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ABSTRACT

This thesis is a development research project for a permanent magnet assisted synchro-
nous reluctance motor (PMaSynRM) used with frequency converter (FC). The motor size
is specified to International Electrotechnical Commission (IEC) with frame size 250. The
objective of this thesis is to develop air-cooled high dynamic performance (HDP) series
motor with PMaSynRM rotor technology. The PMaSynRM designing goals are good
thermal behavior and high efficiency at wide speed range with a wide field weakening
area.

To study the objectives of this thesis a prototype of PMaSynRM is designed and manu-
factured. The designed prototype of PMaSynRM is investigated with simulations and
measurements at different operating points on a load type of constant torque and constant
power with wide field weakening area. The performance values of PMaSynRM prototype
rotor is compared with simulations and measurements to an induction motor’s (IM’s) ro-
tor which is earlier manufactured and measured in the same HDP 250 stator.

The simulation and measurement results showed that PMaSynRM has benefits on thermal
behavior and efficiency compared to IM. PMaSynRM measured operating points at con-
stant torque from running speed 525 rpm to 1050 rpm and at constant power from 1050
rpm to 3000 rpm showed that PMaSynRM is well suitable to operate in wide speed range
because of wide field weakening area.

PMaSynRM simulation and measurement results had a bit difference on the efficiencies
because the Adept FCSmek simulation tool does not take into account the high level of
supply harmonics outside field weakening area which are produced from frequency con-
verter. The prototype of PMaSynRM reached to higher output level than the IM because
of good thermal behavior. The PMaSynRM also met the expectations on high efficiency
on a wide field weakening area.

KEYWORDS: Permanent magnet assisted, synchronous reluctance motor, manufactu-
ring process, wide speed range motor, wide field weakening area
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THVISTELMA

Tassa diplomitydssé keskityn taajuusmuuttajakayttoisen kestomagneettiavusteisen tahti-
reluktanssimoottorin (eng. permanent magnet assisted synchronous reluctance motor,
PMaSynRM) suunnitteluun, valmistamiseen ja koekdyttoéon. Moottorin runkokoko on
madritetty kansainvélisen sahkdalan standardointiorganisaation mukaan 250-runkokoon
moottoriksi. Diplomitydni tavoite on kehittda (eng. high dynamic performance, HDP) -
sarjan 250-runkokokoinen moottori PMaSynRM-roottorilla. PMaSynRM-roottorin suun-
nittelun tavoitteina on saavuttaa matala lampenema seka korkea hyotysuhde laajalla pyo-
rimisnopeusalueella seké pitkélla kentanheikennysalueella.

PMaSynRM-roottorin toimintapisteiden suoritusarvoja tutkitaan simulointiohjelman
avulla ja verrataan samassa staattorissa kéytettyyn oikosulkuroottorin simuloituihin ar-
voihin. PMaSynRM-prototyyppi roottori suunnitellaan ja valmistetaan HDP 250-rungon
staattoriin ja sen mitattuja arvoja verrataan jo aiemmin valmistettuun oikosulkuroottoriin,
joka on koeajettu samalla staattorilla. PMaSynRM prototyyppi koeajetaan eri toiminta-
pisteissé vakiomomentilla ja vakioteholla seké laajalla kentdnheikennysalueella.

Simulointi- ja mittaustulokset osoittivat, ettd PMaSynRM-roottori saavuttaa matalamman
lampeneman ja korkeamman hy6tysuhteen kuin oikosulkuroottori. PMaSynRM:n mit-
taukset suoritettiin vakioteholla pydrimisnopeudella 525-1050 rpm ja vakiomomentilla
pyorimisnopeudella 1050-3000 rpm. PMaSynRM:n mittaustulokset vakiomomentilla ja
vakioteholla osoittivat, ettd moottori soveltuu hyvin kaytettavaksi laajalle nopeusalueelle
pitk&n kentdnheikennysalueen ansiosta.

Hyotysuhteiden osalta PMaSynRM:n simulointi- ja mittaustuloksissa oli hieman eroavai-
suuksia mika johtui siit, ettd Adept FCSmek -simulointiohjelma ei ota huomioon taa-
juusmuuttajan aiheuttamia harmonisa yliaaltoja kentédnheikennysalueen ulkopuolella.
PMaSynRM:ia pystyttiin ajamaan suuremmalla teholla kuin oikosulkumoottoria matalan
lampeneman vuoksi. PMASYnRM saavutti odotusten mukaisesti myés korkean hyoty-
suhteen laajalla kentdnheikennysalueella.

KEYWORDS: Kestomagneettiavusteinen, synkronireluktanssimoottori, valmistuspro-
sessi, laajan nopeusalueen moottori, pitka kentdnheikennysalue
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1 INTRODUCTION

High energy efficient products are in a major role when discussing about energy saving.
In developed countries, more than 50 % of the produced electricity is used in electric
motors and about 60-80 % of these electric motors are used in the industrial section and
35 % in the tertiary sector. Three-phase alternating current (AC) motors are the most
common motor type in industrial section. They can be divided in subgroups of synchro-
nous and asynchronous motors. The most conventional three-phase AC motor used in
industrial applications is asynchronous squirrel cage induction motor (IM), which can be
used direct online (DOL) and in variable speed drive (VSD) applications.

To improve electric motors energy efficiency, International Electrotechnical Commission
(IEC) has set up efficiency standard IEC/EN 60034-30-1. Even though the purchasing
price of high efficiency motors may be high, it has been investigated that the costs during
motor life-cycle span can consist 97 % from electric energy consumption (Vesti 2013:
10), which means that energy efficient electric motors have lower costs during life-cycle.
Synchronous motors which can be operated only in VSD applications do not yet have any

efficiency regulations.

Development of power electronic devices such as frequency converters (FCs), has ena-
bled more energy efficient use of synchronous motors in VSD applications, especially if
compared to the early days when synchronous motors were designed with squirrel cage.
(Haataja 2003: 15). Nowadays advanced converters enable synchronous motors to pro-
duce the starting torque without a squirrel cage. However, converter-feed has disad-
vantages on increasing the additional losses in the motor, which are affected from the
converter’s supply harmonics. Even though additional losses decrease the motor effi-
ciency, the total energy consumption is often lower in VSD applications than in DOL
applications because of the speed adjust according to the load (Kérkkainen, Aarniovuori,
Niemeld, Pyrhonen 2017: 45-46; Mohanarajah, Rizk, Nagrial, Hellany 2016: 1).

Let us review more closely the three-phase synchronous motors used in VSD applica-

tions. There are three subgroups which are separately exited synchronous motors (SMs),
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permanent magnet motors (PMMs) and synchronous reluctance motors (SynRMs). In this
thesis, the SMs are excluded from the review. Combination of PMM and SynRM can be
called as a permanent magnet assisted synchronous reluctance motor which has many
abbreviations, but in this master’s thesis PMaSynRM is used. In VVSD applications the
PMaSynRM is an interesting alternative for the most conventional IM. Both motors have
a wide constant power speed range but PMaSynRM has claimed to have advantages on
electrical and thermal behaviour (Kolehmainen 2017: 4; Fratta, Vagati, Villata 1992:
702-703.)

This thesis is based on a PMaSynRM prototype development research project, done for
the low voltage motor manufacturing company ABB Oy, Motors and Generators, Vaasa
Finland. The main topic of this thesis is to introduce a prototype development process and
methods. A comparison between PMaSynRM and the most conventional IM properties
is reviewed with a literature study and from simulation and measurement results.
PMaSynRM rotor is designed to ABB’s high dynamic performance (HDP) series stator
which are through ventilated stators (ABB 2015a: 59). IM with aluminium squirrel cage
has been previously tested in the HDP stator. Size of the prototype HDP motors is speci-

fied in International Electrotechnical Commission (IEC) with frame size 250.

Chapter 2 deals with introduction to synchronous motors and to PMaSynRM structure
and operating principle. Chapter 3 has introduction for HDP series motor structure, most
common applications and comparison to the ABB’s Process Performance series motor.
Chapter 4 introduces the basics of electric motor designing which is important to know
when developing a prototype. Chapter 5 focuses on PMaSynRM prototype simulations
and also PMaSynRM and IM simulation results are compared. In Chapter 6 the prototype
manufacturing methods are presented and explained. In Chapter 7 the measurement meth-
ods are explained and the results are presented. Chapter 8 presents comparison of simu-

lation and measurement results. Finally, in chapter 9 are conclusions presented.
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2 SYNCHRONOUS MOTORS

Electric three-phase AC motors can be divided in synchronous and asynchronous motors.
Synchronous motors are called as synchronous, because the rotor velocity follows the
stator rotating magnetic field velocity in absolute synchronism. Whereas in the asynchro-
nous motors rotor velocity and stator rotating magnetic field velocity has a slip between.
Synchronous motors have two major types based to the rotor magnetization which are
non-excited and direct current (DC) exited. In Figure 1 is a classification of electric three-

phase AC motors that are reviewed in this thesis.

[ Three-phase AC electric motors ]

[ Asynchronous motors ] [ Non-excited synchronous motors ]
[ Induction motors ] [ PMM ] [ SynRM ] [ PMaSynRM ]
Figure 1. Classification diagram of three-phase AC electric motors.

The major type of motors used in industrial sector are asynchronous IMs of squirrel cage
type. Non-excited synchronous motors are also used in industrial sector and the two main
types are PMMs and SynRMs. PMaSynRM is also a non-excited synchronous motor and
it can be said that it is a combination of SynRM and PMM. The main difference between
synchronous and asynchronous motors are the operational principle and the rotor struc-
ture. Both, synchronous and asynchronous motors may use same kind of wound stators.
(Pyrhdnen, Jokinen, Hrabovcova 2014: 342, 388-389; Aura & Tonteri 1996: 323-325.)

