular in industry and academia,
such as ANSYS, COMSOL or SolidWorks. The application of Flux FEM software for modelling
the magnetic field of an electrical machine is described in [28].

The SynRM FEM model is shown in Fig. 2.15:

1. Three-phase two-layer winding specified with slot current [A]. When the phase currents
are specified, the position of the magnetic field with respect to the rotor position is
determined, and consequently, the load angle @ is defined.

2. Rotor and stator steel whose magnetic properties are given by the B(H) curve. For the
calculation of magnetic losses, the specific loss versus induction and the thickness of
the steel sheets are defined.

3. Non-magnetic air barriers on the SynRM rotor and the air gap between the stator and
rotor are set to relative magnetic permeability p-= 1.

4. The shaft and other magnetically and electrically inactive elements are assigned a
material-specific relative magnetic permeability.

5. Finite element mesh of triangular elements. The network is made finer at geometric
nodal points, such as the air gap.

6. The limit of the finite element model beyond which the magnetic field does not
continue.

TiVAVAEEES

Fig. 2.15. SynRM FEM model with finite element mesh.
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3. SYNCHRONOUS RELUCTANCE MACHINE COOLING
SYSTEM FOR ENCLOSED DESIGN

3.1. SynRM cooling systems

In electrical machines, the design of the cooling system is as important as the
electromagnetic design of the machine in determining the maximum power transfer, reliability,
stability and longevity of the electrical machine. The selection of the optimum cooling system
is particularly important in transport applications, where the external dimensions and weight of
the electrical machine are limited. For most electrical machines, sufficient cooling is provided
by air convection or the radiation of heat from the machine body to the surrounding
environment, and heat dissipation through the machine mounts and shaft. A cooling system is
passive if the heat is dissipated without additional energy consumption, only by convection and
transfer to the mounts. Active cooling methods are used for electrical machines with high power
densities. Fans are mainly used to create airflow or to promote heat transfer by the circulation
of the coolant. The coolant transfers heat from the hottest parts of the machine, usually close to
the winding, to the radiator.

3.2. SynRM thermal equivalent circuit

The equivalent scheme describing the SynRM heat transfer process is shown in Fig. 3.1,
with the main simplification of considering the heat flow only in the radial direction. Several
literature sources describe specifically the SynRM thermal equivalent scheme, where it is
recommended to refer to references [29], [30], and [31] at the author's discretion.

Ro— ambient thermal conductive layer;
R — heat conduction resistance of the upper
part of the stator yoke;

R»>_3 — the thermal conduction resistance of
the inner part of the stator yoke and the
stator tooth;

R4— heat conduction resistance between the

stator slot and the stator;
Rs— heat conduction resistance in the slot
layers;

Res— convection resistance of the air gap;

R7— heat conduction resistance of the rotor.

Fig. 3.1. SynRM thermal equivalent schematic.
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3.3. Heat loops cooling system

A liquid cooling system based on the change of state of the coolant, with natural circulation
of'the coolant in a closed loop, is called a heat loop. The term heat pipe thermosyphon (HL) is
also used. The heat loop is based on the change of the aggregate state of the heat transfer
medium in the evaporator from liquid to gas and in the vapour condenser from gas to liquid. A
graphical interpretation of the operating principle of the heat loop is shown in Fig. 3.2. A heat
loop is a closed-loop, passive, low-loss heat transfer system with no additional energy input for

heat circulation.
Heat to ambient air

7

‘Vapour condenser _

Vapour
prbry

Evaporator
77
Heat from motor

Fig. 3.2. Operating principle of a heat loop (HL).

The most technically complex element of a heat loop, in terms of design and manufacturing,
is the evaporator. A graphical explanation of the heat loop cooling system is shown in Fig. 3.3,
where:

1 — heat collector — evaporator unit with thermal interfaces to the machine, Fig. 3.3 b) shows
the machine design with 12 evaporators;

2 — heat transfer channels (liquid and vapour line);

3 — cooling radiator — vapour condenser with air heat exchanger.

Fig. 3.3. Heat loops cooling system: a) main elements of the heat loops; b) stator design with
12 evaporators.
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3.4. Application of the finite element method in SynRM thermal modelling

The finite element method (FEM) has been employed in numerous scientific disciplines to
address a wide range of complex physical problems. Its applications encompass domains such
as solid mechanics, fluid and gas mechanics, electrical engineering, and a multitude of other
technical fields. In Latvia, the utilisation of FEM has accumulated several decades of
experience, encompassing not only the field of electrical engineering, a subject with which the
author is intimately familiar, but also civil and mechanical engineering [32]. The primary
benefit of the method is its capacity to mathematically model and numerically solve complex
problems, a feature that has led to its extensive utilisation [33]. The author's expertise in FEM
application primarily lies in the modelling of electromagnetic processes. However, beyond the
studies outlined in this chapter, two notable studies [34], [35] that investigated, compared and
described the application of FEM in SynRM thermal modelling, for which the author provided
consultancy, are particularly noteworthy.

