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Abstrakt

Tato prace pojednava o moznosti vyuZiti metody &oyeh prviki pro analyzu synchronniho stroje

s permanentnimi magnety na rotoru. Cilem této pjacewieni moznosti pouzivat k efektiggimu
navrhu synchronnich motoru s permanentnimi magketgné prvkovou sf a software Maxwell. Na
vytvoreném parametrickém modelu jsou provedeny simuldeezddani. Ciléem préace bylo zjat
indukovaného nafi, ztrat v Zeleze, indukosti stroje, a provedeni demagnatidaanalyzy. Vytvéeny
parametricky model byl dale pouZit pro optimalizegbranych parameir Z vysledk optimalizace byly
ziskany nové rozemy permanentnich magrietUcinnost stroje byla zvySena vlivem #ny materialu
permanentnich magriea optimalizovanych rozéna stroje.

Abstract

This thesis deals with the possibility of using tfieite elements method for the analysing of
synchronous permanent magnets machines. The aithisofwvork is to discuss the possibility of the
machine design more effectively with using theténelements method and Maxwell software for the
simulations. On the created parametric model, sitranis were performed according to master thesis
assignment. The aim of this work is to determirduged voltage, iron losses, machine inductances and
make a permanent magnets demagnetization andlysis simulations results the machine efficiency is
calculated. The parametric model was used for gienization of selected parameters. From results of
optimization new dimensions of permanent magnets otdained. Machine efficiency was increased by
new permanent magnet material and optimized design.
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Nomenclature of used symbols

Label Description Unit
A

ac Specific electrical loading [A/m?]
Awire Cross sectional area of the copper wire  [mm?]
B

Bm Flux-density created by magnet [T]
BetaM Pole arc [°e]

B, Remanent flux-density [T]

B Specific magnetic loading [T]

D

D Stator bore diameter [mm]
) Torque angle [°]

E

E Voltage [V]
effa Assumption of machine efficiency [%]
EMF Electro-magnetic field

G

Gap Air-gap length [mm]
H

Hiperco Name of the material

I

I Current [A]
InsThick Layer insulation [mm]
J

Js Current density [A/mm?]
Jrms Current density per slot [A/m?]
K

Kwl Winding factor
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Lstator

Lrotor
L

A

Ld
Lg
Liner
LM
LtL

MIT

NSH
O
offset
0

offsRmo
P

P

Pem
pfa
PMSM
PM
Pk2pk
PPath/2
R
Rad2
Ryoke
RadSH

Length of stator [mm]
Length of rotor [mm]
Machine active length [mm]
Aspect ratio
Inductance in d-axis [H]
Inductance in g-axis [H]
Slot liner [mm]
Length of magnet [mm]
Line to line value
Ministry of industry and trade
Rated speed [rpm]
Number of strands [-]
Coil pitch [-]
Angular velocity [rad.§]
Offset of arc radius Rmo [mm]
Pole pairs []
Maximum electromagnetic power [VA]
Power factor [-]
Permanent magnet synchronous motor
Permanent magnet

Peak to peak value

Parallel branches [-]
Radius to the stator slot bottom [mm]
Thickness of the rotor yoke [mm]

Shaft radius [mm]
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Rad1l
Rad3

Rmo
RMS

S

SD

SO
SOANg
Syoke
S

Seff

SFn
SUMMITOMO
T

Te
TGD
Tph
TWS

Ws
wMag
WireDia
X

Xd

Xq

Rotor surface radius

Largest radius in the motor cross-section

[mm]

[mm]

Circular arc radius of outer face of the magnet [mm]

Root-mean-square value

Slot depth
Slot Opening
Slot opening angle

Radial thickness of the stator yoke
Motor rating from efficiency
Fill factor

Limited fill factor
Name of the material

Electro-magnetic torque
Tooth edge length in vertical axis
Conductor per slot

Tooth width

Phase applied voltage

Medium slot width
Width across one magnet

Wire size

Reactance in d-axis

Reactance in g-axis

[mm]
[mm]
[’]

[mm]

[W]

[-]

[Nm]

[mm]

[mm]

[V]

[mm]

[mm]

[Q]
Q
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1 Introduction

This text was written as a master thesis. The dithis study was to gain insight and understand
methods that are used for the simulation, the opéiton and the analysing of electrical machines.

This work discusses about the use of the finitenelgs method in the design of electrical
machines. Finite element method is increasinghd s a tool for the design of a various technical
device or their components. The main aim of thigkwnis to use the finite element method for the
analysis and the specific simulation of the synobts machine with the surface mounted
permanent magnets on the rotor. In order to prgp®raluate the results of the simulations original
motor was chosen. The specific simulations wereaaly chosen in order to properly evaluate the
results of the original designed machine.

This machine was studied in one of the projectsiegdy ministry of industry and trade (MIT). In
recent years price of Neodymium-Iron-Boron (NdFeBggnets was increased. For this reason the
material of permanent magnets was changed for pard this master thesis. New material of
permanent magnets was chosen with regard to tiheeeify and price of the machine. Samarium-
Cobalt (SmCo) was chosen from the permanent magmatsials.

This work is divided into several chapters. Thetfrhapter deals with traditional machine design
approach. Permanent magnet synchronous machinesinareasingly used in many industry
applications. This is a main reason why this typesymchronous motor studying many experts in
various projects. Whole chapter deals with basinaégns and procedures to proper design of
Permanent Magnet Synchronous Machine (PMSM) fon eaplication.

The second chapter shows basic parameters and ggamhesimulated machine. Parameters of
stator, rotor, magnets, are described in this eérapphe geometry of machine is shown in figures. In
geometry of machine, the main geometric parameterddentified. These identified parameters are
important for creating of parametric model.

Software from Ansoft electromagnetic products wlagsen as a simulation tool. Ansoft Maxwell
14 is complex simulation software for design, siatioh and optimization of electric motors. Maxwell
uses finite elements method for simulation. The Bihis one of the Maxwell’s plugins. Rmxprt is
very good tool for electric machine simulationslibraries are most types of electric machines.rUse
selects his type of machine, sets required paramatel starts simulation. Rmxprt evaluate the tesul
and displays them to the user. The big disadvantdgemxrpt is low accuracy of the simulated
model, but Rmxprt is very user-friendly.

Parametric model with using scripting was creatadbktter accuracy. Parametric model respects
all geometry parameters of proper machine. Thegtpgreated parametric model of the machine is
important for correct evaluation of performed siatidns. Individual parameters were used for
creating a script in visual basic. With this scripe user can very easily change geometry of the
machine. Main advantage of this parametric modpbssibility to do optimization cycles very easy.

The third chapter shows results of performed sitrarla on parametric model and their evaluation.
Aim of this chapter is to determine properties iofitdated machine. In this chapter the condition for
each type of simulation are described. For propetuation of machine parameters three types of
finite-element network are used. The impact ondbeuracy of results, depending on the time of
calculation and finite element network density, Wwagstigated.
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To verify the accuracy of parametric model, reswltsre compared with results from other
simulation software, where the same machine waslated in project MIT.

For the comparison, the induced voltage wavefomos fSPEED software were evaluated. From
results, the accuracy of parametric model was ooefil. Waveforms of induced voltage for different
simulation condition were evaluated.

In next simulations, the value of steady torquevaluated for both PM materials. From Rmxprt
model, load torque curve was evaluated. Cogginguerwaveforms are shown in figures and
compared for different finite element networks dees and temperatures.

In next subchapter, flux density distribution inchme geometry is shown. Values of radial and
tangential flux density in the air gap are caledatWaveforms of core and solid losses are obtained
and shown in figures for both PM materials. Forreotr identification of the machine, inductance
values in dq coordinate system are calculated. dfginal NdFeB magnets, the demagnetization
analysis is performed. Proper design of magnetsrified by demagnetization analysis.

For all simulation results the efficiency of the aghame was calculated. Comparison between both
PM materials is also described.

In next chapter, all Maxwell optimization methods aescribed. Advantages or disadvantages of
each method are reviewed. For this master thdmsgéneric algorithm is selected. Optimization of
PM dimensions by generic algorithm is evaluated.nbé optimizations are also done. From
optimization results, the new dimensions of PMeualuated.

For new PM dimensions, the machine efficiency isudated and evaluated. Evaluation of results
obtained from all simulations and optimizationpésformed in conclusion.
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2 Present status

Growth in the use of synchronous machines, for allsamd medium power, began with the use of
permanent magnets manufactured from special alldlg high magnetic induction. Synchronous
motors with these magnets (PMSM-Permanent Magnati8gnous Motor) are regularly used in
servomechanism, robotics and automation techndimggver 10 years. PM synchronous motors are
used in drives with outputs from hundreds of waidttens of MW. In these areas, PMSM are replacing
especially DC and stepper motors. In these daystrdmed is to use the PMSM in all possible
applications. For each specific application, thecinm@e must be carefully designed and constructed.

[1], [2].

2.1 Machine design factors

Machine design is influenced by the following fasto

. Economics. Typically, machines are to be desigmettave a minimum material cost and
manufacturing cost. On the other hand, the traflbetiveen capital cost and operational cost should
also be considered, especially for large machiigs,

. Material limitations. The physical limits of maias generally determine the performance and
dimensions of the machine, [1].

. Specifications and standards. In some applicstispecial considerations may exist that
dominate the design. For example, aerospace maguére a design of minimum weight with
maximum reliability. For the design of traction ot the emphasis is usually on reliability and the
ability to satisfy a torque-speed curve. [1]

2.2 The Traditional Machine Design Approach

The traditional design approach was establishedynlealf a century ago and is dominated by rules
of thumb and empirical curves that reflect the edgmees of manufacturers, sometimes passed down
from generation to generation as the establishethpany policy” way of doing it. In the traditional
design, designers start by heuristically. Selectialyies of design parameters, and then follows an
iterative tuning process trying to achieve desjgectfications. [1]

2.2.1 The sizing equation

Traditional machine design usually starts fromfdraous sizing equation (2.1). [10]

n (2.1)

_ D\ L
5= 11Ky~ Bracx (1000) 1000
where S is the motor rating in WB is the specific magnetic loading in Teskg, is the specific
electrical loading in A/mD is the stator bore diameter in millimetréss the generator active length
in millimetres, Kyis the winding factor for the fundamental, andis the rated speed in rpm
(revolutions per minute).Values f@ andac are selected by the designer at the start of éségad
process.



DEPARMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINHRING

L‘ [TT]]] Faculty of Electrical Engineering and Communication 17

= @ i Brno University of Technology
=

The magnetic loading is limited by the saturation point of the matesiaised, the hysteresis
losses and eddy current losses, the stray lodsesftectiveness of the cooling strategy, the load
profile, and the duty cycle. The specific electigading ac is limited by the copper loss in the
conductors, the effectiveness of the cooling singtehe temperature limitation of the insulation
material, the load profile, and the duty cycle.the traditional design, the selection Bfand ac is
primarily based on the designer’s experience.[Hl],

2.2.2 Selection of the aspect ratio

After the selecting of the values Bfandac, the D?L value of the machine is then calculated by
(2.2).For a machine with its pole number denoteg,lgn aspect ratid is defined as:

L L
e ——
(m-D)/p Y
WhereY is the pole pitch in meters. By choosing a progaue forA, D and L can be then
calculated. BesideB,, ac andA are other design parameters that designers ustlafigse at the
beginning of the design process. A good choick leélps to increase winding induced EMF with less
coil length. With the same flux density, the inddd&MF is proportional to the coil area. For highest
induced EMF with the same coil length, the desifja cectangular coil shape with= 1 is desired.
Besides this consideration, the selectionAoflso depends on other factors, such as machine
performance requirements, material consumptionsjufagturing feasibility and cooling. In the
traditional design, the selection of the aspeat riatalso guided by empirical curves.[1]

(2.2)

2.2.3 Selection of current density

By selecting values faB, ac andA, another important design parameter to select istdter
current densityls. For a certain rated currehtthe current densitys determines the cross sectional
area of the copper wirkwire used[3]:

J
A ire — 5 23

Higher current density leads to smalksiire and then larger armature resistance. For the same
stator current, the copper loss is increased. figiser copper loss not only leads to lower machine
efficiency, but also increases the winding opeatemperature because more heat is generated. Since
the winding operating temperature is limited by theximum allowable temperature of the insulation,
the machine designer should select a current gelwsit enough that the operating temperature is
within limits. On the other hand, when thinner wiseused, with the same number of winding turns,
the amount of copper is reduced and less slot spaeguired to fit the wires. Accordingly, the tiee
length can be reduced and the amount of steels r@lduced. The overall effect then leads to a
reduction of the machine material cost and weighich means that current density, should not be too
small in order to avoid a bulky machine. In theditianal design, the current density is typically
selected by rule of thumb or the designer’'s expege According to certain empirical rules, the
current density is generally selected in the raofgé to 7,5 A/mm In the traditional approach, many
important factors in determining the temperatuse f machines cannot be easily taken into account,
such as the ambient operating temperature, théablaieffective surface area for heat rejectior an
the duty cycle of operation. However, a machindgihesl to run continuously under full load with a
40°C ambient temperature is expected to have mawérlcurrent density than a machine designed to
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run intermittently and at an ambient of 10°C. Ia thaditional design, selecting the current derfsity
both cases usually depends on a designer’'s experiamd safety margin, which may often lead to
over- or under-design of the electrical machinés.[1

2.2.4 Selection of the flux density

To fully utilize the material, the flux densitias the teeth and cores are usually selected ardend t
knee point of the B-H curve The traditional desigles were mostly developed based on silicon steel
with a knee flux density around 1.4 T. However,hathe improvement in magnetic material over the
decades, core materials with saturation flux dassis high as 2,2 T have been produced, such as
Hiperco from Carpenter steel for example. Higher workihgx fdensity leads to smaller tooth width,
thinner core, and thus smaller machines with timeeseating. As a result, the empirical design curves
that are based on a knee point of 1,4 T are ingp@te for machine designs using more modern
magnetic materials.[1] [4]

2.2.5 Torque equations

Relationship between inductances in dq axgkd and also the load angbg must be known, for
the solving of torque equation. Since permanentraegusually have a relative permeability close to
that of the free space, for an interior-type PM andhe magnet thicknesses appear as large-series ai
gaps in the d-axis magnetic flux paths. The g-axégnetic flux can pass through the ferromagnetic
pole pieces without crossing the magnet and thexdfe stator phase inductance is noticeably higher
with g-axis rotor orientation. One of the most imtpot consequences of havihd < Lg can be seen
in the torque versus torque angle characteristic.

The equation of electro-dynamic torque is:

T—3p EoV '6+V2 ! ! in 24 (2.4)
' sin 2\ %, sin .

Now we can write the equation (2.4)in this form:

T, =Ty 5in6 + Tpy sin 26 (2.5)
Where the classic torqug, is:
3pE,V
= 2.6
And the reluctance torque is:
3pEE (X, — X
e (2.7)
2w XaXq

Compared with a conventional synchronous motorwfoich X; > X, the reluctance torqué.;is
reversed in sign. It implies that at normal suppbjtage, the total torque can be negative between
6 = Oband§ = §, as indicated in Fig land sinde= 0is generally an unstable point, the no-load
operation of a PM motor is &t= 6,.[8] [6]
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Typical torque characteristics of an interior-type PM motor
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Phasor diagram of PM vector controlled machinensag in Fig 3.For this case is value of load

Fig 1.: Typical torque characteristics of an interior type permanent magnet motor.[8]

angled, set to achieve the maximum torque. Angjlealled the torque angle, is the angle between the

vector of stator current and the direct axis which is aligned with the vedf the permanent magnet

flux on the rotor. As it can be seen in Fig 2, thegnitude of the total stator flux depends on the
location and magnitude of the stator current phd4aj

Fig 2.: Phasor diagram illustrating relation between stator fluxes and stator current. [12]
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Fig 3.: Phasor diagram of vector controlled PM motor for maximum torque per stator current.[12]

In the load simulation these basic conditions aresiclered:

* The rated speeat

60 -
n= —f (2.8)
p
* Applied voltageEy:
. . bom
Eo =V2-V xsin(2m - f - time + (W) (2.9)

Where isV is the RMS value of phase voltadés the frequency), load angle:

In load simulation vector controlling of the maahiis not considered, this may have a result in fowe
efficiency.

2.2.6 The traditional electrical machine design process

The traditional electrical machine design procesani iterative process. An assumption of machine
efficiency eff, and power factopf, has to be made and the machine raBgan VA is calculated by
equation (2.10):



DEPARMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINHRING

[T Faculty of Electrical Engineering and Communication

gl 21
L ﬂ Brno University of Technology
—
Pout

Serr = off = ol (2.10)

WhereP,is the specified machine rated output power. Aftervalue foiS« calculated, values for

B, ac and\ are selected to calculaB and L according to the sizing equation (2.Next, with the
given rated voltage and current density, the nunabeoil turns and wire diameter of stator winding
coils are determined for a given winding layout.thé¢ same time, tooth width and core thickness are
calculated with the selection of the flux densitythe teeth and the core. The machine’s outer deame
is then calculated from the slot area needed ®mtimding and the areas of the teeth and core.rRoto
designs are also carried out with certain trad#tiomles, which can be found in the literature.eft
one complete trial design is produced, the perfageaof this trial design is calculated and verified

against initially selected design parameters (priimd?, ac, andJ) and an assumption of efficiency
and power factor. . [1] [2]

If any of these parameters does not agree withaligiassumed values, modifications are made to
either design parameters or assumptions and thgnda®cess is repeated. This process is repeated a
many times as needed until agreement is reacheh Ewuch agreement is achieved, there are also
various performance requirements to meet, such pasifed maximum winding temperature,
minimum power factor, and maximum weight. For lis&art induction machines, there are also
requirements about starting current and startingui If one of such design requirements is not met
the designer has to modify the selection of certigisign parameters and start the design process ove
with even more iterations. What make this tradaiodesign process more time-consuming are the
inherently complicated interrelations between défé components of the machine. No direct relation
exists between design parameters and machine penfice so as to inform the designer about how to
change design parameters to improve the desidre atetxt iteration. Moreover, the inherent trades-off
between different machine performances indexes miakeften impossible to improve one
performance index without degrading another. F@m@le, to increase machine efficiency, thicker
wires can be used but this choice increases thghivand cost of the machine at the same time.dn th
traditional design, it is totally depend on theigmer's personal experience and skill to find good
designs through this iterative and heuristic precé®t only tedious and inefficient, this experietc
based design process cannot guarantee optimal meag@rformance with respect to its design
specifications and operating environment, andithi disadvantage in today’s increasing application
and performance requirement and competitive markelectrical machines.[1]

2.2.7 Analytical model for the optimization

Analytical model with some simplifications is usad optimization processes. The machine is
assumed to operate under linear magnetic condjtinfigite permeability, and only the first harmoni
is considered. This model is described in equatfaril), (2.12), (2.13), and (2.14).

The maximum electromagnetic power expression is:
Pem = 3" Erms " Irus (2.11)

Introducing a fill factor noted, and the current density per slot, notedag;, the load current
can be written as follows in equation (2.12):
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W, - SD

—— 2.12
Tph (2.12)

Igms = SFn - Jruys -

The EMF at no-load becomes [11]:
Epys=2-m-f - (Nspp - Tph) - Lrotor - (Rad1 + Gap) - Btm (2.13)

WhereB;, is the first harmonic magnitude of the air gapxfiiensity, it is given by equation:

B = 4 B, . (p - BetaM 214
m = —1 N Gap sin (—2 ) (2.14)
LM

In equations (2.12), (2.13) and (2.14),,, andTph are respectively the number of slots/pole/phase
and the number of conductor per slot.