The non-excited synchronous motors are studied more on the next chapters.
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2.1 Load types of synchronous motors

The use of synchronous motors can be divided in four common load types as constant
torque, quadratic torque, constant power and constant power/torque. Table 1 presents the
different common load types with the function of running speed. Output power Poyt, me-

chanical torque and running speed are directly proportional on each other’s as
Pout :Tmech @, 1)
where, Tmech IS mechanical torque and w refers to running speed as shaft angular velocity.

Table 1. Common load types, applications and load curves of synchronous motors.
Modified from (Kolehmainen 2011: 25).

Constant torque Quadratic torque Constant power Constant
power/torque
Appli- | Conveyors, feeders | Centrifugal pumps Rollers Paper machine rolls
cations and screws and fans and electric vehicles

A A A

Pout
Load Tmech Pout Pout Trmech Pout
curve F>out Tmech
Tmech Tmech

> »

>
w () ) )

v

Constant torque is typically used in such applications as conveyors, feeders, screws and
compressors. Quadratic torque is used typically in pumps and fans and constant power is
typically used in roller applications. Paper machines and electric vehicles utilize a com-
bination of constant torque and constant power (Kolehmainen 2011: 25). In this thesis the
prototype of PMASYNnRM is designed to be used in constant torque and constant power
with a wide field weakening area.
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2.2 Permanent magnet motor

Major of the PMM torque production bases on permanent magnets and minor on magnetic
reluctance. PMMs have a similar stator as IMs but there are lot of differences in the rotors
because PMM rotor is structured with permanent magnets and there is no squirrel cage.
There are different types of PMM rotors which can be classified with the magnet mount-
ing position as presented in Figure 2, where the surface mounted magnet rotor (a) has a
simple structure, which makes it easy to manufacture. This type of rotor is not well suited
for high rotational speeds because the magnets are not well protected mechanically or
magnetically. In inset mounted magnet rotor (b) the magnets are better protected com-
pared to surface mounted magnets. Embedded mounted magnet rotors (c) and (d) have
well protected magnets inside the rotor slots. Embedded mounted magnet rotors are also
called in literature as internal permanent magnet rotors (IPMM) (Kolehmainen 2011: 19—
20; Hirveld 2013: 10).

(b)

(d)

Figure 2. Various permanent magnet rotor two-dimension geometries where rotor has
surface mounted magnets (a); inset mounted magnets (b); radially embedded
mounted magnets (c); V position embedded mounted magnets (d). Modified
from (Salminen 2004: 23).
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Comparing equal size surface mounted magnet rotor to that of IPMM, the IPMM needs a
larger volume of magnet material to reach on equal output power (Salminen 2004: 23).
However, eddy currents are smallest in IPMM rotors compared to surface mounted and
inset mounted rotors. Also embedded mounted magnets increase the rotor flux by con-
centrating it (Kolehmainen 2011: 19). Benefits of PMMs are generally a very high effi-
ciency and very high torque production. (Mohanraja 2016: 5; Pyrhonen etc. 2014: 427—
429.) Disadvantage of PMMs are high manufacturing cost because of the high price of
permanent magnet material. PMMs have a limited field weakening area so it is not suita-
ble to be used in high speed range applications (Kolehmainen 2017: 4; Hirveld 2013: 10).
PMMs use is popular in low-speed and high-torque applications. In industrial use PMMs
are most commonly operating in pumps, fans, compressors, mills, hoists and transporta-
tion systems (Gieras 2002: 17-18).

2.3 Synchronous reluctance motor

SynRM torque production bases only on reluctance torque. When SynRM is designed for
VSD use, the rotor does not need a squirrel cage and it is simple to manufacture. Three
major types of four-pole SynRM rotor designs are presented in three-dimensions in Fig-

ure 3, which are radially laminated simple salient pole rotor (a), axially laminated rotor

(b) and radially laminated rotor with flux barriers (c).

Figure 3. SynRM rotors geometries, radially laminated simple salient pole rotor (a),
axially laminated rotor (b) and radially laminated rotor with flux barriers (c)
(Kolehmainen 2011: 18).
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The radially laminated simple salient pole rotor is easy to manufacture because it has
simple and robust design, but it has also a poor performance because of low saliency ratio.
Four-pole axially laminated rotor is challenging to manufacture because of its complex
design. The axially laminated rotor has a good performance because of good saliency
ratio, but it has high eddy current losses because of axial direction lamination. Radially
laminated rotor with flux barriers has good performance, it is simple to manufacture and

the eddy current losses are small (Kolehmainen 2011: 18).

The stator of SynRM is similar as that in IMs (Mohanrajah 2016: 1). SynRM is a great
choice for industrial VSD applications when high efficiency is demanded for a wide speed
range. SynRMs are used for example in pumps, fans, compressors, conveyors, mixers and
extruders (ABB 2016: 6). SynRM has high efficiency and high torque density when com-
pared to IM, and it is also potentially cheaper to manufacture in mass production. SynRM
can be highly overloaded because of low rotor temperature rise. Lower rotor temperature
Is an affecting factor for motor reliability and lifetime. Disadvantage of SynRM compared
to IM is a poor power factor which affects that the frequency converter needs to be over-
sized (Hirvela 2013: 10; Moghaddam 2011: 22-23, 38, 100).

2.4 Permanent magnet assisted synchronous reluctance motor

During the last decades, there has been large interest for PMaSynRMs in different re-
search and development projects. PMaSynRM torque production bases partly on mag-
netic reluctance and partly on permanent magnets. Adding permanent magnets in SynRM
rotor’s flux barriers the power factor can be increased. The PMaSynRM rotor can be de-
signed for example with a small volume of high quality permanent magnets (PMs) or with
a larger volume of low cost PMs, as the both options are cheaper to manufacture than
PMM rotor (Moghaddam 2011: 55-57). PMaSynRM rotors have been manufactured with
different design specifications that varies for example on number of flux barriers, width
and shape of flux barriers, magnetic material, magnet placements and volume of magnets.

Alternative designs of PMaSynRM rotors are presented in Figure 4.
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(a)

Figure 4. Alternative PMaSynRM two-dimension rotor geometries where the smallest
amount of magnets are ferrite magnets (a), neodymium magnets (b) and the
largest amount of magnets are samarium cobalt magnets (c). Modified from
(Hirveld 2013: 87-89).

In Figure 4a can we see that rotor with ferrite magnets is a four-pole rotor and it has five
flux barriers. In one pole, three of the five flux barriers are designed to have magnets.
Neodymium magnet rotor in Figure 4b is six-pole rotor and it has three flux barriers in
each pole and all of them have neodymium magnets. Rotor with samarium cobalt magnets
in Figure 4c, again is a four-pole rotor and there are three flux barriers per pole which all
have magnets. In the neodymium magnet rotor and samarium cobalt magnet rotor bridges
can be seen across the flux barriers which are used to increase the rotors a mechanical
strength. More alternatives of PMaSynRM rotor geometries can be find from (Hirvela
2013: 87-89).

PMaSynRM has high efficiency, high power factor and high power density if compared
to SynRM but the rotor manufacturing costs are also higher because of the of PM material.
PMaSynRM benefits compared to PMM is the capability to operate in high speed appli-
cations and lower manufacturing costs. Disadvantages of PMaSynRM compared to PMM
is a lower efficiency and power density. If PMaSynRM is compared to conventional IM,
both are suitable for wide speed range operation but PMaSynRM has better efficiency
and power density. (Kim, Kim, Kim, Kang, Go, Chun, Lee 2009: 4660; Kolehmainen
2017: 4.)
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2.5 Torque production of PMaSynRM

Electric motor rotates when the produced magnetic torque become higher than the me-
chanical counter torque. The electric motor magnetic torque in air gap is affected from
the magnetic circuit of stator and rotor. PMaSynRM torque production bases partly on
properties of SynRM and partly on properties of IPMM (Moghaddam 2011: 55).

Reluctance torgue production

Rotor and stator steel sheets are made of soft ferromagnetic material which is also called
as non-magnetized material or electrical steel. Soft ferromagnetic materials have low re-
luctance so they easily magnetize in external magnetic field. Soft ferromagnetic material
also strengthens the magnetic flux density. In Figure 5 is presented magnetization curves,
also called as B-H curves for steel, iron and air. From Figure 5 we can note different
material properties on flux density B production in external magnetic field H. Also, the

magnetic material saturation with the function of magnetic field’s strength can be noted.

2.0 T - " ’
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Figure 5. Magnetization or B-H curves of steel, iron and air (Electronic tutorials).
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When a soft ferromagnetic object, for example a steel plate, is placed asymmetrically in
external uniform magnetic field, it is first magnetized and then the magnetic field tries to
align the magnetized object on the same direction. Figure 6 presents the force effect be-
tween asymmetrically placed soft ferromagnetic rectangular object and uniform magnetic
field.

Figure 6. Torque produced on asymmetrically placed soft ferromagnetic rectangular
object in a uniform magnetic field. Modified from (Hirvela 2013: 23).

The rectangular object presented in Figure 6 can be one of the multiple flux routes beside
flux barriers as for example air, in the reluctance motor’s rotor core. The flux routes and
flux barriers are presented in Figure 7. Electromagnetic torque in SynRM consists only
on reluctance torque (Haataja 2013: 19), which is produced in the air gap of stator and
rotor core (Hirveld 2013: 16-25; Kolehmainen 2012b: 2-5.)
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g
N 7

Figure 7. Example of a PMaSynRM rotor core two-dimension drawing. Modified from
(Hirveld 2013: 87).

d-axis

Permanent magnet torque production

Permanent magnet material in external magnetic field has similar force effect as magnet-
ized ferromagnetic object but with the difference that permanent magnet object is already
magnetic, without need of external field magnetization. Embedded magnets inside the
rotor core cannot rotate freely so the torque production bases majorly on unusually shaped
magnetic field created from the attraction of PMs and rotor core. Permeability of perma-
nent magnet material is close to permeability of air, so the magnets placements are pro-
portional to the flux barriers in SynRM rotor. Permanent magnet material placement in
IPMM rotor creates flux barriers which strengthens the IPMM also to produce reluctance
torque. (Haataja 2003: 21; Hirveld 2013: 22-25.)