Example of FEM application in SynRM temperature modelling
The application of FEM to temperature modelling of a 180 kW SynRM with an ICO1

cooling system presented in [36] is reviewed.

The FEM simulation results agree well with the experimentally determined results
described in the next chapter of this Thesis, with the experimentally obtained winding
temperature increasing from 17.7 °C to 88.6 °C, or by 70.9 °C, during 60 min at rated load. The
FEM results are shown in Fig. 3.4, where a) shows the steady-state temperature distribution
obtained by modelling the thermodynamics problem for steady-state operation, and b) shows
the temperature change in the stator tooth over 60 min obtained by modelling the transient

thermodynamics problem; in nominal load mode, the temperature in the winding increases from
0 °C to 72 °C, or by 72 °C, over 60 min.

T.°C ToC
11110 80

60

40

4340 Time, min
b)
Fig. 3.4. FEM simulation results for 180 kW SynRM: a) temperature distribution
in the machine, steady state; b) temperature variation in the stator slot or winding with
operating time, summary of FEM results.
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Example of FEM application in SynRM with HL temperature modelling
The application of FEM to temperature modelling in SynRM with HL cooling presented in

[37] is reviewed. The FEM modelling without HL is performed by setting the heat transfer
coefficient on all external surfaces of the stator segment to # = 4 W/m*K (Fig. 3.5 a)). FEM
modelling with HL is performed by setting the heat transfer coefficient on the external surfaces
of the stator segment facing the adjacent segments and the rotor to 4 = 44 W/m*/K and for the
surfaces facing the HL, to s = 44 W/m?/K (Fig. 3.5 b)).

T.°C
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103.6
102.9
102.2
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99.4
98.7
98

a) b)

Fig. 3.5. FEM simulation results for the SynRM segment:
a) without HL (7 = 4 W/m*/K); b) with HL (at HL & = 44 W/m?*/K).

Example of FEM application in temperature modelling of SynRM with cooling channels
in slots
The FEM is used to simulate the temperatures of a 1/12 segment for which additional

cooling channels are created in the stator slots, hereafter HL2. As before, a heat transfer
coefficient ;= 4 W/m?/K is assigned to all external surfaces of the segment. First, consider the
variant where the channels are formed in the slots but no HL2 evaporators are inserted, with the
air in the channels, respectively #2=4 W/m?/K, on the HL2 surface (Fig. 3.6 a)). The other
option considered is with HL2 evaporators in the ducts, respectively #>=28 W/m*K is
specified on the HL2 surface (Fig. 3.6 b)).

T.°C Tec
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a) b)

Fig. 3.6. FEM simulation results for a SynRM segment with HL2 in the stator slots:
a) HL2 replaced by air (h2=4 W/m?/K); b) HL2 (at HL /2= 28 W/m*/K).
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4. SYNCHRONOUS RELUCTANCE MACHINE
DEVELOPMENT

4.1. 180 KW SynRM

4.1.1. Design

Main dimensions
The 180 kW SynRM has been developed with the main project objective of replacing the

92.6 % efficient induction motor of a mass transit electric vehicle — a trolleybus — with a higher
efficiency 95 % electric motor. The solution shall have the same external dimensions and power
supply requirements as the induction motor to be replaced, as the solution is applied to an off-
the-shelf vehicle with space constraints for the electric motor. Optimisation at the design stage
is prioritised to maximise efficiency. It should be noted that the SynRM and its control system
have been developed separately by designing the motor according to the main parameters given
in Table 4.1 and then adapting the control system. A description of the SynRM-adapted control
method and system is given in [3], [38], and [39].

Table 4.1
Key Requirements for the Development of SynRM
Dys 493 | mm Stator outer diameter
L 290 | mm Stator active length
D, 60 | mm Shaft diameter
) 1.2 | mm Air gap width
Vi 420 |V Rated mains line voltage
h 50 | Hz Rated network frequency
m 3 Number of phases
Py 180 | kW Rated mechanical power
Tn 1146 | N*m Rated mechanical torque
nj 1500 | min™! Nominal rotation speed
n 95 % Motor efficiency to be achieved in the project
S2 60 min Operating mode according to IEC 60034-1:2022
SynRM stator

The stator dimensioning is similar to other AC machines, with the addition of finite element
optimisation (FEA).

SynRM rotor
The number of rotor air barriers shall be N = Ns+ 2 x 2p, which ensures the least fluctuation

ofthe torque. A rotor with N, = Ny — 2 x 2p =40 is designed, as this rotor is simpler with fewer
air barriers. A rotor with N,= 56 is more difficult to manufacture.

The flux channels are about twice as wide as the air barriers. A ratio between 2 and 3
provides an optimum magnetic asymmetry xu/xg.
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The choice of rotor air barrier shape is based on [38]. The air barriers are formed as a circle,
and all air barriers have a fixed centre of the circle.

The shape of the rotor air barrier includes mechanical strength joints that form a path for
the g-axis flux, but are necessary to ensure the mechanical strength of the rotor.