ParametersRad1, Gap, BetaM, LM, Lrotor,SD, W,,SFn are shown in, Table 3.2, Table 3.3, Table
3.4.

3 Description of significant parameters of machine

For simulation and optimization in this work, tHetger poles combination was defined as 12 /8
respectively. This work deals with simulation of Pichine by finite element method, using Ansoft
Maxwell software. The results from simulations ammpared with results of a parametric model,
from SPEED Laboratory software. Results from bathugations methods are shown in figures and
also compared between themselves.

3.1 Basic geometry and parameters of simulated machine

Machine parameters are described in this chapseanketers of the machine are divided in four
main parts, the first of these shown the geomstistator. In an-other subheads, parameters of,rotor
stator windings and permanent magnets are describe@articular tables and figures the main
parameters are shown. The other parameters ardikegt based on the original machine or derived,
based on the AUTODESK software.

For a proper understanding of the analysed mactiieehasic sizing should start with the equation
(2.1)Substituting the basic geometdy L, magnetic loadindg® and electric loadingac in to the
equation (2.1), the motor rating should be caledats follows:

238 )2 130

. . _ 3.1
T000) " Tooo 3000 = 14394 W (3.1)

S=11-0,866-1,4-49-<
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In next step, the size of the aspect ratioom (2.2) should be calculated as follows:

130

With this parameter, the winding induced EMF carcoetrolled and increased itself with less coil
length.

The geometry of analysed machine is showFigr.

o

Syoke

RadSH le Sl Gap

Rlg
Rad2
Rad3

A

Fig 4.: Machine geometry [19]



DEPARMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINERING

]

9

L N

Faculty of Electrical Engineering and Communication
Brno University of Technology

3.2 Description of the basic stator parameters

Basic stator parameters and the slot geometrylemsrsin this paragraph. Slot geometry is shown

onFig 5. The Table 3.1 describes the basic dimensionalnpeters of the stator.

Fig 5.: Stator slot geometry [19]

Table 3.1: Basic stator parameters

PARAMETER NAME LABEL SIZE | UNIT ] INDICATED IN:

Slot Opening SO 4 [mm Fig 5
Tooth edge length in vertical axis TGO 3 [mm] Fig 5
Tooth width TWS 21 [mm] Fig 5
Slot depth SD 37 [mm Fig 5
Slot opening angle SOANg 20 [°] Fig 5
Radial thickness of the stator yoke Syoke 11,499 mm Fig 4
Air-gap length Gap 0,7 [mm Fig 4
Radius to the stator slot bottom Rad2  107,p(dm] Fig 4
Largest radius in the motor cross-sectiorRad3 119 [mm] Fig 4
Medium slot width W 25,6 | [mm] Fig 5

Length of stator Lstatorf 139,548 mm] -
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3.3 Description of the basic rotor parameters

In the Table 3.2 the basic dimensions of the rotor are described.tke simulations, the non-
magnetic shaft was considered. Rotor geometryas/shn Fig 4.

Table 3.2: Basic rotor parameters

NAME LABEL | SIZE JUNIT | INDICATED IN:
Thickness of the rotor yoke Ryoke | 22,9901| [mm] Fig 4
Shaft radius RadSH 42 [mm] Fig 4,Fig 6
Rotor surface radius Radl 69,801 [mm] Fig4,Fig6
Length of rotor Lrotor 130 [mm] -

The material used for the rotor is same as in thi®i1s the BH curve of M19 24 steel is showrFig
40(Enclosure Al).

3.4 Description of the basic magnet parameters

Very important for the proper function of the maehiare permanent magnets. The dimensions of
one pole are shown ifig 6. The poles are mounted on outer surface of the fmidy. Distribution of
the magnets is shown Hig 4. In the Table 3.3 is description of the basic disienal parameters of
one pole.

offsRmo

s ey - ------------------------ -@--—BetaM

LM

Fig 6.: Magnet parameters [19]
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Table 3.3: Basic magnet parameters

NAME LABEL | SIZE JUNIT | INDICATED IN:
Length of magnet LM 8,848, [mm Fig 6
Pole arc BetaM 160 [e] Fig 6
Width across one magnet wMag  45,3478Bnm] Fig 6
Circular arc radius of outer face of the magnetRmo 38 [mm] Fig 6
Offset of arc radius Rmo offsRmo 31,801 [mm] Fig 6

Two different magnet materials for simulations ased. For the first design of the machine, the
material Neodymium-iron-boron (NdFeb) of magnetsus®ed. For the purpose of optimizing the
material is exchanged for Samarium-Cobalt (SmCo)pé&ties of both used materials are shown in
Enclosure B1 and C1.

3.5 Description of the basic winding parameters

The last of the main parameters important for thecfion of the machine are parameters of the
stator winding. The distribution of all three phaise slots is shown ifiig 7. This distribution of the
windings is called whole-coiled. Description of mavindings parameters is in Table 3.4. How the
simulation software works with these parametelis®ortant to know. The difference between these
parameters is as follows. The number of condugierslot is the half of the value of turns.

Table 3.4: Basic winding parameters

NAME LABEL SIZE UNIT | INDICATED IN:
Winding Layers Layers 2 [-] -
Winding Type Whole coiled -

Parallel Branches PPath/p 4 [-] -
Conductors per Slgt  Tph 52 [-] -
Coil Pitch Offset 1 [ -
Number of Strands NSH 10 [-] -
Wire Size WireDia 0,6077 [mm] -

Slot liner Liner 0,4 [mm] -
Layer insulation InsThick 0,0313 [mm]

Limited fill factor SFn 0,568 [] -
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Fig 7.: Winding distribution in the slots

3.6 Created Parametric model

For purposes of this master thesis a parametricehafdhe machine was created. Each geometric
dimension is represented by its parameter, angdhameter value can be changed at any time, for the
purposes of the simulation. The example of chanfga parameter is shown ifable 3.5. The
geometrical dimensions and other parameters ahtighine are described in Chapter 3.

The advantage of the created model is the abibtyqtiickly change the selected machine
dimensions and thus effectively find the ideal disiens of the machine. Parametric model will be
further used for optimization in a last chaptetha$ thesis.

Table 3.5: Example of changing the magnet geometry by changing the parameter offsRmo

OffseRmo = 0 mm OffsetRmo =31,801 mm

4 Selected simulations performed on parametric model

In this chapter results of simulations and caldoiet are evaluated. Simulations for different
densities of finite element mesh were performednber of elements in finite element mesh affects
the accuracy of the results of each simulatiorthis work 3 types of mesh are used. Comparison of
the number of elements for 3 selected meshes sepied in Table 4.1. The differences between
meshes are shown in Fig 8, Fig 9, and Fig 10. Ghgdke right mesh affects the simulation results.
Number of elements in the network increases tharacy of the simulation, but not always. If we use
a large number of elements, that will increase kitian times. The aim of simulations with different
networks is to determine the zone where the simamaccuracy is close to 5% and does not take so
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much time. Moreover, it is not necessary to have a fine mesh throughout the model, but focus on the
most important part of each simulation. Simulations at two different temperatures, namely 25 © C and
125 © C are performed. For the purpose of optimization, the material of permanent magnets is
changed. Neodymium-Iron-Boron (NdFeB) magnets are used for original design. For the new design
of machine the Samarium-Cobalt (SmCo) magnets are used. The material properties of permanent
magnets for both temperatures 25°C and 125°C are set differently. Permanent magnets materials
properties are described in enclosure Bl and Cl.Demagnetization analysis are described in chapter
4.8.

Table 4.1: Number of elements in selected meshes

NAME OF THE MESH TYPE | NUMBER OF ELEMENTS UNIT | INDICATED IN

Mesh 18962 [-] Fig 8
Mesh3 158412 [-] Fig 9
Mesh5 393775 [-] Fig 10

Fig 8.: Plotted mesh in the geometry of Fig 9.: Plotted mesh3 in the geometry of
machine. machine.
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Fig 10.: Plotted mesh5 in the geometry of machine.

4.1 Induced voltage

The value of induced voltage of analysed machinehb&ined from no-load simulation. For
calculation basic equation (2.13) is used, wheggsHs the effective value of induced voltage of one
phase. [1],

Egms =27+ f - (Ngpp - Tph) - Lrotor - (Rad1 + Gap) - By, (4.1)

WhereB;,, is the first harmonic magnitude of the air-gapftiensity created by magnets.

In equations (4.1Ns,, andTph are the number of slots/pole/phase and the nuwfbesnductor
per slot respectively. Paramet®wsd1, Gap, Lrotor are shown ifTable 3.2

The value of induced voltage for 3000 rpm:

Egrys =2-m-200-(0,5-52)-0,13-0,0705-0,577 - 1,1 = 190,1V (4.2)

Simulation conditions are observed in the simufatad induced voltage as follows. Model is
simulated by using transient setup. Input currémtsindings are set as a zero current. The spead of
rotor is set to 3000 rpms in motion setup. Simatatuns only on one quarter of the machine. Induced
voltage curves were determined for the selectedhr{fag 8) and mesh5 (Fig 10).

The waveforms of immediate value of induced phadgage from Maxwell no-load simulation on
parametric model depending on the rotor position fwo different meshes and simulation
temperatures are shown in following figures FigHity, 12, Fig 13 and Fig 14.

The differences between the induced voltage wanefdor two different temperatures are shown
in Fig 11, Fig 12 and Fig 13. All waveforms of theluced voltage are shown as Line-to-Line value.
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with analytical results. The differences betweémpplied methods of the calculation are showrign

Fig 13.: Induced voltage waveforms simulated at different temperatures, NdFeB magnets.