PMaSynRM rotor geometry presented in Figure 7 can be divided in two different axes
regarding the magnetic flux direction. Direct axis (d-axis) produces the major flux of the
rotor in the flux routes direction and quadrature axis (g-axis) produces the minor flux. In
SynRMs the d-axis and g-axis are presented exactly as in PMaSynRMs. In PMMs the
axes are mostly determined oppositely as compared to SynRMs and PMaSynRMs. In
PMM the d-axis is orthogonally to the direction of major flux production by permanent
magnets and g-axis in minor flux direction (Hirveld 2013: 14-15; Moghaddam 2011: 57).
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PMaSynRM torque production can be presented with combination of reluctance and mag-
netic torque when the d-axis and g-axis inductances and permanent magnets induced volt-

age are known. The PMaSynRM torque production bases majorly on reluctance torque

A2
Trel zEB UL i_i sin2o ’ (2)
20| 2 (Lo Lo

where p is motor pole pair number, i is stator voltage, Lq is direct axis inductance, Lq is
quadrature axis inductance and w is angular velocity. ¢ is load angle between stator volt-
age and rotor g-axis. The minor of PMaSynRM torque production bases on magnetic
torque produced by permanent magnets. The magnetic torque in d-axis direction can be

presented with surface mounted permanent magnet motor (SPM) torque production

() qa)

3pfUls .
T 2P 2 ing
mag 2 (L ]! (3)

where i is voltage induced by permanent magnets. As the PMaSynRM produces majorly
reluctance torque Trer and minor magnetic torque Tmag, the PMaSynRM torque production

Te can approximately be presented as

T
T ~—47

e 2 rel s (4)

which is more precisely

0.d 32
T ~S P LSS sl S| 2L sinos )
20|\ 2 Lo 2 (Lo Lo

(Kolehmainen 2017: 12-19; Kolehmainen 2012b: 12-14; Salminen 2014: 58.)
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2.6 Efficiency and losses of PMaSynRM

One of the most important design parameters of electric motors is efficiency which can

be defined as

n=-%, (6)

where Pin is the measured input power and Pout is the output power measured from the
shaft. Single-phase and three-phase electric motors in DOL use operated with single
speed, are defined with efficiency class standards based on IEC 60034-30-1 which is pre-
sented in Appendix 1. Asynchronous motors that can be operated only with converters do
not have any international efficiency regulations (ABB 2014a), even though IEC is pre-
paring efficiency measurement standards for motors used with converters. Motors in con-
verter use have a lower total efficiency because of the converters supply harmonics which
increase additional losses. Even the total efficiency is lower in VSD use with converters
than in DOL use, the overall energy consumption is often lower because of the ability to
adjust speed according to the load (Kérkkainen etc. 2017: 45-46).

Total losses of electric motor Pioss can be defined as the difference between input power
and output power as
PIoss = I:)in - I:)out- (7

The PMaSynRM total losses that can be solved with simulations or measurements can be
defined as

P

loss

= I:)Cus + P

Fes

+ I:)Fer + vav ) (8)

where Pcys is stator Joule losses, Pres stator iron losses, Peer rotor iron losses, Psw mechan-
ical losses. In three-phase PMaSynRM the Joule losses which are also called as copper

losses or resistive losses are mostly affected in stator windings and can be defined as
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I:)Cus = 3Rs|szv (9)

where Is is stator phase current and Rs stator phase winding resistance. When PMaSynRM
is designed only for VSD use, the rotor does not have squirrel cage and the rotor does not

create Joule losses as in induction motor.

Stator iron losses Pres and rotor iron losses Prer consist of hysteresis and eddy current
losses. Iron losses are produced in rotor and stator electric steel sheets by the alternating
magnetic flux. Hysteresis losses are in proportion to frequency and depend on the hyste-
resis loop of the electric steel sheet material. Eddy current losses are in proportion to the
square of the frequency. Eddy currents induce easily in large solid objects and can be

reduced by using laminated thin electric steel in rotor and stator core. (Piuhola 2003: 14.)

Mechanical losses Psw can be defined as friction losses and windage losses. Friction losses
are mostly affected from bearings and they depend on the bearing type, shaft load, used
grease, type of shaft sealing and running speed. Windage losses are caused from rotating
parts for example from rotor-ends, which may have ventilation blades and balancing ma-

terial and from the fan installed to the shaft.

In PMaSynRM also some additional losses are generated, also known as stray-load losses
which have numerous sources and are caused from different phenomena. In converter-
fed motors the additional losses are generated mostly because of the supply harmonics
(Kéarkkéinen etc. 2017: 45-46). Additional losses measurement methods are defined in
IEC 60034-2-1 but it is only for sinusoidal supply and it does not apply for synchronous
motors such as PMaSynRM in VSD use. (Hirveld 2013: 27-28; Pyrhonen etc. 2014: 194
203, 524-534; Stderang 2016: 19.)
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2.7 Temperature rise and insulation classes of electric motors

Live parts of electric motor such as winding and power cables, need to be protected
against short circuits using insulators. Thermal stresses due to the losses, as well as me-
chanical and electrical stresses, degrade the properties of insulators. Electric motors are
determined with thermal classes based on the used insulation materials. IEC 60085 and
IEC 60034-1 standards define the maximum allowed stator winding hotspot temperature

for insulation classes, as presented in Figure 8.

(]
b
180
15
155 70
130 .
120 Hotspot temperature margin 10
Permissible temperature rise 80 105 125
40
Maximum ambient temperature 40 40 40
Insulation class B F H
Maximum winding temperature 130 155 180

Figure 8. Insulation and thermal classes (ABB 2014b).

Insulation class temperature limit is the winding maximum temperature which is the sum
of maximum ambient temperature, permissible temperature rise and hotspot margin
which are presented in Figure 8. The permissible temperature rise of motor can be deter-
mined by calculating the change of winding resistances, when running a temperature rise

test. Winding temperature rise can also be determined by measuring the winding temper-
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ature, for example with a thermocouple. When using the last measuring method, the per-
missible temperature rise is 10 °C higher than with resistance calculation method, which
means that class B is 90 °C, class F is 115 °C and for class H is 135 °C.

ABB Motors and Generators in Vaasa uses a 25 °C safety margin in their products, which
means that motor designed for temperature rise class B has a class F insulation. Using
safety margins in the insulation the life time of insulation is extended and the motor can
be overloaded for a short time period (ABB 2014b: 44; Sivunen 2011: 41).

2.8 Effect of temperature to permanent magnet material demagnetization

In PMaSynRM it is important to pay attention to the permanent magnet material temper-
ature rise as permanent magnets can be demagnetized. Different permanent magnet ma-
terials have different demagnetization properties based to the material’s B-H curve. In
Figure 9 is normal demagnetization curve where horizontal axis presents reverse direction
magnetic field strength H against the permanent magnet flux density B. On horizontal
axis there is also presented point of coercivity Hc which presents the point of maximum
reverse magnetic field without demagnetization of permanent magnet. The vertical axis
shows permanent magnet flux density B with remanence B, which is the maximum flux
density that magnet is able to produce and point of minimum flux density Bk that magnet
can withstand without demagnetization. By is also called as knee-point. If the reverse di-
rection magnetic field H increases beyond the knee-point, the demagnetization process

begins.
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Figure 9. Normal demagnetization curve with remanence By, knee-point Bk and co-
ercivity He. Modified from (Hirveld 2013: 20).

From normal demagnetization curves in Figure 10 it can be seen that temperature rise on
Samarium Cobalt (Sm2Co17) Vacomax 255 HR magnet decreases the magnets remanence
Br, knee-point Bk and coercivity Hc. When comparing different permanent magnets de-
magnetization properties as Vacomax 225 HR in Figure 10 and Neorem 595a in Figure
11, it can be noted that Vacomax 225 HR can withstand much higher temperatures in
equal strength reverse magnetic field H without demagnetizing. In this thesis’
PMaSynRM development project Vacomax 225 HR permanent magnets are used.



27

T kG
BipgH —— -1.0 =15 =20 =40
T — 14 — 14
VACOMAX 225 HR ™
1.2 12
m
=05 20C = 1.0 10 -
T T // 0.8 8

100"0// // / / 06 — 6
/ 50°C / 200°C / 250°C / 300°C / 0.4 4
/ / / l / 0.2

_

Z /1] e -
pZ/AVaN

kOe =18 =16 =14 =12 =10 -8 -6 -4 -2 0
L | | | | | | | |

kA/m - 1400 - 1200 - 1000 - 800 - 600 - 400 - 200 0

—— Y

Figure 10.  Typical demagnetization curves of Sm2Co17 Vacomax 255 HR magnet at
different temperatures (VAC 2014: 45).

For an alternative magnet material comparison in Figure 11, the demagnetization curves

of Neodymium Iron Boron (NdFeB) Neorem 595a magnet is presented.
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Figure 11.  Typical demagnetization curves of NdFeB Neorem 595a magnet at differ-
ent temperatures (Neorem Magnets 2014).