The rounding of the rotor air barriers at the air gap is made with a radius of 7 mm. This
radius is optimum and compared to a 4 mm rounding, the torque ripple Tripple is 2 % smaller.

Design results and magnetic field
The results of the calculations are compared with the experimental results in the graphs in

Figs. 4.6-4.8. The magnetic field scenes modelled by the FEM for the nominal load mode are
shown in Fig. 4.1 and for the no-load mode in Fig. 4.2.

Fig. 4.1. Magnetic field in nominal mode: /=392 A, I,= 125 A, [,=372 A; ©® =29.9%
a) magnetic flux density (7); b) vector potential (Wb/m).

Fig. 4.2. Magnetic field at no load: /=126 A, I,=126 A, I,=0; ® =0:
a) magnetic flux density (7); b) vector potential (Wb/m)

The magnetic flux density in the air gap can be used to evaluate the electromagnetic torque
ripple characteristic of the machine to be designed, as shown in Fig. 4.3. The magnetic flux
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density curve shows the influence of the stator slots and the rotor air barriers on the
electromagnetic torque ripple, highlighting that the designed machine has 48 stator slots and
two pole pairs, while the magnetic flux density in the air gap has the most pronounced 23 and
25 harmonics since there are 48/2 = 24 slots per pole pair.

2.00 0.8
B, T B, T
1.50 0.6

1.00 0.4

0.50 0.2

0.00 0

0 135 180 0 135 180

-0.50 -0.2
degrees geometric degrees geometric
-1.00 -0.4
B normal —— Bnormal
-1.50 component -0.6 component
2.00 —— Istharmonic 08 3 Ist harmonic
a) b)
Fig. 4.3. Magnetic flux density in the air gap at no load, normal component: a) d-axis (d); b)
g-axis (q).

4.1.2. 180 kW SynRM experiments

Manufacturing

JSC "RER" produced the 180 kW SynRM prototype, largely using the company's well-
honed induction machine technology. The similarity of the SynRM manufacturing process to
that of an induction motor is considered to be a major advantage compared to that of permanent
magnet motors.

Fig. 4.4. 180 kW SynRM manufactured by JSC "RER": a) stator; b) rotor.
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Experiments

The 180 kW SynRM was tested in the laboratory of JSC "RER" on a special high-power
transport electric motor test stand (Fig. 4.5). The laboratory bench used for the experiments and
the experiment procedure are described in more detail in [3] and [39].

[ —— 4 R

Fig. 4.5. 180 kW SynRM test stand.

Experiment results
The experiment results of the developed motor are summarised in Table 4.2 (Exp.); the

electrical parameters are shown in Fig. 4.6, the torque in Fig. 4.7, the temperature and torque
ripple in Fig. 4.8. The experimental results are presented in publications [20] and [38]. The
experimental results are presented together with the parameters calculated at the design stage
(Proj.), which were obtained using the calculation method presented in the previous chapter of
this Thesis and in the publication [25].

Table 4.2
Results of the 180 kW SynRM Project and Experiment compared to induction motor (IM)

Parameters Proj. Exp. IM

Stator current Iy A 392 374 310
Stator voltage " v 420 417 420
Power factor cosQ - 0.7 0.7 0.89
Electric power Py kW 189 189 201
Mechanical power P, kW 179 179 186
Mechanical torque T Nm 1141 1144 1193
Stator winding resistance R Q 0.0122 0.0103 -
Stator electrical losses APei v kW 5.64 4.90 6.74
Rotor electrical losses APopn kW - - 2.17
Magnetic losses APpag kW 2.87 2.85 3.68
Mechanical losses APoss kW 0.54 0.82 0.47
Additional losses APaaa kW 1.00 0.86 1.03
Total losses APy kW 10.1 9.43 14.1
Efficiency ratio n % 94.7 % 95.0% | 92.5%

33



0.8

;7 p e g
0.6 M 2
. 4
Z .
0.4 r 4

0.2

M, COsP

100

Proj. *

a)

200
P,, kW

Proj. % Exp. Exp.

400 260
350 ./ 255
300 v g ‘ 250
250 -2 245

:: 200 %@;\ .‘ﬂ;; XXX 240 ::
150 wv. 235
100 230
50 225
0 220

1, Pro_? ¢ I, Exp. IOOU, Proj. X %J(,)(:pr.Pz kW

b)

Fig. 4.6. 180 kW SynRM experimental and calculated performance curves: a) efficiency and
power factors; b) voltage and current.
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Fig. 4.7. 180 kW SynRM experimental and calculated performance curves: a) static, angle
characteristic; b) traction characteristic.
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Fig. 4.8. 180 kW SynRM experimental and calculated curves: a) stator winding temperature
®,; b) electromagnetic torque ripple, instantaneous value from FEM calculations;
¢) mechanical torque ripple, from experimental results.