For the evaluation, the waveforms of induced vatdgm Maxwell and Speed were compared

14. The value of induced phase voltage is calculmtedjuation (4.2
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Fig 14.: Induced voltage waveforms from different simulation software, NdFeB magnets
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The waveform of immediate value of one induced phedtage from SPEED Laboratory is shown
in Fig 14. Differences between waveforms form Makveed from SPEED are given by different
access to calculate. For the basic calculationndfided voltage, the SPEED software uses the
mathematic model and MAXWELL uses the finite elemerethod. In SPEED, the FEA calculation
has to be done and the analytical model has tadjostad on the FEA model by X-Factors coefficients
X-Factor match is not the part of this work.

Same simulation for describe the waveforms of ieducoltage with new material of permanent
magnets is simulated. In parametric model the nevgmat material is defined. Properties of new
material for the simulation temperature are sgbdametric model. Results of simulation with new
permanent magnet material at 125°C are shown in1%ig

COMPARSION OF INDUCED VOLTAGE WAVEFORMS USING
DIFFERENT MAGNET MATERIAL
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Fig 15.: Comparison of induced voltage waveforms using different permanent magnets material

In Fig 15 the differences between line to line iceldi voltage waveforms with two different magnet
materials are shown. The induced voltage wavefeom fsimulation with NdFeB magnets is affected
by changes in material properties due to temperatWorse properties of NdFeB magnets at a
temperature of 125°C are proved by these curvgstawed characteristics of the new SmCo magnet
at this temperature are detected. Line to lineevailinduced voltage is increased by 21,5 V due to
change of permanent magnets material.

4.2 Cogging torque

One of the main disadvantages of PM machines isotigeie ripple. This ripple torque is parasitic,
and can lead to mechanical vibration, acousticen@sad problems in drive systems. Minimizing this
ripple torque is of great importance in the desiim PM machine. One of the main contributors to
this torque ripple is cogging torque, which is theeraction between the permanent magnets and the
stator slot$11].
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Simulation conditions in the simulation of coggitgrque as follows are observed. Model is
simulated by using of the transient setup. Zeroerus to windings are set as the excitations. oha r
speed is set in degrees per second in motion sB8tufhe rotor body a parameter torque is set. @n th
parameter the curves of cogging torque are plattetievaluated. Waveforms of cogging torque over
one stator slot (30 mechanical degrees) are olgtaiienulation runs only on one quarter of the
machine. Cogging torque values were determinedhierselected mesh (Fig 8), mesh3 (Fig 9) and
mesh5 (Fig 10).

The minimalizing of cogging torque is one of thekisfor the optimization. The aim of this study
was to determine the waveforms of cogging torqneTdble 4.2 the values of individual cogging
torque with different simulation conditions are qmared. The waveforms of the cogging torque for
different mesh types and temperatures dependinfyeangle of the rotor position are shown in Fig
16 and Fig 17.

Table 4.2: Cogging torque values at different simulation conditions for NdFeB magnets.

samples per period[-]
30 60 100
N )9 e e
mesh 3,675 3,8722 3,687 4,2015 3,939 11,32
25°C | mesh3 3,513 -0,7038 3,503 -0,9780 3,546 0,23
mesh5 3,510 -0,7914 3,499 -1,1108 3,538 ref. val.
125°C| mesh5 1,140

COMPARSION OF COGGING TORQUE WAVEFORMS
USING DIFFERENT MESH DENSITIES FOR 25°C
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Fig 16.: Cogging torque waveforms at different mesh conditions, 25°C, NdFeB magnets.
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COMPARISON OF COGGING TORQUE WAVEFORMS
0.50 USING DIFFERENT MESH DENSITIES FOR 125°C
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Fig 17.: Cogging torque waveforms at different mesh conditions, 125°C, NdFeB magnets.

The comparison of different cogging torque wavef®ame shown in Fig 18. Waveforms of curves
from various simulations are given by different paratures. With the change of temperature occurs
to change the properties of permanent magnetshasdchange cogging torque waveform.

Comparison of cogging torque waveforms using
different mesh densities and temperatures
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Fig 18.: Cogging torque waveforms in different simulation conditions, NdFeB magnets
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Due to changes in permanents magnets material ¢#we simulation of cogging torque at
temperature 25°C is performed. Results from thisukation with new SmCo magnets are shown in
Fig 19, as comparison with waveform of cogging tergimulated with NdFeB magnets.

Comparison of cogging torque waveforms using

different magnet materials for 25°C
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Mechanical angle [°]

Fig 19.: Comparison of cogging torque waveforms using different permanent magnet material

For evaluation peak to peak, values of cogginguergroperties of the magnets at a given
temperature are again important. NdFeB magnets Ihetver properties in temperature 25°C. Value of
cogging torque is more influenced by magnets wittds performance. Worse properties at higher
temperatures is big a disadvantage of NdFeB magAetsigher temperatures the value of cogging
torque with SmCo magnets is higher The differeneewben values of both permanent magnets
material is 0,44 Nm. Diminution of cogging torquaue is one of the optimization issue in chapter 6.

4.3 Evaluation of the steady torque

For evaluation of steady torque two different siatiains are used. Steady torque is evaluated from
Maxwell simulation on model given by Rmxprt, in tliest part of this chapter. Steady torque
simulation is carried out at a temperature of 125ihulation on Rmxprt's model from is simulated
for condition when motor starts from stand stillrded speed. For Simulations on parametric model
another approach is used. Simulation takes less dina the value of steady torque is more accurate
Steady torque waveforms for NdFeB and SmCo magmetsompared and evaluated.

4.3.1 Load simulation in Rmxprt

In load conditions simulation the nominal valuevoftage is attached to the terminals. During the
load simulation, the machine started from stardsiild accelerated to the rated spee@iwo options
are available for load of the machine. In this datian machine is loaded by torque ang§ldlo load
on the shaft is considered. The machine torquenitiefi shows the equations (2.4), (2.5) and (2.6).
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From load simulation, waveforms of machine torquel avinding currents during the start of the
machine are described.

The basic conditions in load simulation were these:

* The transient simulation was used. Time of the &tian was:t = 120 ms
* The rotor speed from equation (2.8) was set:

60 - 200
n= - 3000 rpm (4.3)

» Applied voltageEy was set according to the equation, for tiprel10ms (2.9).

11,047

E, =\/§-230-sin(2n-zoo-o,11+< 30

) — 215V (4.4)

4.3.2 Load torque characteristic

The values of torque at load simulation are catedldy 3 different methods. Analytically from
RMxprt module, from mathematical model by SPEED] &mom finite elements method by Maxwell
are these three methods. The steady value of tasqeeculated by equations (2.4), (2.5) and (2.6).
Example of calculation is shown in equations (4(4)7) and (4.8).

T, =T,y siné + T,y sin 26 (4.5)

Where is:

. _3-4-230-215
el ™ 27-200-3,8

= 123,68 Nm (4.6)

Values of reactanc¥; andX, are calculated from inductances evaluated in chdpfe
Xq4=38Q0 X,=46870

And the reluctance torqug, is calculated from these values:

34 2152 <46,87 -3,8

T, = = 53.37N 4.7
2= 47,200 3,8-46,87) m (4.7)

With these two components of load torque is catedldhe value of torque for angle= 12 °. the
value of torque angle was chosen deliberately mxathe value of load angleds = 11,04°. This
issue is shown in Fig 1 . The calculated torquenftbe equations is:

T, = 123,68 - si (12*”)+5337 in( 2 (12*”) — 478N (4.8)
e — ) Sin 180 ] sin 180 - 4 m !
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TheFig 20 shows the torque characteristic from load simafain Maxwell, on the model exported
from Rmxprt. The waveform of torque during the stafr the machine from standstill position is
shown in the figure. In Fig 20 the detail oscilteis of the torque around average value is alsoishow
These oscillations are given by the ripple and swg¢prque. This torques can also be eliminated by
the optimization of the machine.

LOAD TORQUE CURVE FROM MAXWELL LOAD SIMULATION

100 485 |
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Load Torque [Nm] Time[ms]

Fig 20.: The torque waveform from simulation on model given by Rmxprt, NdFeB magnets.

Comparison of the values obtained by different meshis also shown ifig 20. The differences
between values are small but they are certainljuénted by the accuracy of the models and
calculations.

4.3.3 Load torque winding currents waveforms

Waveforms of phase currents in each phase arespamding to the torque characteristic. Stator
windings task is to create the rotating magnetlfiThe speed of this magnetic field is synchrenou
calculated in equation (4.3). This stator magnégtd draw the rotor field into synchronism. The
speeds of both magnetic fields are not the sanevény time due to the swinging of the rotor. The
swinging of the rotor is also shown in torque clb#eastic inFig 20. T the character of waveforms of
phase currents iFig 21 during the start-up are not the same as in tteggtstate, for this reason When
the machine starting up from standstill state, Htger currents will flow through the windings , to
obtain a large enough magnetic field. When therrsfmeed starting to be high enough, currents
waveforms are starting to being reduced and whersgieed is on rated value n, the waveforms of
windings currents is stabilized at the nominal ealtihe pulsations of the currents during the start-
are influenced by the synchronous speed of the imacBuring the start-up, the synchronous speed
was not achieved, because of the high shaft taxqdealso high values of the current.
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The example of calculating of the RMS value of ghasrrent is shown in equation (%.9

Iems = 0,568 2,5 - 2227=5,8A (4.9)

The waveforms of phase currents of analysed madmieeshown irfig 21. These values were
given by the finite elements method simulation gdaxwell.

CURRENT WAVEFORMS OF EACH PHASE FROM
MAXWELL LOAD SIMULATION
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Fig 21.: Winding Currents

4.3.4 Steady torque simulated on parametric model

The correct parametric model is simulated for eatdun of steady torque waveforms for both used
permanent magnet materials. The advantage of paiam®del and its simulation is simulation time
only 4 ms. Steady torque waveforms is shown inZ2gValues from simulation on parametric model
are shown in Table 4.3.

Table 4.3: Values of steady torque from parametric model simulation for both PM material

Permanent magnets

material M.[Nm]

NdFeB 41,9 Nm

SmCo 44 .4 Nm
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COMPARISON OF STEADY TORQUE WAVEFORMS
USING DIFFERENT MAGNET MATERIAL
46
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Fig 22.: Steady torque waveforms for two different permanent magnets material.