28

3 ABB HIGH DYNAMIC PERFORMANCE SERIES MOTORS

ABB Motors and Generators’ high dynamic performance series motors are induction mo-
tors in IEC frame sizes 100-250. The HDP motor design does not have a separate outer
frame with cooling ribs, only a stator core which has square shape on the outside. The
HDP series motors have an open design with two different degree of ingress protection
(IP), which are IP23 and IP54 according to IEC 60034-5 standard. The HDP series rotors
are squirrel cage rotors manufactured from die-cast aluminum or copper bars, depending
on the frame size and protection class. The HDP series motors are designed only for VSD
use and the motors are equipped with external cooling fan units. In the HDP series cooling
method is used forced convection based on IEC 60034-6. The IP54 version is equipped
with axial cooling fan motor and IP23 with radial cooling fan motor. Forced convection
transfers the heat out from the stator core, through the stator core ventilation ducts which
are presented in Figure 12. In the HDP series motors some forced convection air flows
also through the air gap between stator and rotor, but it has minimal cooling effects. The
outer surface of stator does not have any cooling ribs and heat transfer of the outer sur-
faces is minimal, based on natural convection and a very limited conduction from the

motor mounting surfaces.

Ventilation ducts

Winding slots |
\ B

Figure 12. Two-dimension drawing of HDP 250 stator with ventilation ducts and wind-
ing slots.
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In Figure 12, where a two-dimension drawing of HDP square stator sheet is presented can
be also noted the stator winding slots. When the stator electric steel sheets are stacked

together they structures the stator core.

In this thesis, a PMaSynRM prototype rotor is designed to match a 250 frame size HDP
stator with IP23 protection. The basic structure of IP23 protection class HDP series motor

is presented in Figure 13.

External cooling fan

Endshield, N-end
Bearing, N-end

Bearing, D-end Stator core

Endshield, D-end o< — j' - Terminal box

4
Air vent outlet cover

Figure 13. Drawing of IP23 protection class HDP series motor with external radial cool-
ing fan unit. Modified from (ABB 2015a: 59).

The IP23 protection class HDP series motor’s most common parts are stator frame which
is also the motor body and endshields in drive end (D-end) and in non-drive end (N-end)
of the frame. Rotor with shaft and bearings in both ends, terminal box, cooling fan unit
and air vent outlet cover as presented in Figure 13 are the most common parts. HDP series
motors manufactured by ABB Motors and Generators in Vaasa has small size and a light
weight compared to same output power level enclosed Process Performance induction

motors. A comparison of the two different induction motor types is presented in Table 2.
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Table 2. Comparing ABB’s High Dynamic Performance series and Process Perfor-
mance series motors when temperature rise class is F and output power
560 kW (ABB 2014c: 22; ABB 2015a: 50).

MB3EH 250E 4 MB3BP 355LKB 4

Figure

Product code 3GEH252754--DA 3GBP352820-+-G
IEC frame size 250 355

Power output (KW) 560 560

Weight (kg) 1423 2600

Inertia (kgm?) 4.12 10.6

Ingress protection (IPXX) I1P23 IP55

Voltage (V) 400 400

Temperature rise class F F

Motor type M3EH 250E 4 in the Table 2 describes a catalogue HDP series motor and the
motor type M3BP 355LKB 4 describes a conventional enclosed process performance mo-
tor. Both motors are induction motors with output power 560 kW. From Table 2 it can be
noted that the HDP series motor has extremely low weight compared to the enclosed
motor with same output level, which means that HDP series motor has a higher power
density. The low weight of HDP series motor results in also a low inertia. HDP series
motors are ideal for industry application where high output power and a low moment of
inertia is needed but where also the motor size or weight is a limiting factor. HDP series
motors are ideal to replace DC motors for example in plastic and rubber extruders, paper
printing machines and metal presses. They are also ideal for automotive test stands. (ABB
2015a: 5, 51; ABB 2014c: 22; Pyrhonen etc. 373-376, 534.)
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4 PROTOTYPE DESIGN OF PMASYNRM

Electric motors are used in countless applications and environments which set several
requirements in mechanical and electrical properties. Finding an optimal electric motor
for a specific application is not always easy or even possible at all, which leads on a
question if it is possible to design. Nowadays electric motor designers’ most important
everyday tool is a calculation software that can solve motors equivalent circuit from given
parameters. Motor designing can be also done in traditional way, manually, but it takes
much time, due to the change of varying impedance values and several iteration cycles
(Talvitie 2005: 13).

There are several methods to design electric motors of which one is to modify an existing
catalogue motor. The modification of catalogue motor can be focused in improvements
either on electrical, mechanical or on both properties. The electrical modification can be
for example a stator windings modification for a specific running speed or a complete
motor type change, which can be carried out with a different type of rotor (Kolehmainen
2012a: 2). When the modification or a new design is completely optimized and analysed
a prototype can be built to verify the motor’s real properties (Kolehmainen 2011: 27).

Manufacturing processes of prototype may need to have some compromises when com-
pared to a larger series of commercial motors. However, it is recommendable to design
the motor so that it is simple and low cost to manufacture also in large series. When
designing prototype, the used materials and manufacturing methods should be considered
from an environmental-friendly view. Life-cycle assessment based to ISO 14040 and ISO
14044 standards is one of the methods to investigate these questions and the eco-design
requirements set by European Union Directive 2009/125/EC, Commission Regulation
640/20009.
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4.1 Design method of PMaSynRM

In this thesis, a standard IEC 250 frame size HDP series motor’s electrical properties are
modified with a change of induction rotor to a PMaSynRM rotor. The aim is to design a
HDP 250 PMaSynRM to reach better electrical properties and thermal behaviour. A new
PMaSynRM rotor is designed but the HDP series stator is kept as standard. The
PMaSynRM prototype rotor design procedure is presented in Figure 14, which begins
from guess of starting parameters that bases on designer’s experience. Next step is to
optimize the motor by determining the rotor parameters. The success of optimization can
be inspected by analysing the simulation results with Finite Element Method (FEM). The
guessed starting parameters and rotor optimization parameters are refined if the goal has
not been reached. When the goal is reached based to the FEM analysis results, a prototype
rotor can be manufactured and tested to verify the results of FEM analysis (Khan 2012:
9, 19, 41; Kolehmainen 2011: 27, 28).

Guess
Output power, pole number,
machine type, size limits,

Rotor parameter specifica-
tion and FEM analysis

1
1
1
1
1
1
1
1
1
1
1
1
1
1
! Optimization
1
1
1
1
1
1
1
1
1
1
1
1

[ Prototype manufacturing ]

v

[ Verification and testing ]

Figure 14. Flow chart of prototype rotor designing.
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Guess

First the guess of basic parameters is done for output power, number of phases, number
of poles, rated torque, rated speed, stator inner diameter and total axial length as presented
in Figure 14 (Khan 2012: 9-13). The guessed initial parameter of HDP 250 PMaSynRM
used in this thesis are:

e Three phases and four poles

e Output power 600 KW

e Constant torque area 525-1050 rpm
e Constant power area 1050-3000 rpm
e Field weakening point 2400 rpm

e Maximum speed 3000 rpm

e Voltage 400 V

e Stator inner diameter 295.0 mm

e Total axial length 660 mm.

The mechanical dimensions of PMaSynRM rotor is kept the same as HDP series induc-
tion rotor, within the limits of stator inner dimension which allows changes of the air gap
length.

Optimization and Goals

The goals of PMaSynRM can be presented with single performance values for example
nominal current, power factor and efficiency. The single performance values are depend-
ent from each other, which leads on a situation that all the values cannot be the best at the
same time. To design an electric motor for a high overall performance, it is needed to
make compromises compared to a single performance value in optimization. Performance
values can be weighted for example based to the application, duty class type and supply
network limitations and requirements. When designing a motor for high overall perfor-
mance, a multiple criteria optimization is needed. Multiple criteria optimization generates

set of an equal solutions which are also called as Pareto optimal solutions. Typical for
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Pareto optimal solution is that one single performance value cannot be increased anymore

without decreasing the other performance values (Ryyppd 2005: 11-13).

The Pareto optimal front performance values used for HDP 250 PMaSynRM are:

e maximized output power (kW)

e maximized nominal efficiency (%)
e maximized nominal torque (Nm)

e maximized power factor

e minimized nominal current (A).

After the rotor’s electrical properties are optimized, the stator windings can be modified

depending on the motor running speed (Kolehmainen 2012a: 2).

4.2 Rotor parametrization of PMaSynRM

In this PMaSynRM prototype development project only the rotor is designed and opti-
mized. PMaSynRM rotor optimization bases on designing rotor magnetic properties to
create a compatible magnetic circuit with stator. The rotor core optimization includes
designing of rotor electric steel sheet, magnet placements and magnet material. The rotor
electric steel sheet optimization considers number of flux barriers, flux barrier geomet-
rical parameters, magnet slots, insulation ratio and flux barrier dimension along the d-
axis and g-axis (Khan 2012: 9-13; Hirveld 2013: 45-55). The rotor mechanical properties
are also optimized and analysed so that rotor is robust for determined running speeds
(Kolehmainen: 2011: 28).