4.2. Increasing the specific power of the SynRM with a heat-loop cooling
system

The maximum power converted by an electric motor will be affected by both the design of
the electromagnetic system and the ability of the cooling system to remove heat from the
windings. By improving the performance of the cooling system of the electrical machine, either
result can be achieved:

e increase the maximum power of the motor without increasing the winding temperature

or reducing the thermal stability and reliability of the equipment;

e reduce electrical losses and the longevity of the motor by reducing winding

temperatures.

In the framework of this Thesis, a solution is considered for an electromagnetic design of
the SynRM that improves the performance of the cooling system, thus resulting in a machine
with higher specific power [40].

4.3. Experimental investigation of a SynRM with HL 1/12 stator segment

In order to test the possibility of improving the SynRM parameters — specific power with
the help of the HL cooling system, a 180 kW SynRM 1/12 stator segment was manufactured at
the JSC "RER" electrical machine plant. The HL cooling system, manufactured by "Allatherm"
Ltd, is attached to the stator segment. The stator segment connected to the HL cooling system
segment is shown in Fig. 4.9, which shows the numbered components of the experiment bench.
HL cooling system evaporator is shown in Fig. 4.10; the fragment includes 1/12 of the
evaporators and vapour condensers of the complete machine.
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1 — vapour condenser
2 —fan

3 — fastening

4 — coolant fluid and vapour
ducts

5 — evaporator
6 — stator fragment

7 — stator winding

a)
Fig. 4.10. HL evaporator: a) schematic representation; b) fabricated capillary effect
evaporator with wick-shaped copper parts.

Segment experiment results
The results of the segment experiment at a power output which produces a settled

temperature in the stator windings equal to the 180 kW SynRM settling temperature
7° =105 °C are shown in Table 4.3. The results are shown for one thermosensor per group, as
there is only a minor difference in the measurement results within a group. From the
experimental results, it can be observed that by using HL cooling, APcu \LyAPcu (mo HL) =
350/138 = 2.54 times more power can be injected into the machine windings to maintain a
constant winding temperature ~ 7° = 105 °C. The power ratio will depend on the load and the
temperature, as shown in Fig. 4.11.
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Segment Experiment Results

Table 4.3

Thermosensors Winding Stator tooth Stator surface
(No. 1) (No. 4) (frame) Power
Segment ’ : (No. 13)
cooling Temperature, T °C w
Without HL 102 97 96 138
With HL 103 75 49 350
3
2.75
=)
Z 25
&
E:225
QL
1.75
1.5
60 70 80 90 100 110 120 130 140 150 160

Winding No. 1 7,°C

Fig. 4.11. Ratio of power applied to segment windings with and without HL cooling at steady-
state temperature.

Segment experiment results applied to the full machine
The results of the segment experiment are summarised in Table 4.4.

Table 4.4
Comparison Between SynRM with HL and ICO1 cooling
. HL-cooled HL-cooled
Parameters Unit Isgg?]cv;owh:lgl SynRM with SynRM with
reduced L increased P»
Mechanical power P kW 179.6 182.6 290.4
Current 1 A 374 591 591
Electromagnetic torque Tem Nm 1144 1173 1980
Active length L mm 290 168 290
Stator outer diameter Dsq mm 493 493 493
Cu + Fe weight Moty 479 277 479
Mre)

Power density kW/kg 0.37 0.66 0.61
Electrical losses APc, kW 4.9 11.5 14.3
Magnetic flux density in a tooth B. T 2.05 2.16 2.16
Magnetic flux density in the yoke B; T 1.72 1.93 1.93
Magnetic (iron) losses APpe. kW 2.9 2.4 4.2
Efficiency ratio n % 94.9 % 92.2 % 93.4 %
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4.4. Experimental study of SynRM with HL in stator slots for 1/12 stator
segment

Considering that for the above model, there is a significant difference between the winding
temperature and the stator steel surface temperature when the HL machine is cooled, a design
model was developed in which the HL cooling elements are located near the winding, hereafter
referred to as Segment 2. Segment 2 was developed to investigate whether the heat dissipation
efficiency can be improved by placing the cooling elements as close as possible to the main
heat source, the winding.

The model produced for Segment2 is shown in Fig. 4.12. When comparing the
manufacturing process of the first segment with that of Segment 2, the disadvantage of
Segment 2 is that during the manufacturing stage between the stator package and the winding
in the slots, the cooling system elements have to be inserted into the slots. In the project for
which the segment was produced, the responsibilities were divided: JSC "RER" was responsible
for the production part of the electrical machine and "Allatherm" Ltd was responsible for the
production of the cooling system, which reflects the production process of a typical electrical
machine, in which the production of these parts will be carried out by separate departments or
companies. The manufacturing process of stator > winding > cooling > frame is replaced by
stator > cooling > winding > cooling > frame.

Due to manufacturing problems with the evaporator, the segment could not be tested, which
demonstrates a major drawback of the solution: manufacturing complexity. The performance
of the segment can be judged from the FEM modelling described in the previous section.