The differences between waveforms and values efdgtéorque are given by PM properties at
temperature 125°C. Dimensions of PM are not chanfgednew material. From steady torque
waveforms the values of steady torque are obtaiatlies of steady torque with NdFeB magnets is
41,9 Nm, and value of steady torque with Smco megsed4,4 Nm.

As the induced voltage simulation at this tempegtietter values with SmCo magnets are
achieved. On the waveform of steady torque for Sm@gnets bigger value of cogging torque is
shown. Minimization of cogging torque is one of t@imization issue described in chapter 6.

The differences between the values of the steady¢oof the different types of simulation are also
given by different approaches of each simulatiaistoln parametric model simulation core and solid
losses are considered. Geometry of Rmxprt modeértain parameters is different from parametric
model geometry. Values given by simulation on pataim model are more accurate. Values of steady
torgue are not identified using vector control. Madues of steady torque can be maximized with use

of vector control.

4.4 Flux density distribution in machine geometry

To verify the accuracy of the simulated model odcéiical machine is important the proper
distribution of flux-density in the machine bodyhése distributions for both simulated conditiors ar
shown inFig 23 andFig 24. The distribution of flux-density in one quarter machine in no-load
simulation is shown irfig 23. Windings currents are set to zero and the shafotating by moving
torque on rated speedn this simulation. On the detail view kig 23, the over saturation of the stator
tooth corners due to the scattering fluxes is shavais over saturation also influences the waveform
of flux-densities in the air gap.
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Fig 23.: Detail of saturation in teeth corners in no-load conditions

The Fig 24 shows the saturation of machine body in load dandiln load conditions simulation
the nominal value of voltage is attached to thenteals. During the load simulation, the machine
started from standstill, and accelerated to rapegdn. In theFig 24 are shown places where the value
of saturation is very small, these places couldepéaced by air gap.
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Fig 24.: Detail of saturation in teeth corners in load conditions

The load simulation does not show the over saturait tooth corners because the machine is
working in right operating conditions for whichwias designed.
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4.4.1 Radial flux density distribution in the air gap

The distribution of flux-density in the air gapakso important for a good function of the machine.
The air gap flux-density is usually described byan® of two basic components. The first of these
components is the radial flux-density. The valueagfial flux-density is calculated by equation ():1

Brqa = By sin6 + B, cos 6 (4.10)

Example of calculatio®, ., for the rotor position anglé = 253° is shown in equation (4.11), (4.6):

Brqq = 0,718 0,819 + 0,494 -0,5737=0,871 T (4.11)

TheFig 25 shows the distribution of radial flux-density imetair gap. The figure shows two curves
of B,,4 calculated by Maxwell and by SPEED Laboratory. Theves are influenced by stator slot
shape and the gaps between teeth of the statéer&ites between curves calculated by Maxwell and
SPEED are given by different calculations methddee curve from Maxwell simulation was several
times recalculated, and also controlled by equa#ot0 in few points.

RADIAL FLUX DENSITY DISTRIBUTION IN THE AIRGAP

1,5
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0
(\ 40 80 /6 160 200 240 280 }\ 360
-0,5 \ / \

Radial flux density [T]

-1,5

===Brad [T] - MAXWELL Rotor position [°elec]
== Brad [T] - Speed Laboratory

Fig 25.: Radial flux density distribution in the air gap

The oscillation is also affected by stray flux, wtnioversaturated the corners of each stator tasth,
showsFig 23
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4.4.2 Tangential flux density distribution in the air-gap

The second of these basic components of the flasite in the air gap is the tangential
component. Tangential flux-density distribution elsaheFig 26. The curve o, is also affected by

geometry of stator teeth, and slots shape. Thee&lB, , is calculated by equation (4)12

By = —Bxsin6 + By, cos 6 (4.12)

Example of calculatioB, ,for the rotor position anglé = 253° is shown in equation (4.13) :

By =—0,308-0,45 +0,122- 0,893 = —0,0448 T (4.13)

The oscillations irrig 26 are also affected by stray flux, which oversatudahe corners of each stator
teeth, as shows the detailfig 23

TANGENTIAL FLUX DENSITY DISTRIBUTION IN THE AIRGAP
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-0,2
-0,4 i

Rotor position [°elec]

Fig 26.: Tangential flux density in the air gap

4.5 |ron Losses

Core loss or iron loss is a form of energy lossclhiappens in electrical transformers and other
inductors. Two types of iron loss are hysteresss land eddy current loss. The hysteresis is well
known in ferromagnetic materials which the relasioip between magnetic-filed strength (H) and
magnetic flux density (B). The hysteresis loss lteftom the friction between the magnetic domains.
Eddy current loss occurs when the rotating magrfegld induces alternating current, called eddy
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current, in the iron core. The eddy current logs lsa minimized by making the core with thin sheets
or laminate sheets of magnetic mateial

For a sinusoidal magnetic flux density B, the iloss power density is given by:

AP;ron = AP, + AP. + AP, (4.14)
Where hysteresis logd, is:
AP, = knfBf, (4.15)
Classic eddy current logé, is:
AP, = ke(fBpm)’ (4.16)
Excess losaP. is:
AP, = ko(fBpm) " (4.17)
Where:
f Frequency of magnetic flux waveform

Bim Peak of the sinusoidal density

B Steinmetz constant
kn Hysteresis constant
k. Eddy current constant
ke, Excess loss constant

Simulation conditions in the simulation of coredes as follows are observed. Model is simulated
by using of the transient setup. Zero currents itidings and magnets are set as the excitations. The
rotor speed is set 3000 rpms in motion setup. N&tir the stator and rotor to calculation of lesss
set. Core losses waveform was determined for tleeteel mesh5 (Fig 10). Simulation runs only on
one quarter of the machine but value is evaluaiethe whole machine.

In this work only the iron losses were evaluatdae €ourse of losses of synchronous machine with
the surface mounted permanent magnets on the iogfrown in Fig 27. The material of stator and
rotor is M19_24 steel as shown in enclosure Al. dVerage value of core losses in the simulation is
204.5 W. The losses resulting curve is based on thetiemsa(4.14), (4.15), (4.16)and (4.17).



DEPARMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINERING
[T Faculty of Electrical Engineering and Communication
L i Brno University of Technology

S=

44

[

THE WAVEVORMS OF CORE LOSSES
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Fig 27.: Core losses waveform.

Hysteresis losses are directly proportional to speed of the machine. Eddy current losses are
proportional to the square of the speed. For #éson, the course of the iron losses stabilizehen
displayed value.

Analytical calculation of core losses from matedl9 24 properties is evaluated. Materials
properties are shown in enclosure Al.Values ofdrgsis and eddy current constant are converted to
the weight of the material. Analytical value ofnrtosses is:

APigony = AP, + AP. + 0 = 174,9 + 58,6 = 233,7W (4.18)
Where hysteresis logd?, is:

AP, = 0,78-200-1,1%2 = 174,9W (4.19)
Value of Steinmetz constant is selected accordirigerature.[18] Classic eddy current |dd3; is:
AP, = 0,00121 - (200 1,1)? = 58,6W (4.20)

Excess losaP. value is zero, because excess loss constant s&hiot material definition.

Average core loss values fort both used PM mateisashown in Table 4.4.
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Table 4.4: Core losses values for different permanent magnet material.

Permanent magnets

material APiron|W]
NdFeB 204.5wW
SmCo 232,05W

Analytically calculated 233, 7W

Comparison between core losses waveforms usingreift PM material is shown in Fig 28.
Differences in curves are given by different perar@mmagnets properties. Waveforms were obtained
from the simulation at 125 ° C.

COMPARISON OF THE CORE LOSSES WAVEVORMS USING
DIFFERENT MAGNET MATERIAL
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Fig 28.: Comparison of core losses waveforms using different magnet material

4.6 Solid losses

Solid losses are losses in magnets per revoludalue of solid losses is influenced by the material
of permanent magnets. Values of these losses amerkirom FEM simulation in Maxwell. In FEM
simulation the values of solid losses represersel®sn whole rotor. Value of these losses is ingort
for machine efficiency calculation [9]. The wavefoof solid losses for NdFeB magnets is shown in
Fig 29.
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THE WAVEVORMS OF SOLID LOSSES
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Fig 29.: Solid losses waveformss for NdFeB magnets.

For the calculation of machine efficiency, the waves for both PM magnet materials are
evaluated. Average values of solid losses are bieT4.5. Comparison of solid losses waveforms for
both PM materials is shown in Fig 30

COPMARSION OF THE SOLID LOSSES WAVEVORMS USING
DIFFERENT MAGNET MATERIAL
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Fig 30.: Comparison of solid losses waveforms for both PM materials.
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Table 4.5: Values of solid losses.

PM material | AP py46[W]

NdFeb 26,9W

SmCo 55,5W

4.7 Calculation of machine inductances

The d-axis andg-axis inductances have an important influence orh hbé steady-state and
dynamic performance of permanent magnet (PM) besshic machines. Calculation of machine
inductances for original NdFeB magnets is perforinetiis chapter.

Their accurate prediction is essential, not only feedicting performance aspects such as the
torque and flux-weakening capabilities, but alsodesigning control systems, in order to maximize
the efficiency, power factor, etc. The influence aigmetic saturation is usually accounted for by
determining current-dependent inductances and, Yenwsince high local saturation may occur due to
the combined influence of the PMs and the armataetion field, especially in interior-magnet rotor
machines, analytical methods for determining thedivig inductances are often inadequate, and a
numerical method must be employgti]

Simulation conditions are observed in the simutaté machine inductances as follows. Model is
simulated by using magneto-static setup. Input @h@asrents to windings are set for each time
manually. Values of currents are sinusoidal. Noinadue of the phase currentligisanc=25,8A. The
values of inductances are evaluated for 5 diffetiemts and two special cases. The whole machine is
simulated. Flux-linkage distribution in the machgeometry is shown.