Geometry and number of flux barriers

Number of flux barriers has effects on the flux distribution through in the rotor and on the
average torque production. Rotor flux distribution can be evened out by using multiple

number of flux barriers and average torque can be increased when the number of flux
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barriers are increased up to four or five. Greater number of flux barriers has not found
given increasing effect on average torque. Increasing number of flux barriers reduces
torque ripple, decreases harmonic losses and decreases demagnetisation risk (Khan 2011:
10-11; Luo, Zhao, Ji, Zheng, Zhang, Ling, Mao 2017: 1). The rotor geometry of this
PMaSynRM prototype is modified from an earlier designed rotor with a result of four
flux barriers per pole as presented in Appendix 2. The rotor sheets are chosen to be made
of Grade EN 10106 cold rolled non-oriented M350-50A electric steel. The thickness of
the electric steel is 0.50 mm and the relative permeability at 1.5 T is 1020. When design-
ing flux barriers, it should be taken under consideration what is the shapes and sizes of
PM materials available on markets because the PM material is assembled in the flux bar-

rier.
Permanent magnet material and placement

The permanent magnet material is chosen to be Sm>Co17 Vacomax 225HR which has
high demagnetization and heat tolerance up to 350 °Celsius. At 20 °C temperature the
magnet material remanence By is 1.1 T and the coercivity Hc is 820 kA/m. The tempera-
ture coefficient of remanence a is -0.030 %/°C (VAC 2014: 18-19). Temperature rise in
permanent magnets is factor for the demagnetization. The temperature rise in PMs can be
estimated with the assumption of dependency between remanence B and induced open

circuit voltage Uqc, which is linear. The temperature rise in PMs can be estimated as

B. ..
ATPM = &(UG _Uoc,ZO"C)’ (10)

aU ¢ 200c

where B, 20 °c is remanence and Uqc 20 °c induced open circuit voltage at 20 °C temperature
(Hirveld 2013: 43-44). The demagnetization curve of Vacomax 225HR is presented in
Figure 10.

The magnets placements can be designed with lots of different ways as presented in Fig-

ure 15 where magnets are on the d-axis (a), on both axes (b), only on g-axis (c) and (d)
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Figure 15. Different permanent magnet material placement types in 4-pole rotor sheets

where magnets are on the d-axis (a), on both axes (b), only on the g-axis (c)
and (d). Modified from (Liu, Kim, Oh, Lee, Go 2017: 2).

The two-dimension drawing of rotor in Figure 16 presents one quarter of the designed
PMaSynRM’s four-pole rotor, where the magnet placements coloured with yellow can be

seen.

o

A

Figure 16. Magnet placement of the designed PMaSynRM prototype rotor.

The magnet placements are designed on both flux barriers axes-directions and some of
the flux barriers is left empty as can be seen from Figure 16. The empty flux barriers can

be exploited in future, if one wants to study a rotor with higher volume of magnets.
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Mechanical stresses

The rotors mechanical properties are analyzed with Comsol Multiphysics® at 3600 rpm
and results are presented in Figure 17. The maximum von Mises stresses are 200 MPa

which allows for maximum rotating speed of 3660 rpm.

Figure 17. Maximum mechanical stresses simulated with Comsol Multiphysics®

The HDP 250 PMaSynRM prototype design specifications are:

e Rotor outer diameter 292.6 mm

e Total axial length 660.0 mm

e Airgap length 1.2 mm

e Four flux barriers per pole

e Permanent magnet material Sm2Co17

e Permanent magnet material length 60.0 mm, width 19.4 mm and depth 9.0 mm

e Totally 528 pcs of magnets inside the rotor.

The length of Sm2Co17 magnet is 60.0 mm and the total length of rotor core is 660.0 mm.
In the magnet slots of rotor core, number of 11 magnets can be assembled in a row to
meet the full length of magnet slot. From each pole of the rotor is used 12 magnet slots
for magnet assembly as presented in Figure 16. As the rotor is designed with four poles
and from each pole is used 12 magnet slots and in each magnet slot is assembled 11

magnets, the total number of assembled magnets is 4-12-11 which totals 528 pieces.
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5 SIMULATION RESULTS USING ADEPT FCSMEK

In this chapter the Adept FCSmek simulation results of PMaSynRM are presented. The
motor is designed for VSD use and the simulations are performed for a wide constant
power speed range. The motor operating points are solved with the calculation method to
find the motor voltage with the lowest current. Reason that the motor is designed accord-
ing to voltage with lowest current is because the converter sizing depends on the current
and power factor. It is also stated that the optimal voltage with the lowest current nearly
achieves the highest efficiency (Hirveld 2013: 31, 57).

The PMaSynRM motor is first simulated with Adept FCSmek time harmonic solver in
DOL use with sinusoidal line voltage. The time harmonic solver has a short calculation
time but the results have some shortcomings for example in iron losses (Talvitie 2005:
53). The voltage for lowest current is solved for output levels 150-600 kW with line
frequency at 17.5-100 Hz which is 525-3000 rpm. When voltage with the lowest current
is found, the FCSmek time stepping calculation is done for more accurate results. The
time stepping method takes a long calculation time because of many iteration cycles but
it is able to model iron losses, which depend on the harmonics and non-sinusoidal mag-
netic flux (Talvitie 2005: 41). As the prototype of PMaSynRM is designed for VSD use,

the time stepping calculations are also done with line voltage setting: Simple 2-level DTC.

PMaSynRM rotor and IM aluminium squirrel cage rotor are modelled and compared in
the same HDP 250 stator design. Although the designed PMaSynRM can be used only
with converter, the calculations are done with DTC and DOL for more comprehensive
comparison to the induction rotor. The aluminium squirrel cage induction rotor has been
designed and tested before this PMaSynRM prototype project, so the calculation results
of IM are done by exploiting the measurement results. IM is calculated with 500 kW and
with 575 kW which is the highest output power that could be tested because of high tem-

perature rise.

PMaSynRM and IM calculations are done with 60 Hz line frequency. PMaSynRM simu-
lation is done with 500 kW output for equal comparison for the IM and with 600 kW
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output regarding to the designing goal of output power. Friction losses in both motors are
decided to be 0.285 kW when using 60 Hz line frequency. Adept FCSmek FEM simula-
tion results are presented in Table 3 where Umgt is the motor supply voltages fundamental

waveform only.

Table 3. Adept FCSmek simulated FEM results of 3-phase and 4-pole PMaSynRM
and induction motor in DOL and DTC use at 60 Hz line frequency which
corresponds to running speed 1800 rpm.

Type and Pout T Umot Pcus Pres Pcur Prer Ploss

connection  (kw) (Nm) TPy HAY 00wy W) (kW) (kW)
POIYIRM 500 2653 9776 437 7868 086 494 499 - 125 1148
PRAYNRM 600 3183 9773 456 9203 085 676 544 - 144 1392
PYOSNRM 500 2653 9737 440 7996 084 514 582 - 246 1370
PYOSIRM 600 3183 9737 461 9353 084 704 633 - 278 1642

IM DOL 500 2653 96.60 400 8471 0.88 5.8 4.34 6.45 096 17.62

IM DOL 575 3183 96.35 400 9641 089 721 4.59 8.64 1.07 2180

IMDTC 500 2653 96.06 402 8258 091 579 4.86 8.11 1.44  20.48

IMDTC 575 3183 9587 403 9417 092 7.38 5.20 1046 153 24.86

From Table 3 simulation results we can see that PMaSynRM does not produce any rotor
Joule losses, which can be seen as a result of PMaSynRM’s lower total losses and higher
efficiency when compared to IM with same output power. From Table 3 can be also noted
that in PMaSynRM and IM, the DTC use increases loss production and decreases effi-
ciency when compared to DOL use.
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5.1 Current and power factor of PMaSynRM and IM

Converter sizing depends on current and power factor. Current is also a limiting factor
when sizing the power cables. Figure 18 presents the simulated current and power factor
of PMaSynRM and IM in DOL and DTC use at 500 kW output level with 60Hz supply
frequency.
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Figure 18. Current and power factor of PMaSynRM and IM with DOL and DTC use at
500 kW output with 60 Hz supply frequency.

From the simulation results of current and power can be noted that PMaSynRM has lower
current but also a lower power factor than IM. In PMaSynRM the current increases and
the power factor decreases in DTC use as in IM the current decreases and power factor
increase in DTC use. The PMaSynRM simulation results are in the line with expectations
but the IM simulation results behave differently.

5.2 Losses and efficiency of PMaSynRM and IM

PMaSynRM s simulated with 500 kW and 600 kW output levels and IM is simulated
with 500 kW and 575 kW output levels. Simulated losses with Adept FCSmek in DOL



sinusoidal supply is presented in Figure 19 where total losses are divided to partial losses.
Mechanical losses at 60 Hz, which corresponds to speed 1800 rpm, are 0.285 kW in all

cases.
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Figure 19. Calculated PMaSynRM and IM partial losses at different output power with
60 Hz sinusoidal DOL supply.

From Figure 19 it can be seen that stator Joule losses are a bit higher in IM when com-
paring to same output level of PMaSynRM. Instead in PMaSynRM the stator iron losses
and rotor iron losses are a bit higher than in IM. Rotor Joule losses are the major losses
in IM which increases the total losses of IM while PMaSynRM does not have any rotor
Joule losses. With 500 kW output power the IM total losses are 53.5 % higher than the
PMaSynRM total losses. IM at 500 kW output level has higher total losses even when
compared to PMaSynRM at 600 kW output level.

Figure 20 presents the difference in loss production when the sinusoidal DOL supply is
changed to DTC supply.



42

3.50
3'00 -
2'50 -
';‘ M Rotor iron losses
= 2.00
o Rotor Joule losses
o 1.82
2 1.50 1.66 B Stator iron losses
)
B Stator Joule losses
1.00
B Mechanical losses
500 kW 600 kW 500 kW 575 kW
PMaSynRM IM

Figure 20. Increase in PMaSynRM and IM partial losses with 60 Hz DTC supply com-
pared to DOL supply with 60 Hz shown in Figure 19.

From Figure 20 it can be seen that excluding mechanical losses all the PMaSynRM and
IM partial losses at all output power levels increase with DTC supply compared to sinus-
oidal DOL supply. PMaSynRM rotor iron losses with DTC supply increases 96.7 % at
500 kW output power level and 92.6 % at 600 kW output power level when compared to
the DOL supply. IM rotor iron losses with DTC supply increases 49.2 % at 500 kW output
power level and 42.8 % at 575 kW output power level when compared to DOL supply.
DTC supply has also strong effect on the rotor Joule losses in IM, which increases
25.8 % at 500 kW output power level and 21.0 % at 575 kW output power level when
compared to DOL supply. In DTC use the rotor and stator iron losses increase more in
PMaSynRM than in IM when comparing to the same output power level of 500 kW. The
stator Joule losses increase is minimal in both motor types with DTC use.