4.5. Experimental investigation of a full-scale SynRM with HL

SynRM 1/12 segment tests show the potential to cool SynRM with an HL cooling system.
Applying the segment test results to the full machine with a number of simplifications, it can
be concluded that the HL cooling system can not only cool the machine at the existing level but
even increase the power density. However, the segment only partially describes the heat transfer
process of the full machine. The application of the segment test to an enclosed machine has to
be evaluated analytically, but it involves a number of assumptions, the most important of which
are the influence of the fully closed design and the rotor rotational motion on the heat transfer
process. A complete SynRM with HL cooling system has been built with the main objective to
experimentally test the feasibility of a fully enclosed SynRM maintaining a power of 180 kW
without increasing the external dimensions of the machine and without compromising the
efficiency as much as possible (loss of about 2 %). Incorporation of HL into the SynRM design
is shown in Fig. 4.19.
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1 — SynRM stator with windings

2 — SynRM frame with openings for HL
evaporator

3 — HL evaporator

4 — HL coolant fluid and vapour ducts

5 — HL vapour condensers

6 — HL fans

Fig. 4.19. Sketch of the HL-cooled SynRM.

The IC code (International Cooling) of the cooling system of the developed 180 kW
SynRM with HL cooling system according to IEC 60034-6:1991 is ICOW7.

Design

’lighe design of the synchronous reluctance machine followed the guidelines described in the
previous chapters. In order not to repeat what has been presented in the previous chapters, only
the main differences of the SynRM with heat-loop cooling (hereafter referred to as the SynRM
with HL) from the 180 kW SynRM with IC0O1 cooling (hereafter referred to as the 180 kW
SynRM) are presented here. The SynRM with HL shall be similar to the 180 kW SynRM, with
the aim of evaluating the cooling efficiency of the HL by comparing almost identical electrical
machines whose main difference is the cooling system, HL or ICO1, respectively.

The developed SynRM is designed with trapezoidal rotor air barriers (Fig. 4.14). The
trapezoidal barriers have the disadvantage of achieving a lower electromagnetic torque
compared to arc-shaped barriers, but the advantage is that the barrier edges are straight, which
makes them easier to prepare and easier to insert permanent magnets into. The project does not
consider increasing the power of the SynRM with permanent magnets, but the decision to use
trapezoidal barriers was taken so that the prototype could be used in potential future
PMASynRM studies.

The developed SynRM is designed with six HL evaporators. The evaporators partly occupy
the space typically allocated to the clearance between the casing and the stator pack in order to
have the least possible effect on the stator yoke height.
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Fig. 4.14. SynRM with HL cooling, trapezoidal air barrier rotor.

Manufacturing
SynRM with HL manufactured by JSC "RER" is shown in Fig. 4.15. The stator (2) and

rotor (1) of the machine are made of 0.5 mm-thick M470-50HP electrical steel sheets, shown
in Fig. 4.15 a)). A rotor core is assembled on the shaft (3) from rotor electrical steel sheets (1),
which are secured with an end fitting (4); then the core is laminated, shown in Fig. 4.15 b)).
The assembly of the stator core begins with the manufacture of the frame cylinder part (5) to
which the end plates (6) are welded. The stator electrical steel sheets (2) are inserted into the
frame cylinder, shown in Fig. 4.15 c)), after which the slots of the assembled stator core are
machined. In the next step, the active parts of the windings and the slot insulation are inserted
into the slots. The front parts of the winding are connected according to the winding diagram
and insulated. The assembled stator with windings is impregnated with an epoxy layer. The
winding is 8.5 x 17 mm copper wire with a wire insulation thickness 0f 0.23 mm. The insulation
of the slot is 0.9 mm to 1,75 mm thick. The insulation of the winding and the slot shall be of
thermal resistance class (H) with a maximum permissible long-term temperature of 180 °C
according to IEC 60085:2007. The stator and frame are painted. The manufacturing processes
of'the SynRM and the HL cooling system were separated. Separate production is considered an
advantage. Finally, the manufactured HL cooling system evaporator (11), water and vapour
transmission lines (12) and vapour condenser (13) are attached to the SynRM (Fig. 4.15 d)).
The components of the heat loops cooling system were manufactured by "Allatherm" Ltd.
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Experiments
The SynRM with HL has been tested in the laboratory of JSC "RER" on the test bench for

electric motors for transport drives (Fig. 4.16). Experiments were carried out for two modes:
no load mode and nominal load, or P>= 180 kW mode. The no-load experiment is carried out
for approximately 2 h 25 min. The load experiment is carried out for about 1 h immediately
after the no-load experiment, without switching off the machine.

Fig. 4.15. Process for making SynRM with HL.
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Fig. 4.16. SynRM with HL experimental bench.

Experiment results
Temperature measurements were taken for the heating (Fig. 4.17 a)) and cooling process

(Fig. 4.17 b)). The heating process is divided into no-load (TG) and load (SL) modes. The
cooling process is divided into the experiment with the HL steam condenser fan on (ROT) and
with the HL steam condenser fan off (STAC). Temperature measurements were taken for a total
of almost 24 h with temperature data loggers recording a measurement every ~ 10 s. The
measured temperature in the slot directly at the winding, which is also the largest, the
temperature on the machine surface (frame) and the ambient air temperature next to the
experiment bench.