The aim of this chapter is to determine thaxis andy-inductance. From results given by
simulations of a parametric model the values ofictdnces are calculated. Simulations were
performed using magneto-static simulation in Maxwebr comparison of the inductances 7 values
are calculated. The output from the simulationalug of phase flux-linkage. These phase values in
the Table 4.7 are converted using Clark's transdtion into the coordinate systemodf (attached to
the stator) by equations (4.21) and (4.22), and tbehedg-coordinate system (attached to the rotor)
by equations (4.23)and (4.24). Values of inputentrare shown in Table 4.6.

g =i, (4.21)
iy — i,
P 4.22
B V3 ( )
lg =1igc080 +igsin@ (4.23)
lqg = —lgSin® +igcos O (4.24)

Wheref is actual transformation rotation angle of rotortatar. For this case i§.= 7,5°
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Table 4.6: Input currents values

t, t, ts t ts  [14=0,l;=MAX |1,=0,I;=MAX
i.[A]| 0,0000 | 36,4867 | 31,9736 | 17,5776 |-36,4867| -4,5730 36,1990
ib[A] | 31,5984 |-18,2434 -31,2094 | -36,4787 | 18,2434 | 33,6358 -14,1392
i.[A] | -31,5984 |-18,2434 | -0,7641 | 18,9011 | 18,2434 | -29,0628 | -22,0598
is[A]| 4,7625 | 36,1746 | 29,4057 | 13,2538 |-36,1746 0 36,4862
iq[A]| 36,1746 | -4,7625 |-21,6006 -33,9944 | 4,7625 | 36,4862 0

Table 4.7: Values of the calculated inductances.

ty t, ts ts ts  |14=0,l;=MAX | 1,=0,I;=MAX
W,[Wb] | 0,0393 | 1,4881 | 1,2918 | 0,6863 |-1,4881| -0,1399 1,4102
Wp[Wb] | 1,1662 |-0,7100|-1,2215|-1,4273| 0,7100 |  1,2429 -0,5226
W [Wb] |-1,2054 | -0,7787 | -0,0704 | 0,7413 | 0,7787 |  -1,1031 -0,8880
Po[Wb] | 0,0393 | 1,4881 | 1,2918 | 0,6863 |-1,4881| -0,1399 1,4102
Wg[Wb] | 1,3692 | 0,0397 |-0,6646 |-1,2521 [-0,0397 |  1,3545 0,2110
$4[Wb] | 0,2176 | 1,4805 | 1,1940 | 0,5170 |-1,4805 0,0381 1,4257
Wo[Wb] | 1,3524 | -0,1549|-0,8275 |-1,3309 | 0,1549 |  1,3611 0,0251
La[H] |0,0457 | 0,0409 | 0,0406 | 0,0390 | 0,0409 | 0,003 0,0391
Ly[H] |0,0374 | 0,0325 | 0,0383 | 0,0392 | 0,0325 |  0,0373 0,003

Calculation example, Table 4.7 L, for time ty, L, for time t;.Values of currents are from Table 4.6

Yy 02176

Yy  1,3524
ig 47625 -

i; 36,1746

Lqg

= 0,0457H L = 0,0374H

q

Simulations were performed in magneto-static manedffferent times. Currents in windings are
electrically shifted in time. For specified valugfscurrent in the windings, have been calculateaisph
flux-linkages from them subsequently calculatedugalof inductances. Magnets are set as non-model
object for the simulations.

The calculated values of inductances for tiied, ts, t4 andts are shown in Fig 31. Inductance
values are periodic, with an additional period afver supply current, values are repeated.
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THE WAVEFORMS OF D-AXIS AND Q-AXIS INDUCTANCES
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Fig 31.: The waveforms of machine inductances

Flux-linkage distribution for different values ofircents in time, are shown in Fig 32, Fig 33, Fig

34. From flux-linkage distribution in geometry dfet machine currents sizesdraxis andg-axis are
apparent. In Fig 33 and Fig 34 two special caseslown. Fig 33 shows the situation when the zero

C

urrent ind-axis and in theg-axis current is maximal. In the Fig 34 the revarase is shown.
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Fig 32.: Flux-linkage distribution in machine geometry for first-time simulation.
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Fig 33.: Flux-linkage distribution in machine geometry for condition id=0, lg=MAX.
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Fig 34.: Flux-linkage distribution in machine geometry for condition Id=MAX, 1g=0.

Flux-linkage distribution for two special cases is shown in Fig 33 and Fig 34. These two cases are
shown purposely. From flux-linkage distribution currents sizes in dg-axes are apparent. Current size
affects the value of flux creating component and torque creating component in torque equation (4.25):

3 . .
T = Ep(‘l’dlq —Yiq) (4.25)
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4.8 Demagnetization analysis of original NdFeB PermandrMagnets

A permanent magnet is an essential part of modegtrieal machine, which means that the PM
material should be modelled properly. A good modebuld describe accurately each possible
working point in second and third quadrant of hgesdes plane.

In present models of a PM machine, the permaneghetamaterial is usually modelled with two
parameters only: remanen& and recoil permeability. In some cases, insteadeafanence, the
normal coercivityH, of material is used. [15]

These parameters lead to a linear model that doéstake into account the possibility of
demagnetisation. Normally this is not a problemdose PM machines should be designed so that the
risk of demagnetisation is avoided even in someafthzituations like short circuits. However, if
behaviour of machine after demagnetisation need tmodelled a more sophisticated PM model is
required.

Modern PM Materials includes ferrites, Rare Eartiterial and different plastic bonded materials.
Most of these materials except some plastic bomeigigrials show almost linear behaviour up to the
demagnetisation limit.

In hard magnetic materials the second quadrantystehesis is most important and is called
demagnetization curve. Demagnetization curves dsasethe other quadrants of hysteresis can be
drawn both in the J (H) picture as well as in théHB description. This is also the case in Fig 35,
which supplies those basic parameters of the destizgtion curve, which are mainly used in
technical literature about permanent magnets. [16]

A

B,J | .
Bsat
k4
/
(BH) max
Br
J (H) 7
//
« X irgi //
curve //
B (H)
7 Hsat '
/ sa H
/ nur=dB/dH
F
v

Fig 35.: The second quadrant of demagnetization curve defines the basic parameters [16]
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NS
Where is:
B, Remanence induction [T]
bH, Coercitivity of J [A/m],
JH, Coercitivity of B [A/m]
Uy Recoil permeability [-]

(BH) gy Maximum energy product [kJAh

R
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0.3~
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}1(400)

Fig 36.: Example of demagnetization characteristic for PM magnets at different temperatures [15]

Diagonal red line is the demagnetization curveign36. Notice that each of the diagonal lines has
a bend in it, colloquially referred to as the “khée the curve. If the blue line, which shows the
working condition of the magnet, crosses abovektiee in the curve, then the magnet is operating in
its safe linear region and should perform as exuedf the magnet’s load line is below the knee on
the curve, the magnet will become demagnetizeddamdhged. It is also important to notice that the
knee gets higher with increasing temperatures, lwteflects the material’s increasing predisposition
to demagnetization at higher T. [14]

Simulation conditions are observed in the demagagtin analysis as follows. Model is simulated
by using magneto static setup. Input phase curtermsndings are set for each time manually. Values
of currents are sinusoidal. Curve is found for oad condition and for given load condition. In the
simulation smallest values & andH in the magnet surface are determined, which areefjuently
evaluated. From the observed values demagnetizatimes in Fig 37 are compiled.

In this work material for permanent magnets call8BdMMITOMO is used, marked as
ATMAXEHS33. BH curve of this material is shown Fi@ 4n Enclosure B1. Demagnetization analysis
for 125°C was performed. Input current was ele@sdive time bigger then nominal current, for
demagnetizing analysis. In Fig 37 the demagnetisatiurves for 20°C a 125°C are shown. For
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temperature 125°C demagnetization knee was detednirelected current did not cause

demagnetization.

Table 4.8: Values for plotting the demagnetization curves

Demagnetization Curves
20C Demag Line Demag Knee Point for 125 Celsius
Br (T) Hc (kA/m) slope B (T) H (kA/m) B (T) Hc (kOe)
1,128 -900 0,00125 -0,31251 -1042,5 1,02 -15,21
Demagnetization Curves
20C Demag Line Demag Knee Point for 125 | Celsius
Br (kG) Hc (kOe) slope B (kG) H (kOe) B (kG) | Hc (kOe)
11,28 -11,3098 1,00 -3,12 -13,10052 9,95 -9,97
FEA No Load FEA Load
Fig 37 B (T) H (a/m) B (T) H (a/m)
0,68718 | -636456 0,0065 -917440
DEMAGNETISATION CURVES FOR MATERIAL
ATMAXX33EH(NDFEB)
- 20,00
\ 15,00
10,00
_ — 0,00
li
o -5,00
-10,00
\ -15,00
- -20,00
-15,0 -12,0 -9,0 -6,0 -3,0 0,0
——20C Demag Line No Load Loadline
—— Min Loaded Loadline Loaded Loadline H [koe]
—#— Demag Knee Point e 125C Demag Line

Fig 37.: Demagnetisation curves for magnet material ATMAXX33EH(NdFeB).

Better performance in higher temperatures is kntrarm the material parameters for SmCo PM.
SmCo magnets operate at temperatures up to 350Hil€ NdFeb magnets operate at temperature up
to 220°C. This is the reason why the demagnetizatamalysis was not performed. The
demagnetization knee for SmCo magnets is reachibdhigiher current then five time nominal value.

Demagnetization analysis is very complex and tioresaming task, therefore, was not in this work

further solved.
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4.9 Calculation of the machine efficiency

Calculation of machine efficiency is described imstchapter. Machine efficiency shows the
correctness of the design. Efficiency of electriciines is a frequently discussed issue that inastif
by European directives. In this work is not evadgiinclusion of the simulated machine to a specific
class of these directives. Typical power flow dagrof permanent magnet synchronous motor is
shown in Fig 38.