The sum of partial losses is directly proportional to the efficiency of electric motor as it
is presented in Equations 6, 7 and 8. Figure 21 presents the simulated efficiencies of
PMaSynRM and induction motor with sinusoidal DOL and DTC at 60 Hz supply fre-
quency.
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Figure 21. PMaSynRM and IM efficiencies calculated with Adept FCSmek in two dif-
ferent output levels with 60 Hz supply frequency in DOL and DTC use.

From Figure 21 it can be clearly noted that DTC use affects lower motor efficiency in
both motor types and at all output power levels compared to DOL use, because VSD use
increase losses. PMaSynRM efficiency at 500 kW output power in DTC use decrease
0.39 percentage points and at 600 kW output power 0.36 percentage points compared to
DOL use. IM efficiency at 500 kW output power in DTC use decrease 0.54 percentage
points and at 575 kW output power 0.48 percentage points compared to DOL use. It can
be also noted that PMaSynRM has an overall higher efficiency in all output power levels
than IM. Higher efficiency of PMaSynRM is mostly affected from the lack of rotor Joule

losses as can be seen from Table 3.

Efficiency of PMaSynRM in DOL and DTC use stays more balanced with the function
of output power than the efficiency of IM. The PMaSynRM efficiency in DOL use with
500 kW output power is 97.76 % and at 600 kW output power 97.73 %, which means that
the efficiency decreases only 0.03 percentage points for 100 kW output power rise.
PMaSynRM efficiency in DTC use at 500 kW and 600 kW output power stays on the

same level which is 97.37 %.
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The IM efficiency in DOL and DTC use decrease effectively with the function of output
power as the IM efficiency in DOL use at 500 kW is 96.60 % and at 575 kW it is
96.35 %, which means 0.25 percentage points decrease for 75 KW output power rise. In
DTC use the IM efficiency is at 500 kW output power 96.06 % and at 575 kW output
power it is 95.87 %, which means 0.19 percentage points decrease for 75 kW output

power rise.
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6 MANUFACTURING PROSESS OF PMASYNRM PROTOTYPE

Prototype building has an important role because it shows the real performance and char-
acteristic of the designed product. Prototype testing also acts as a measuring instrument
for the designing methods and FEM simulation programs when the measured values is
compared to the calculated values. Prototype manufacturing process, methods and mate-
rials high quality is needed to give a great importance, so that the manufactured product

accords what has been designed.

As also in earlier chapters it was mentioned that in this thesis a standard HDP series cat-
alogue motor is modified to a PMaSynRM, with the method where only a new rotor is
designed. In this chapter, the PMaSynRM rotor is first manufactured based to the de-
signed specifications, after which the motor is assembled. This chapter bases mostly on a
practical view of manufacturing a prototype of PMaSynRM. The aim of this chapter is to
introduce prototype manufacturing process and methods, and to bring up the questions

that was faced during the manufacturing process.

The PMaSynRM rotor consist from several different components which are for example
rotor shaft, rotor electric steel sheets, permanent magnet material, endplates, rotor cooling
wings, stud bolts, hexagon nuts, washers and two component epoxy glue. Rotor manu-
facturing includes that some of the components is needed to be manufactured and some
of them are standard components which can be find from a hardware store. When all the
components are ready, the rotor can be assembled. When the rotor is assembled and bal-
anced the rotor can be assembled inside the stator which needs some special tools because

of the rotor magnetic forces.

The PMaSynRM prototype manufacturing process can be divided in several parts which
are presented in Figure 22 which consist first from rotor sheet manufacturing and rotor
endplates and cooling wings manufacturing. PMaSynRM manufacturing also needs some
special assembly tools which are explained below. The assembly process can be divided
in rotor sheet stacking, shaft assembly to rotor core and permanent magnet assembly.

Finally the rotor is balanced and assembled to the motor.
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[ Rotor sheet manufacturing ]

v

[ Rotor endplates, stud bolts and cooling wings manufacturing ]

[ Finding or manufacturing suitable assembly tools ]

[ Rotor sheet stacking ]

v

Shaft assembly to rotor core

v

Permanent magnet assembly ]

A

[ Rotor balancing ]

[ PMaSynRM assembly ]

Figure 22. PMaSynRM prototype rotor manufacturing procedure.

6.1 Rotor electric steel sheet and rotor endplates manufacturing

Rotor electric steel sheet manufacturing bases on the designed structure which has
reached the goal after analytical and FEM designing cycles. Rotor electric steel sheets, as
well as stator electric steel sheets, have two ways to be manufactured to the desired shape.
One method is mechanical punching and another is laser-cutting. Alternative manufac-
turing methods have effects on the steel sheets electrical, magnetic, mechanical and ther-
mal behavior. Mechanical punching is a conventional way to process the electric steel
sheets especially when produced in larger series. Laser cutting is used especially when
manufacturing smaller series of electric steel sheets, for example in prototype building.
Laser cutting has been claimed to increase iron losses and to reduce magnetic properties
of the material. Laser cutting may also leave some burrs on the slot edges depending on
the cutting techniques (Bali & Muetze 2014: 1443; Moghaddam 2011: 212).
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In this PMaSynRM development project the rotor electric steel sheet material is M350-
50A non-oriented laminated electric steel. The manufacturing method is chosen to be
laser cutting because there is no suitable punching tool available and it is not reasonable
to manufacture a new punching tool only for the prototype. To ensure sufficient quality
for the rotor electric steel sheets, a random check was made by picking up rotor sheets
randomly from a pile of ready rotor sheets to find out the slot edges smoothness. If there
is left some burrs or thresholds, there may be later a problem in the magnets assembly
because the magnets may be stuck against the burrs. Also, the rotor core may become
asymmetric if the steels sheets have different thickness due the burrs. Figure 23 presents
one of the laser-cut rotor electric steel sheets.

Figure 23. PMaSynRM prototype rotor’s electric steel sheet manufactured by laser cut-
ting.

Rotor endplates are designed to hold up the pressed rotor core with stud bolts. Endplates
equalizes the pressure of the stud bolts evenly to the whole rotor sheet area. They also
enable of fixing cooling wings and balancing screws. The endplates are manufactured
from austenitic stainless steel material, to prevent flux leakage, because it has low per-
meability as is presented in Appendix 3. The stainless-steel endplates are manufactured

with laser cutting and the threads are machined. The quality of endplates is inspected by
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checking all the machined threads and openings to avoid any problems in later steps of

assembly. Figure 24 presents the back endplate with attached stud bolts.

Figure 24. Stud bolts fixed in the rotor back endplate’s threads.

6.2 Rotor core assembly

Rotor core consist from a numerous electric steel sheets stacked together. In this prototype
building project, the electric steel sheets are stacked together between the rotor endplates
and fixed with stud bolts made of stainless steel. The first step in rotor core assembly is
to fix the threaded stud bolts tightly to the back endplate threads as is presented in
Figure 24. Next the endplate with tightened stud bolts is set to the assembly stand which
has a bit smaller diameter assembly post than the diameter of the shaft. The rotor electric
steel sheets are stacked in piles through the assembly post and stud bolts as is shown in

Figure 25.
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Figure 25. Rotor electric steel sheets are stacked in piles through the assembly post and
stud bolts.

When stacking the rotor sheets, it should be checked that no slices is left inside the slots
so that every laser cut slot is open. After it is checked that all the rotor sheets are good
enough, the sheets can be stacked in piles. The piles are stacked so that every other pile
of rotor steel sheets is turned in 90 degrees from each other’s based on the steel sheets
rolling direction. The Reason that the piles are stacked in 90-degree turns is aiming to
manufacture a magnetically asymmetrical rotor (Shin, Kim, Lee, Lim, Wiedenbrug 2015:
2896).

The rotor electric steel sheet rolling direction can be manually checked from the direction

of steel sheet lamination stripes as presented with double-ended arrow in Figure 26.
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Figure 26. Laminated surface of rotor electric steel sheet where the lamination stripes
presents the steel sheet rolling direction.

Rotor sheets are piled as many as rotor core meets the designed length. The length is
measured from the compacted rotor core. The rotor front endplate on the top of the rotor
core is needed to avoid any rotor sheet damages when pressing the core as is presented in

Figure 27.

Figure 27. Stacked rotor core with rotor front endplate after pressing.
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When the pre-determined rotor length is reached the endplate will be fixed tightly to the
core with stud bolts and hexagonal nuts. There is a need to use correct tightening torque
when tightening the endplate with hexagonal nuts to avoid damaging the stud bolts
threads. Tightening torques for metric fasteners bases on ISO 898 standard which defines

the torque related to the material strength class and material size.

6.3 Shaft assembly in to the rotor core

In this prototype building project, the shaft diameter of rotor sheets are designed to be a
bit smaller than the shaft which affects that the shaft is needed to be installed by pressing
or by using heat expansion. In this prototype project it was decided to use heat expansion
method by heating the rotor core in oven, after which the shaft is installed. When the rotor
core has reached the desired temperature it is taken out from the oven and the shaft is let
down through the rotor core with its own weight. The shaft needs to be marked in the
correct position in relation to the rotor core. When the shaft is set on its correct position
it is needed to be waited that the rotor core cools down and the shaft heats up, so the
clearance between two components decreases and stick together making a tight connec-
tion. Figure 28 presents the rotor core with shaft after the shaft assembly, where can be

also noted that the rotor core has changed colour because of high temperature.