200 > Heating = Cooling - 200
TG EN HAT STAC 60
160 r
Q ¥
@ )
< 120 F 120
bt St
5 2
5 \ =
5 80 Winding - 80 2
(="
g 5 g
= rame 40 E
Amblel?te .
0 trG | ts tlos ferac -0
o / o > z v & Y% D
Time, ¢, h Time, 7, h
a) b)

Fig. 4.17. Results of the SynRM with HL experiment: a) heating at no load (TG) and nominal
load (SL) modes; b) cooling with HL evaporator fans on (ROT) and HL evaporator fans off
(STAC).
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With some simplifications, the heating process of the SynRM with HL machine observed
in the experiments and the temperature of the machine elements during the heating
process Ope, can be described by Equation (4.1). The main simplification is that the equation
does not include the first 5-10 min of the set mode, where the process of electrical mode
changed, or load increase from no-load to load mode, or no-load speed-up takes place. The
approximation does not take into account the ambient temperature, 0,1, , changing during the
experiment and, instead, uses the approximated starting temperature of the experiment — 0.
Interestingly, from the results of the experiment, a correlation can be observed in how the
ambient temperature is affected by the heating process of the machine. The steady-state
temperatures J,, and the heating time constant 7" characteristic of the operating mode are an
approximation of the experimental results. The experimental results (exp.) and the
approximation (aprox.) using Equation (4.1) are shown graphically in Fig. 4.19. The
temperatures, 0, 9, and the heating time constant 7 for the different modes are summarised
in Table 4.5 and explained graphically in Fig. 4.24.

Oneat = Op + 9oy (1 - e('?)). 4.1

Using the heating time constants and stable over-temperatures obtained from the
experimental results, it is possible to calculate the temperature of the HL-cooled SynRM at
rated load P»=180 kW after 60 min of operation time — S2 60 min at ambient temperature
40 °C, then 0,, = 135 °C and Og4me = 101 °C for the HL-cooled SynRM.

The temperature of the elements in the cooling process, O.,,, can be described by
Equation (4.2). The starting temperature, 0,, and the cooling time constant, 7, are summarised
in Table 4.5.

t
Ocool = Oamp + (@O_Gamb)e(_T) (4.2)

T — time at which 67 %0,
1

Winding temperature
at rated load

9,1
(e}
Temperature, @, °C

-0
7 N T N
% % % % e % B

Time, 7, min

Fig. 4.18. SynRM with HL winding temperature 0, 9,, and heating time constant 7.
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Table 4.5

Temperatures 0y, 9., and Heating Time Constant 7

Mode Heating Cooling
) No load Load Rotation Statistic
Measurement location = M = =

= 2 = 2 .8 2 = =

2V EVE|E|E2|E| 2| E
Parameter = = z = = - z -
Temoperature at the start of the experiment, 13 10 65 40 162 | 110 75 53
0, °C
Stabilised surface temperature, 8w, °C 66 443 | 147 | 110 - - - -
Heating time constant, 7, min 75 80 57.5 75 75 80 300 | 320

200 TG Winding exp.
TG Winding aprox.

TG Frame exp.

—_
W
(==}

--------- TG Frame aprox

SL Winding exp.

----------------- —--—- SL Winding aprox.

Temperature, O, °C
)
S

W
(=]

SL Frame exp.

—
-

SL Frame aprox.
o o> 7 i
o Z % K2

Time, 7, min

Fig. 4.19. SynRM with HL winding and case heating in no-load (TG) and load (SL) modes.

For the cooling experiment and the approximation of its results (Fig. 4.20 a)), the mode
when the HL cooling system steam condenser fans (STAT) are switched off is particularly
relevant. This cooling mode best describes a machine without a cooling system, which,
according to EN 60034-6:2002 is designated as an ICO0 cooling system, where the heat is
transferred naturally from the enclosure to the ambient environment without a fan. By
comparing the SynRM with the HL, SynRM IC00, SynRM ICO1 heating time constants, and
stable surface temperatures, the benefit of the HL cooling system can best be appreciated
(Fig. 4.20 b)). It can be assumed with relatively high accuracy that under similar conditions, the
cooling and heating time constants of the machine will be the same, which is confirmed by the
data shown in Table 4.5 for the no-load heating experiment and the cooling experiment with
the HL vapour condenser fans switched on. It should be noted that the time constant and steady
state overtemperature for the IC00 closed loop machine will be higher than analytically
determined, since the cooling experiment was performed in a SynRM with HL, the HL parts of
which are made of copper, which has a better thermal conductivity compared to the steel of the