APy\zcu-wod

APcy

Fig 38.: Power flow of PMSM[21]

Calculation of efficiency is done using severalfatiént simulations with different simulation
conditions. Results of each simulation are evatlatethe previous chapters. From these results the
value of efficiency is calculated by equations &,44.27) and (4.30).Efficiency of the machine for
both used PM material is shown in Table 4.9. Faht®M material is efficiency calculated from
nominal power given by manufacturer.

Table 4.9: Calculation of machine efficiency for different Pm material

PM
material Pa[W] | Pn_rem[W] | APcu[W] | APiron[W] | APwac[W] | APw+w[W] | n[%]
NdFeB 14400 13492,4 124,6 2045 26,9 432 84,2
SmCo 14400 14305,3 124,6 232,05 55,5 432 93,5

Calculation of windings loss&sP.,, for nominal currenig,,¢ = 25,84 is given by equation (4.26).

Value of resistanc®;,, = 0,06241 is determined from the model in RMxprt.

AP, = 3:Rgy 12 =3-0,0624 - 25,82 = 124,6W

(4.26)

From chapters 4.5 and 4.6 the values of iron atid msses for both used permanent magnets

material are known. Values of these loses are shiowable 4.4and Table 4.5.
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Value of inner electromagnetic performance is dated from steady torque Mshown in Table
4.3, and angular velocity in equation (4.27).

21 - 3000
Pe pEM NaFeB = Me naFpes - @ = 41,9 - 0 13163,3W (4.27)

Nominal value of performance from FEM simulatiorc@culated in equation (4.28).

Py rEm NaFeB = Pe Nares T APy + APiron NdFes (4.28)

Py v naren = 13163,3 + 124,6 + 204,5 = 13492,4W (4.29)

Value of mechanic and wind losséd,.,.,, is chosen as 3% of rated power specified by
manufacturerP, = 14,4kW.

Efficiency of the machine is given by equation (3.3

Pn_NdFeB - APCu - APIRON - APMAG - APM+W .
P

NINdFeB = 100 (4.30)

13504,6 — 124,6 — 204,5 — 26,9 — 432 (4.31)

Values of efficiencies are given by calculationnfrelectromagnetic performance given by steady
torque. In this work the value of steady torquaas evaluated with using a vector control. If vecto
control of the machine is used, higher value ofdyetorque is reached. Vector control is not used i
this thesis. Without vector control of the machisevalue of nominal power from finite element
method simulation lower than nominal value spedifig the manufacturer.

5 Maxwell optimization analyses

In Maxwell software is an option to perform theippzation. Users can choose from five different
methods of optimization. Each method is working hwitlifferent algorithm. Conducting an
optimization analysis allows user to determine piincum solution for his problem.

All five optimizers assume that the nominal problém is analysing is close to the optimal
solution; therefore, he must specify a domain tlwaitains the region in which he expected to reach
the optimum value. All five optimizers allow usey tlefine a maximum limit to the number of
iterations to be executed. This prevents him framseming his remaining computing resources and
allows him to analyse the obtained solutions. Fthim reduced range, user can further narrow the
domain of the problem and regenerate the solutions.

All optimizers also allow him to enter a coeffiotan the Add Constraints window to define the
linear relationship between the selected variahtesthe entered constraint value. For the sequientia
nonlinear programming (SNLP) and sequential mixetkger nonlinear programming (SMINLP)
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optimizers, the relationship can be linear or nwdr. For the Quasi Newton and Pattern Search
optimizers, the relationship must be lindao)

5.1 Genetic Algorithm

Genetic Algorithm (GA) optimizers are part of asdaf optimization techniques called stochastic
optimizers. They do not use the information frora #xperiment or the cost function to determine
where to further explore the design space. Instbag,use a type of random selection and apptyat i
structured manner. The random selection of evanatto proceed to the next generation has the
advantage of allowing the optimizer to jump ouiadbcal minimum at the expense of many random
solutions which do not provide improvement towah@ toptimization goal. As a result, the GA
optimizer will run many more iterations and maydoehibitively slow.[20]

5.2 Pattern Search

If the noise is significant in the nominal projease the Pattern Search optimizer to obtain the
results. It performs a grid-based simplex seardiichvmakes use of simplifies: triangles in 2D space
or tetra-hedra in 3D space. A simplex is a Euclidgaometric spatial element having the minimum
number of boundary points, such as a line segmentne-dimensional space, a triangle in two-
dimensional space, or a tetrahedron in three-dirmrakspace[20]

5.3 Quasi Newton

If the Sequential Non Linear Programming Optimikes difficulty, and if the numerical noise is
insignificant during the solution process, use @heasi Newton optimizer to obtain the results. The
Quasi Newton optimizer works on the basis of figdan minimum or maximum of a cost function
which relates variables in the model or circuitoierall simulation goals. The user defines one or
more variables in the problem definition and a duosiction in the optimization setup. The cost
function relates the variable values to field queed, design parameters like force or torque, powe
loss, etc. The optimizer can then maximize or minénthe value of the design parameter by varying
the problem variable$20]

5.4 Sequential mixed integer nonlinear programming (SMNLP)

The Sequential Mixed Integer Nonlinear Programm(8lINLP) optimizer is equivalent to the
SNLP optimizer with only one difference. Many preiis require variables take only discrete values.
One example might be to optimize on the numbeufs in a coil. To be able to optimize on number
of turns or quarter turns, the optimizer must handilscrete optimization variables. The SMINLP
optimizer can mix continuous variables among tltegers, or can have only integers and works if all
variables are continuous. The setup resembles etugp $or SNLP, except that you must flag the
integer variables supporting integer variables. ¥an set up internal variables based on the integer
optimization variable[20]

5.5 Sequential nonlinear programming (SNLP)

The main advantage of SNLP over Quasi Newton is ithlaandles the optimization problem in
more depth. This optimizer assumes that the opditisia variables span a continuous space. As a
result, there is no Minimum Step Size specifiethis optimizer and the variables may take any value
within the allowable constraints and within the rariwal precision limits of the simulator. Like Quas
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Newton, the SNLP optimizer assumes that the ngismi significant. It does reduce the effect of the
noise, but the noise filtering is not strofizp]

6 Performed optimization with respect to the highestpossible
efficiency

The aim of this chapter is to increase efficientyhe machine with using optimization. In chapter
5 the Maxwell optimization methods are describednildifferent optimization methods are used by
manufacturers to increase machine’s propertiesceleiiwe of optimization in Ansoft Maxwell is
described in next subchapters.

Main task of optimization in this thesis is to iaase machine efficiency by changing dimensions
of magnets. Several variations of PM dimensionsateand evaluated.

6.1 Selected optimization method

From five optimization methods which can be usetaxwell the Generic algorithm is selected.
Disadvantage of optimization without external peogming software is a several different
simulations must be done for evaluation of maclefiieiency. This problem is eliminated if the aim
of optimization is not complex as calculation ofahime efficiency. For example the minimalizing of
cogging torque only one model simulation is useat. fhis model is set optimization problem. In
options the optimization goal is set. Parametedsthair limits are set. Maxwell runs simulation and
finds the best possible result based on the ogiinoia settings.

Maxwell with external software is used very oft€me of this software is Matlab. From Matlab the
models in Maxwell are managed. With this softwasenbination complex optimization tasks can be
solved easily. In this work only Ansoft Maxwell apization is used.

6.2 Performed optimization

Optimization with generic algorithm was set andtsth Results of the optimizations not correct
with insufficient user experience. The results loé optimization are evaluated. Wrong parameter
limits resulting to long time of simulation. Frorasults proportions of magnets is shown in Fig 39.
Optimization result is maximum value of parameti#sRmo = 36,238 mm.

Fig 39.: PM dimensions from optimization.
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Demagnetization on both sides is caused by dimessmf the magnet. Magnets with this
dimensions is not possible to manufacture.

For this reason and time requirements manual opaitioin is performed. The original dimensions
of the machine and the other 4 variants of seleeidgarameters are proposed in Table 6.1.

Four different variants of PM parameters are shawnTable 6.1. Comparison to original
dimensions is shown. Simulations for evaluation efficiency are performed for each variant.
Simulations are described in chapter 4. Combinatioh parameters LM, wMag, offSRmo are set
manually to each simulation model. Created parametodel is used. Change of parameter is very
easy and fast with parametric model. Parameteati@mis are generated randomly by user.

Table 6.1: Values of parameters in performed optimization.

Variant | LM[mm] | wMag[mm] | offsSRmo[mm]
Original | 8,848 45,3473 31,801
1 8,348 47,3473 27,801
2 8,448 49,3473 22,801
3 8,848 49,3473 22,801
4 8,848 47,3473 27,801

Simulation of stable torque and core losses ar@ipeed for each variation of parameters. Manual
optimization without using Maxwell optimization malé is performed .Optimization results are
evaluated in chapter 7 where machine efficien@alsulated for each variation of parameters.

7 Evaluation of optimization results, comparison with the
original machine

For each variant of PM dimensions, shown in Tahle éhe machine efficiency is calculated.
Results for all variant of dimensions are showrTable 7.1. Values in Table 7.1 are obtained by
simulations on parametric model. Manually optimizatis performed because Maxwell optimization
methods are not very useful without an externaty@m and low experience with the correct settings.
From results shown in Table 7.1 the increasing afmime efficiency is obvious. Value of efficiensy i
increased by increasing of steady torque especially

Best efficiencyy = 96,8% is calculated for PM dimensions variant numbee¢hin comparison to
original machine, variant number one, there isshme height of magnet but bigger width. This has
resulted to smaller circular arc radius of outeefaf the magnet (paramet#fsRmo, Fig 6, Table 3.3)
because of the possibility to manufacture the miaghith wider magnets the pole arc BetaM is
increased.
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Table 7.1: Results of performed optimization
Variation | Py[W] | Py rem[W] | APiron[W] | APcu[W] | APwac[W] | APwsw [W] | n[%)]
Original | 14400| 14305,3 232,05 124,6 55,5 432 93,5
1 14400, 14204,6 242 124,6 50 432 92,8
2 14400, 145514 258,8 124,46 57 432 95
3 14400, 14831,1 264,5 124,6 58,3 432 96,8
4 14400, 14259,6 249,1 124,46 51,2 432 9B.,1

For efficiency calculation the losses values arpartant. With new dimensions of magnets losses
are calculated. Value of iron losses is increagitference between values for original and new

design is 32,45W. The increasing of solid losseal$® evident from Table 7.1 but value for new
design is higher only by 2,8W.