Figure 28. Rotor core with installed shaft.
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Straightness of rotor shaft and rotor core is important to verify because rotor is needed to
be in a center position in relation to the stator. The shaft and rotor core straightness can

be checked when the rotor is cooled down to the ambient temperature.

One method in rotor designing and manufacturing is to design the rotor sheets diameter
to oversize, so that rotor core straightness can be ensured by machining the outer surface
which also smoothens the outer surface. In this prototype manufacturing project, the rotor
sheets are designed and laser cut to the determined size, which affects that the outer sur-
faces cannot be machined. However, the straightness measurements of this prototype’s

shaft and core proves to be inside the manufacturing tolerances (ABB 2012).

6.4 Rotor magnet assembly

There are two different options in the magnets assembly process where one is to assemble
the magnets first inside the rotor which after the rotor is balanced, before installing rotor
in to the stator. Advantages of installing magnets first is that the rotor can be balanced
with magnets. The disadvantages are that rotor installation inside the stator is challenging
because of rotor’s magnetic forces. Another way to assemble the magnets is that the rotor
is first balanced without magnets, which after the rotor is installed inside the stator and at
last the magnets are assembled inside the rotor. Advantages of installing magnets last is
that the rotor is easy to install in to the stator, but the disadvantage is that there is a risk

of rotor unbalance.

In this prototype building project it was decided to assemble the magnets first. Due to
magnetic forces the rotor needs to be installed inside the stator using special tools to avoid
the rotor hitting or jamming on the stator. Before assembling the magnets inside the rotor,
it is necessary to check the position of magnet poles. The polarity of magnets can be

marked on to the rotor endplate as in Figure 29.
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Figure 29.  Rotor front endplate prepared with markings to show the magnets places
and the magnets polarity in relation to the magnet slots.

From Figure 29 can be seen that every magnet slot does not have a marking which means

that these slots are left empty without magnets.

Before beginning in the magnet assembly, it is important to wear on the personal safety
equipment as specially eye protectors and protective gloves. The magnets have a porous
structure and if a magnet brakes it will crack in to a several small pieces which have high
risk to fly all over. In Figure 30 is an example of two broken magnets which were hit to

each other as a result of magnetic pull.

Figure 30.  Two damaged magnets which was hit to each other.
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Magnet polarity check is needed to be done before magnets are assembled inside the rotor.
In this prototype building it was noted that the magnet manufacturer had made a marking

with a black pen one side of the magnets, as can be seen in Figure 31.

Figure 31.  Magnet with a polarity marking on one side of it.

Even though the magnets had markings, the magnet polarity for each different packing
was tested against a test magnet to ensure that all magnets polarities markings correspond

to each other.

Tools that are needed in the magnet assembly are pliers which have a good grip on the
magnet and a pushing tool to get the magnets inside to the rotor. The assembly tools
should be manufactured from stainless steel to avoid the magnets sticking on the tools.
To ensure a robust design of rotor, the magnets are bonded firmly into the magnet slots

with a suitable heat resistant glue.

The magnet assembly begins by pressing glue inside the rotor slot as presented in Figure

32a and inserting the magnet into the magnet slot with pliers as presented in Figure 32b.
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Figure 32.  Magnet assembly where glue is pressed in to the magnet slot (a) and mag-
net is inserted in to the magnet slot (b).

After glue and the magnet are inserted into the slot the magnet is pushed against to the
rotor back endplate with magnet pushing rod as in Figure 33a. The assembled magnets
can be inspected from the rotor back endplate’s holes to ensure that the magnets are per-

fectly at the end of the slot, as presented in Figure 33b.

Magnets

Figure 33 Magnets assembly procedure where magnets are pushed to the bottom of
the magnet slot (a) and magnets are inspected from the back endplate to
be in the bottom of the slot (b).

When number of magnets increases in the rotor it needs to be noted that the magnetic

forces of the rotor increases. The magnetic forces affect that soft magnetic materials for
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example tools made of black steel is in attraction to the rotor. There is also a potential

risk to work near the magnetic rotor if person has a pacemaker (Haapala 2011: 26).

When all the magnets are assembled inside the rotor as presented in Figure 34a the rotor
front endplate can be sealed with the magnet assembly glue as presented in Figure 34b to
give a more robust design and to protect the magnets.

Figure 34.  Rotor front end when all the magnets are assembled in to the rotor (a) and
sealed with two component epoxy (b).

When the magnet assembly glue is dry enough based to the material’s technical instruc-
tion, the rotor can be balanced. Before balancing the rotor, cooling wings which are man-
ufactured from stainless steel are fixed to the stud bolts in rotor endplates, as presented in
Figure 35.
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Figure 35.  Rotor in a balancing bench where can be seen the rotor cooling wings and
the one balancing weight.

When the rotor is moved to the balancing bench, careful handling of the rotor is needed
because of the magnetic forces. Rotor balancing is done to reduce vibrations that could
affect for example a bearing damage when the motor is running. 1ISO 21940-12:2016
standard defines the different rotor balancing grades for electric motors which eases the
prototype building by just following the standard. In this prototype development process,
we selected balancing precision grade G 2.5. The rotor is balanced in a balancing bench

by adding weight bolts to the rotor endplate as can be seen in Figure 35.

6.5 Rotor magnetic forces effect on assembly process

Permanent magnet rotor assembly inside the stator may cause safety issues or material
damages because of the rotor magnetic forces. For safe working and avoiding any mate-
rial damages it is recommendable to use special rotor assembly tools to control the rotor
movements. In rotor assembly process in to the stator, there affects two different kind of
magnetic forces of which one is in axial direction and another in the radial direction, as
presented in Figure 36.
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Figure 36. Magnetic forces in the rotor assembly procedure in to the stator.

The axial direction force is also called as magnetic assembly force (MAF) which tries to
pull the rotor inside the stator in axial direction and is vanished when the rotor and stator
are axially aligned. The radial direction force is called as unbalanced magnetic pull
(UMP) and it tries to pull the rotor against to the stator core in the radial direction. (Lee,
Hong, Woo, Park, Choi, Nam 2012: 1).

This thesis also examines if it is possible to reduce the rotor magnetic forces in the as-
sembly process by short circuiting the rotor fluxes. To inspect if the rotor magnetic forces
is possible to reduce, the rotor is modeled without and with iron rods inside the empty
magnet slots by two-dimension FEM modeling, to calculate open circuit voltage and air
gap flux density. The two-dimension FEM is modeled on the rotor radial direction which
gives the results for UMP. In the rotor assembly process the rotor in actual fact does not
have any radial direction velocity, but to calculate the rotor’s produced open circuit volt-
age and air gap flux density in two different cases, FEM modeling is done by using
1800 rpm rotor running speed inside the stator. The first model in Figure 37 is rotor with

empty magnet slots at speed of 1800 rpm.
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Figure 37. Modelled fluxes with speed of 1800 rpm when rotor has empty magnet slots.

In Figure 37 the empty magnet slots do not have flux lines and the flux density

B = ﬂrMOH ’ (ll)

is about zero when i is the relative permeability of magnetic material which is air, o is
the permeability of free space and H is the strength of magnet field. Relative permeability
of air is 1.00 and permeability of free space is 4n-10" H/m. The magnetic field is pro-

duced by the permanent magnets inside the rotor.

Figure 38 presents the model where empty magnet slots are filled with iron rods which
creates magnetic paths. Magnetic paths are created because of high relative permeability
of iron material as can be seen from Appendix 3. From Figure 38 it can be noted that the
flux lines pass through the iron filled slots and this area has increased flux density when
compared to the model in Figure 37. The increased flux density in the iron filled slots
area has decreased the flux density in the air gap between rotor and stator core and in the

stator core teeth.



Figure 38.
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Modelled fluxes with speed of 1800 rpm when the empty magnet slots are
filled with iron rods.

The two-dimension FEM simulations results of rotor with empty slots and iron filled slots

at running speed of 1800 rpm is presented in Table 4.

Table 4.

Simulated open circuit voltage Uoc and flux density in the air gap B with
empty magnet slots and iron filled magnet slots at speed of 1800 rpm.

Model Uoc (V) B (T)
Empty slots 169.3 0.422
Iron filled slots 139.4 0.350

From Table 4 it can be noted that the simulation model where slots are filled with iron

have decreased open circuit voltage and air gap flux density, if compared to the model

with empty slots. As the motor open circuit voltage depends on the external magnetic

field of the rotor (Pyrhénen etc. 2014: 45-46), it means that the empty slots filling with

iron rods decrease the external magnetic field.
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The effect of using iron rods inside the rotor core for decreasing the rotor magnetic forces
in the assembly process, can be also inspected with the flux densities presented in Table

4 by applying the Maxwell’s stress tensors magnetic part

2
1 A 1 (B
s ==Ho\Hy )= 2o — |, 12
o Ho( ) ZHO[MOJ (12)

where Lo is permeability of vacuum and Bh is the normal direction magnetic flux density

in air gap as presented in Figure 39.

Stator core

Rotor core
7

Figure 39. Air gap flux density in normal direction Bn, normal direction force Fn and
flux lines.

The air gap flux density has a tangential and a normal direction component but for sim-
plicity the tangential component is assumed to be zero. The mutual normal direction force
Fn in the air gap between rotor and stator core in Figure 39 can be solved as

F, = Sa{l—#], (13)

Hi m3s5050A

where S is the air gap area between rotor and stator surfaces and s, msso-s0a is the relative

permeability of rotor and stator core material (Pyrhdnen 2014: 32-35). Rotor and stator
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core are manufactured from M350-50A electric steel which has relative permeability of
1020 at 1.5 T (Cogent Power 2002: 6). The mutual normal direction forces between mag-
netic rotor and the stator are calculated by assuming a situation where 25 % of the rotor’s
full length is assembled inside the stator. The calculated normal direction force Fn be-

tween rotor and stator core are:

e With empty slots 10.7 kN
e With iron filled slots 7.4 kN.