IC00 machine casing.
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The heating of the windings affects the active resistance of the winding, hence the electrical
losses of the machine, so it is useful to evaluate the electrical losses of the SynRM with HL and
compare them with the electrical losses of the SynRM ICO1 (Fig. 4.20 c)). From the well-known
resistance-temperature relationships, the effect of increased winding temperature on the active
resistance of the winding and its corresponding electrical losses is analytically calculated. In
nominal operation at P,y = 180 kW, U= 420V, =50 Hz, n = 1500 min™" the electrical losses
of the SynRM with HL compared to the 180 kW SynRM with ICO1 cooling are approximately
~ 0.5 kW higher, resulting in approximately ~ 0.3 reduction in efficiency.
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a) b)
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....................................................... E
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Fig. 4.20. a) SynRM with HL, winding (Wind) and frame (Frame) cooling experiment results
(exp.) and calculated approximation (aprox.) with HL vapour condenser fans off (No Vent);
b) SynRM with HL, SynRM ICO01 and SynRM ICO00 temperature comparison at ambient
temperature, ®.mb = 40 °C; c) Electrical losses of SynRM with HL and SynRM ICO01 vs. load
torque, at n = 1500 min!, U=420 V, f= 50 Hz

For the SynRM with HL, the main experiments were temperature measurements; there were
electrical measurements at no-load and nominal operation, which indicate the overall efficiency
of the motor compared to the ICO1 motor. The following measurements were taken in nominal
load mode: U=467.5 V; [1=370 A; P1 = 194.2 kW, cosp = 0.648; =50 Hz; P, =181.1 kW
and consequently the efficiency is n=93.3 %. Although the electrical losses have only
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increased by 0.5 kW, compared to SynRM with IC01 cooling, the total losses have increased
to APy = 13.1 kW, an increase of 3.67 kW (APs jco1 = 9.43 kW).

During the experiment, infrared thermography is used to detect hotspots. The infrared
thermography is taken with the same reflectance for the whole image. Infrared thermography
images demonstrate the damaged HL evaporator. Figure 4.21 shows the thermal images at the
end of the load experiment when the highest motor temperatures were reached.

The efficiency of the HL cooling system can be judged by the temperature ratio between
the evaporator and the vapour condenser (Fig. 4.22). The higher the temperature ratio, the more
efficient the cooling system. When the evaporator/vapour condenser temperature ratio is
considered together with the system temperature, the higher the cooling temperature, the higher
the efficiency of the HL cooling system (Fig. 4.22). Interestingly, there are some jumps in the
efficiency of the HL cooling system, which may be due to the change in the aggregate state of

the water in the HL evaporator.

Fig. 4.21. Thermal images of the SynRM with HL before the cessation of the heating mode
when the maximum motor temperatures are reached.
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MAIN RESULTS AND CONCLUSIONS

180 kW SynRM replacing the induction motor in a trolleybus

1.

A 180 kW SynRM for public transport applications has been designed, manufactured and
tested. The 180 kW SynRM is more efficient at rated load (» = 1500 min™'; 180 kW),
Nsynrm = 95 %, compared to the induction motor it replaces, nmr= 92.5 %. The external
dimensions and frame of the developed SynRM are the same as those of the induction
motor it replaces. The induction motor is used in the trolleybus drive system currently
manufactured by JSC "RER".

The parameters and characteristic curves of the SynRM have been calculated at the design
stage using a developed calculation methodology, which has been validated by
experimental results.

The experimental results show that the motor does not experience any significant torque
ripple. The design of the SynRM rotor is based on a number of prerequisites, such as the
number, position and width of the air barriers to limit the electromagnetic torque ripple
and the resulting mechanical torque ripple.

The developed motor has been demonstrated to exhibit high efficiency, but low overload
capability. The motor has been designed with the objective of obtaining maximum power
at a given set of external dimensions, voltage and efficiency. For a given set of external
dimensions and rotor design, the maximum torque can be increased by increasing the
current. However, for safe operation, it is necessary to use a higher-performance cooling
system.

The cooling of the developed 180 kW SynRM is achieved through an open casing design
with forced air circulation, with the fan mounted on the motor shaft ICO1. This design
corresponds to the cooling system of the induction motor that is to be replaced. The
steady-state temperature of the motor winding at the rated load is 107 °C. The SynRM
exhibits lower losses compared to the induction motor it replaces, resulting in reduced
winding temperature.

SynRM with heat-loops cooling and closed design

6.

A heat-loop (HL) cooled SynRM has been developed and experimentally tested, which
achieves the main objective of the work to develop a fully enclosed SynRM while
maintaining the rated power of 180 kW, without increasing the external dimensions of
the machine and without significantly (~ 1.7 %) degrading the efficiency, as long as the
winding temperature in the rated operating mode S2 for 60 min does not exceed the
maximum temperature of 180 °C permissible for insulation class H over a long time
period.

In accordance with the criteria stipulated in IEC 60034-6:1991, the International Cooling
(IC) code designated for the HL cooling system of the 180 kW SynRM is ICOW7.

The HL-cooled SynRM, with six HL evaporator and vapour condenser circuits, has
inferior cooling conditions compared to the 180 kW SynRM with ICO1 cooling. ICO1 is
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11.

12.

13.