Higher value of all losses in machine is obtaingdobptimizing. Difference in values between
original and new design of PM is minimal. With n@&M bigger value of steady torque is evaluated
from simulation on parametric model. In Table 7iffedences between steady torque values are

shown.

Table 7.2: Values of steady torque for original and optimized design.

Selected design M,[Nm]
Original design 44,4 Nm
Optimized design 46 Nm
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Conclusion

This thesis deals with the possibility of using tlte elements method for the design and
analyses of the synchronous permanent magnets megcfiihe finite elements method is increasingly
used for the design of almost all technical devimed their parts. The aim of this work is to discus
the possibility of design the machine more effesivwith using the Maxwell software for the
simulations.

To analyse and simulation of the synchronous mwittr surface mounted magnets on the rotor the
finite elements method was used. The results osithelations, the accuracy of design are evaluated
with the original machine designed in the SPEEDOv&fe.

In the first part of this thesis the traditional chane design approach is described. Some basics
requisites and equations are explained. Equatienased for checking the correctness of simulations
and design of original machine.

The second part of this work describes the geonmatd parameters of parametric model. The
basic parameters of the stator, rotor, stator wigsliand magnets are shownTiable 3.1 Table 3.2,
Table 3.3 and Table 3.4. The basic geometry ofrtbr is shown ifFig 4, Fig 5, Fig 6 andFig 7.

Materials for the rotor and stator are describe@HBycurve. The BH curve of stator and rotor steel
is shown in enclosure Al. Design of original maehwmth two different PM materials is simulated.
BH curve for NdFeB permanent magnets materialbasva in Enclosure B1. As the new PM material
the SmCo magnets are selected. BH curve and mategeription is shown in enclosure C1.

To analyse of the chosen machine, the parametriehin Ansoft Maxwell was created. Maxwell
is the simulation software, which is working witietfinite elements method. Maxwell is also having
an RMxprt-analytical module. Accuracy of the fingéeement method depends on the density of the
network. In this work three different numbers oéraknts in the mesh were used. The differences
between them are shown in Table 4.1 and the Figgd9, Fig 10..

From the first part of simulations, basic fundaraétwhich are important for the correct function
of PMSM, were evaluated. The first part of simuas considered no-load condition of the analysed
machine. The fundamentals characteristics givendpad simulations are induced voltage and the
distribution of the flux-density in the machine lyodn the second part of simulations, the machine
was operated in different condition. From the secgart of simulations the cogging torque
characteristic and the core losses are also cédcula

The next chapter of this work deals with evaluatiérihe results from simulations of parametric
model at no-load. Induced voltage waveforms aedifit simulation conditions are shown in Fig 11,
Fig 12 and Fig 13. The waveforms of the inducedag®s compared in Fig 14, shows the differences
between RMS values of voltages obtained by differmapethods. This may be caused by several
factors. All the software which is used in this wdras own procedure and the specific type of the
calculation. The main method for simulations wase fimite elements method. To increase the
accuracy of the calculation a higher density ohfmoin finite element network is raised. In Figi&5
shown Comparison between waveforms of induced gelttor original NdFeB and new SmCo
magnets is shown in Fig 15. Better performanceno€8 magnets in simulation temperature 125°C is
obvious from waveforms.
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Individual values of cogging torque are evaluatedTable 4.2.Cogging torque waveforms at
different simulation conditions are shown in Fig &6d Fig 17. Comparison of the waveforms
obtained from simulation in different temperatuegsl finite element network densities is shown in
Fig 18. With new PM material cogging torque is as@luated. Comparison between waveforms for
both used PM materials is shown in Fig 19. Biggalug for NdFeB magnets is given by better
performance in simulation temperature 25°C.

Values of steady torque are obtained by two differ@mulations in Maxwell. The torque and
windings currents waveforms are the results of &tian in load conditions in Rmxprt. In this
simulation, the results are compared with valuéoajue obtained by other methods. Comparison of
all torque values obtained by all methods is showiig 20. As same as induced voltage, the torgue i
calculated, and his steady value is displayed taildi@ Fig 2QThe oscillations of the torque around
average value are given by ripple and cogging ®r¥falues of steady torque from simulation on the
created parametric model are also evaluated irREigComparison between values for both used PM
materials is given in Table 4.3. Value of steadyjie given by simulation on parametric model is
more accuracy because of exact dimensions of tichima

The distribution of flux density on machine bodysteown inFig 23andFig 24 The distribution
at the no load simulation shows the detail of catensted corners in stators tooth. From simulaition
load conditions, the possibility to optimize theas with low saturation is obvious. The flux-densit
distribution is described by two basic componemte first is the radial flux-densitg,,;, which is
displayed inFig 25 Second basic component of the air gap flux densitisplayed irFig 26 this
component is the tangential flux-densRy,. In both figures waveforms of flux-densities degieg
on the rotor position are shown. The oscillatiohthe waveforms are caused by stray flux, shapds an
dimensions of the stator slots teeth. The largesiations inFig 25 Fig 26 are in places where the
pole passes the stator tooth.

Core and solid losses are also calculated in thikwlhe waveform of core loss is shown in Fig
27. Values for both PM materials is obtained bywations and shown in Table 4.4. In Table 4.5
values of solid losses is shown. Comparison betweareforms of solid losses for both PM materials
is shown in Fig 30.

The distribution of flux density on machine bodyskown in Fig 32 and Fig 33 and Fig 34. From
values of leakage flux inductances are calculdmdlictances are calculated for different values of
inputs currents using thetq transformation of coordinate systems. In the FigtBe waveforms of
inductances depending on time are shown. Valuagpof currents, inductances and fluxes are shown
in Table 4.6 and Table 4.7.

Demagnetization analysis for NdFeB magnets is eatliin chapter 4.5. Demagnetization curves
were determined for 25°C and 125°C. Curves areddanthe state of no-load, for the selected load.
The Fig 37 is shown demagnetization curves. Vafaegonstruction of demagnetization curves are
shown In Table 4.8. The demagnetization of magnetaot reached for the selected load.
Demagnetization analysis for SmCo magnets is ndopeed because of better performance in higher
temperatures. Problem of the demagnetization aisalgsvery extensive. Only simple method of
demagnetization is verified. Nonlinearity and tenapere increase are not considered in the
simulation.

The results of all simulations show correct procedn the design and construction of the analysed
machine. From results obtained in simulations thechime efficiency for both PM materials is
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calculated. Values of efficiency are shown in Tah@ Low values of efficiency are given by wrong
vector control of machine in simulation. The metloddontrol to maximum torque per stator current
is not used. That means the values of steady toageienot maximal for selected current. For all
simulation is input current set equally.

In last chapter of this thesis the optimizatiopésformed with using Maxwell optimization module
in first step, and then manually. Optimization irevell was not successful because of the wrong
settings. Optimization result given by generic alpon is shown in Fig 39, where the body of PM is
shown. Wrong setting resulted to minimalizing ofggimg torque but wrong dimensions of the
magnet. With this shape the magnet are susceptillemagnetization on the sides.

For that reason manually optimization is performEdur variations of magnet dimensions are
selected, all variants with comparison to origimalchine is shown in Table 6.1. For each variant the
values of steady torque and losses are evaluateth §imulations results the machine efficiency of
optimized design is calculated in Table 7.1.

By performing of the simple optimization, the inase of machine efficiency is attained by 3,3%.
Comparison of steady torque values for original aptimized design is shown in Table 7.2. Steady
torque value is increased by 1,6 Nm.

The aim of this thesis is to authenticate the pil##s of using Ansoft Maxwel for simulation and
optimization of electrical machines. All simulat®are finished correctly. Results are compared to
analytically calculated values and results fromeotsimulations software’s. With created parametric
model of machine the optimization of PM dimensiandone.

Ansoft Maxwell offers five different methods in apetrics module. The simple task can be easily
solved by these methods. Complex optimization &@skhe machine efficiency need results from
several different simulations. Set Optimization Igoaeach simulation correctly is very complicated.
For that reasons often the external programmegase@, for example Matlab. Optimization task is set
in Matlab. Matlab starts simulations in Maxwell aedaluate the results. Machine efficiency is
subsequently calculated in Matlab. With this safte&v combination the much more complicated
optimizations tasks can be solved easily and faiséar piecewise in Maxwell.
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Appendix Al (material properties of steel M19 24)

B (tesla)

/’/V
,/ ]
_—
o
/ "‘/
/ //
0.00E+000 ' ' " ' 5 00é0005 ' ' 1 00é*006 " ' 1 50@‘005 ' " " Z,OOg*OOS ' ' 2.50&*006 " I3.00é0006 " ' ' " 3.50E+006
H (A_per_meter)
Fig 40.: BH curve of steel M19_24
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Fig 41.: Properties of steel M19_24 in Maxwell
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Fig 42.: Curves for calculation of core losses for steel M19_24 in Maxwell
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Appendix B1 (material properties of NdFeB magnet)

BH CURVE OF ATMAXX33EH (NdFeB)
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Fig 43.: BH curve of magnet material ATMAXX33EH
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Appendix C1 (material properties of SmCo magnet)

BH CURVE OF YXG-28H (SMCO)
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