14.

an open machine with a fan mounted on a motor shaft. As the SynRM is designed for an
operating mode S2 of 60 min, it is useful to compare the winding temperatures of the
machines in rated load mode P, =180 kW, n = 1500 min™' after an operating time of
60 min, at an ambient temperature of 40 °C, the SynRM IC01 ©®,,= 101 °C and the
SynRM with HL ®,,= 135 °C.

For the HL-cooled SynRM compared to the uncooled IC00, the heat transfer is by
convection between the machine body and the ambient air. The HL-cooled SynRM has
significantly better cooling conditions at rated load P> = 180 kW, n = 1500 min™! after
60 min running time, analytically determined that at ambient temperature 40 °C, SynRM
IC00 ®,,= 179 °C.

The full SynRM with HL machine is designed with six HL evaporator and vapour
condenser circuits, but it is technically possible to install twice as many evaporators of
the same size for a total of 12 HL evaporator and vapour condenser circuits. With 12 HL
circuits, a greater cooling effect would be obtained, potentially reaching lower
temperatures than the SynRM with ICO1 cooling.

The developed HL cooling system functions without the utilisation of pumps for the
forced circulation of coolant. The circulation of coolant (water) is accomplished by the
transition of water from a liquid state to a vapour state, and vice versa, in accordance with
the closed-loop thermosyphon principle. This is facilitated by the placement of vapour
condensers above the machine. To enable the alteration of water's aggregate state in
response to thermal stimuli, the evaporator must possess a particular porous
configuration. Achieving this configuration constituted a significant challenge in the
manufacturing process.

To facilitate the mass deployment of the heat loop cooling system, it is necessary to
enhance the reliability and production quality of the evaporators. During the experiment,
one evaporator failed completely, and the efficiency of another evaporator was reduced.
It is hypothesised that if all six HL evaporators had been operational, the experimental
results would have been more favourable and the winding temperature would have been
5 °C lower.

The installation of HL evaporators on a SynRM stator pack has been observed to result
in a substantial temperature difference between the winding and the steel surface of the
stator. The enhancement of the cooling system's efficiency and responsiveness can be
achieved through the improvement of the heat exchange process between the windings
and the HL. The heat transfer process can be enhanced by the following measures: 1)
reducing the thermal insulation, which would impact the dielectric properties of the slot
and winding insulation and is therefore undesirable; 2) bringing the HL cooling system
closer to the winding, which is a potential subject for future research.

The integration of the heat-loop evaporator within the slots of the stator necessitates the
incorporation of cooling system components during the manufacturing process, situated
between the stator assembly and the insertion of the winding into the slot. This

49



15.

16.

17.

augmentation of the manufacturing process contributes to the complexity of the machine
assembly.

Infrared thermography was employed to ascertain the temperature distribution across the
machine body, with the focus being on the area between the two HL evaporators. The
results revealed the absence of any notable hotspots, with the exception of the non-
functional HL evaporator. This finding suggests that the cooling system, comprising six
circuits of HL evaporator and vapour condenser, is adequately thermally balanced.

In the context of the developed SynRM, the highest efficiency of the HL cooling system
is observed to be 2, with efficiency defined as the ratio of the HL evaporator and HL
vapour temperatures. This ratio has been shown to exceed 2 when the winding
temperature exceeds ®,,> 140 °C. The experimental results demonstrate that the heat
loop efficiency is enhanced at higher temperatures, a property that renders it particularly
well-suited for transport applications where high power densities and high temperatures
are prevalent.

The development of the SynRM with HL has resulted in a significant reduction in external
dimensions when compared to the SynRM ICO01, due to the absence of a fan mounted on
the shaft. The 180 kW SynRM ICO1 utilises a fan with an axial length of 125 mm, which
corresponds to approximately 15 % of the total shaft length of 817 mm. It is important to
note that the SynRM with HL is equipped with an additional vapour condenser in
comparison to the SynRM ICO1. The advantage of the HL vapour condenser is that it can
be mounted in a location that is not as premium, or even on the roof of the vehicle, where
the cooling conditions of the vapour condenser are significantly improved when the
vehicle is in motion. During the winter heating season, the heat collected by the HL
cooling system can potentially be utilised to heat the vehicle cabin.

Potential future research

18.

19.

Further research opportunities for SynRM include the insertion of permanent magnets
into the rotor barriers, resulting in PMASynRM. PMASynRM exhibits several
advantages over SynRM, including higher efficiency, power factor and power density.
However, it also has several disadvantages, including the possibility of demagnetisation
ofthe magnets and manufacturing difficulties with the insertion and fixing of the magnets.

Further research opportunities for SynRMs with a closed design include the investigation
of a hybrid cooling system. The following potential hybrid cooling system is outlined in
the Thesis: the motor casing is cooled by a heat pipe system, which is set up as described,
and channels are created in the stator slots to allow forced circulation of the heat transfer
medium by a pump. This configuration would leverage the passive cooling of the heat
exchanger; however, under conditions of high load and when the temperature attains a
specified threshold, an auxiliary cooling system is to be activated in proximity to the
winding.
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