When inspecting the calculated normal direction forces, defined also as UMP, it needs to
remember that flux densities used in the calculations are modelled with rotating magnetic
field, which results that the calculated forces are not authentic in the assembly procedure.
The calculated forces indicate that filling the empty magnet slots with iron are due to

31 % decreased radial direction force between rotor and stator.

Based to the FEM analysis results of decreasing rotor magnetic forces, it is decided to
examine in practice if the rotor assembly forces are decreasing by filling the empty slots

with iron rods as presented in Figure 40.

Figure 40. Iron rods assembled inside to some of the empty magnet slots.
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6.6 Magnetic rotor assembly inside the stator with special assembly tools

Rotor that has magnetic forces may require special assembly tools to control the rotor
movements in assembly process. The assembly tools are generally called as jigs and the
purpose is to move controlled the rotor in axial and radial direction. In this prototype
development project, we used one of the ABB Motors and Generators in VVaasa permanent
magnet rotor assembly jig. The assembly jig consists of a rotor height adjustment tool
which controls the radial direction magnetic pull force. The rotor height adjustment jig is

presented in Figure 41 when the rotor is being set down on it.

Figure 41. Rotor height adjustment jig with nylon rollers when PMaSynRM prototype
rotor is set on it.

The rotor height adjustment jig has bearing mounted nylon rollers to protect the rotor core
surface in the mounting procedure and to enable rotor smooth control on the axial direc-
tion. The height adjustment jig has adjustable feet to set the rotor vertically to correct

level in relation to the stator.

Axial direction magnetic forces are controlled with axial adjustment jig. The axial adjust-
ment jig consists of a body, which is fixed to the stator body and of a long adjustment
threaded rod which travels, through the center of the jig body, as presented in Figure 42.
The end of the long adjustment threaded rod is fixed in to the rotor shaft threads. The

threaded rod’s job is to pull the rotor controlled in to the stator.
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Figure 42. Assembly jig with a threaded rod pull instrument assembled to the rotor shaft
through the stator.

The magnetic rotor is pulled inside the stator in the blue straight arrows direction shown

in Figure 42, when rotating the threaded rod in the blue curved arrow direction.

After the rotor is installed inside the stator as in Figure 43, the next step is to check if

some sensors, for example temperature sensors are needed to be installed to the winding.

Figure 43. PMaSynRM prototype rotor assembled inside the HDP series 250 frame size
stator.
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At last the bearings, endshields, terminal box and the external cooling fan motor are as-
sembled. In this PMaSynRM prototype we used standard bearings because the test run
time is only some hours. Normally, with motor in VSD use insulated bearing at N-end
should be used, because of bearing currents from converters harmonics (Hyvonen 2016:
16).
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7 METHODS AND RESULTS USED IN PROTOTYPE MEASURE-
MENT

Measurements for the HDP 250 PMaSynRM prototype are done at ABB Motors and Gen-
erators, Vaasa test area. The PMaSynRM prototype tests are done using ABB’s manufac-
tured direct torque control frequency converter ACS880-17-1950A-7, frame
3xD8T+4xR8i with nominal voltage 525-690 V and nominal current 1950 A.
PMaSynRM measurement results are compared to the HDP 250 induction motor with
aluminum squirrel cage. The induction motor has also been tested at ABB Motors and
Generators in Vaasa. The induction motor is tested in DOL at 500 kW and 575 kW. The
PMaSynRM prototype is designed for constant torque and constant power use. At low
running speed range, the motor is driven with constant torque and at the high running
speed range with constant power. Figure 44 shows the PMaSynRM assembled in the test

bench.

g

———
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Figure 44. HDP 250 PMaSynRM fixed to the test bench, D-end shaft fixed to the load
machine and N-end shaft is protected with a cover.
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7.1 Measurement methods and results of PMaSynRM and IM

The measurements begin from fixing the motor on to the test bench and fixed to the load
motor which acts as a generator. Load motor used in the measurements is ABB’s manu-
factured AMI 560M4P BSFTXYH squirrel cage motor which generates the electrical en-
ergy back to the network. Temperature sensors are attached to the measurement surfaces
of PMaSynRM. ACS880 converter power cables are connected to the motor terminal box

in delta connection.

PMaSynRM N-end shaft is protected with a cover which was presented in Figure 44 as
the yellow coloured cover. In the measurements it needs to be noted that even when the
PMaSynRM is not powered but it is still running, it generates voltage on to the connection

terminals because of the magnets in rotor.

In the beginning of the prototype test, PMaSynRM induced open circuit voltage is meas-
ured at ambient temperature by rotating the PMaSynRM with load motor. The results of
PMaSynRM measured and simulated open circuit voltages are presented in Section 8.1.

The measured test results for PMaSynRM fed with ACS880 and IM in DOL use are pre-
sented in Table 5 in the form of load type as constant torque and constant power. In the
Table 5 Uacs is the sinusoidal supply voltage for FC and Umet is the first harmonic of
motor supply voltage. In Table 5 nmotis motor efficiency, #7acs is FC efficiency and #iot is
the total efficiency of motor and FC. The last four columns in Table 5 are temperature
rises in Kelvins where fcumax represents stator end winding, 6x motor frame, 6an D-end
bearing and 6 rotor surface. Temperature rises are measured only for some operating
points because each temperature rise test takes time for several hours. Temperature rise
tests are done based to the IEC 60034-1 standard, for specified output power levels and
running speeds. In the temperature rise test the motor is running as long as the measured

temperature have stabilized, which means that the temperature rise is less than 2 °C/h.
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Table 5. Measurement results of PMaSynRM with ACS880 and IM in DOL use.
Pout n T Uss  Umot | ay g, Mmoo MO i:x“ Or O O
kW) (rom)  (Nm) (V) (V) ) ) (%) Kk ® W (K
PMaSynRM fed with ACS880
1507 525 2730 531 124 80 090 932 889 828 52 37 18 68
3010 1050 2730 526 250 824 087 949 938 890 73 57 30 131
3023 1800 1593 527 382 521 090 960 950 912 55 50 22 105
3013 2400 1194 - 472 413 092 9.1 956 919 - - . .
3023 3000 956 528 540 353 096 951 963 916 - - - -
250.5 525 4548 528 138 1315 085 918 909 834 - - - -
5012 1050 4548 527 276 1318 0.83 945 945 893 - - - -
501.7 1800 2653 524 429 807  0.86 963 964 928 87 76 31 130
501.3 2400 1990 - 534 627 089 972 971 944 - - - -
5026 3000 1593 - 531 575 092 964 971 936 - - - -
200.6 525 3638 528 132 1062 0.87 927 904 838 - - - -
4008 1050 3638 528 266 1068 0.84 949 944 896 - - - -
4026 1800 2122 524 409 664 088 964 958 924 - - - -
4004 2400 1592 - 507 520 090 969 965 935 - - - -
4030 3000 1273 528 534 462 098 960 969 930 - - - -
3006 525 5460 525 140 1599  0.84 90.1 908 818 - - - -
6017 1050 5460 524 286 1593 - 932 944 880 - - - -
598.9 1800 3185 523 444 950  0.84 960 965 926 113 96 367 158
601.8 2400 2388 525 530 740 091 974 971 946 80 73 23 100
601.2 3000 1910 527 524 696 098 966 972 966 95 94 29 144
Induction motor in DOL use
501.1 1781 2687 - 401 873 087 951 - - 93 92 42 179
5730 1773 3066 - 400 991 089 942 - - 140 126 42 239
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7.2 PMaSynRM voltage, current and torque

Figure 45 shows the relationship of measured voltage, torque production and current as a
function of running speed. The measured results are presented in a load type form as
constant torque and constant power. Constant torque is used at 525-1050 rpm and con-
stant power at 1050-3000 rpm. The relationship of output power, torque and running
speed in constant torque and constant power presentation can be explained with Equa-

tion 1.
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Figure 45. PMaSynRM torque, current and voltage presented in the form of constant
torque and constant power with the function of running speed.

At field weakening area from 2400 rpm to 3000 rpm the voltage stabilizes because the
limitation of supply voltage. Also, the current stabilizes related to voltage because power

is constant and voltage and current has relationship to power as
P=\/_3UIcosg0, (14)

where U is voltage and | is motor current.
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From Figure 45 it can be seen that with high values of output power for example at
600 kW the voltage increases linearly with running speed up to 2400 rpm which is the
field weakening point. It can be also noted that with low output power for example at
300 kW the voltage increases linearly with running speed up to 3000 rpm. It means that
with 300 kW output power the field weakening point is at higher running speed than
2400 rpm as it is with 600 KW.

7.3 Efficiencies and temperature rises of PMaSynRM and IM

The measured total efficiency of PMaSynRM & ACS880 and the partial efficiencies of
PMaSynRM and ACS880 are presented at 60 Hz frequency in Figure 46. The
PMaSynRM efficiencies are also compared to the earlier measured results of IM efficien-

cies at 60 Hz sinusoidal frequency in DOL use.
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Figure 46. Measured efficiencies of PMaSynRM, ACS880, total efficiency of
PMaSynRM with ACS800 and efficiency of IM with 60 Hz supply frequency.

From Figure 46 it can be seen that the efficiency of PMaSynRM increases with the func-
tion of output power as the induction motor efficiency decreases strongly with the func-
tion of output power. It can be also noted that ACS880 efficiency behaves the same way
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as PMaSynRM efficiency with a function of output power, even though the efficiency of
ACS880 is a bit lower. When output power is increased the ACS880 efficiency ap-
proaches the manufacturers given nominal power efficiency of 97 %, which can be find
from Appendix 4. The total efficiency of PMaSynRM & ACS880 is lower than the IM
efficiency in DOL use.

The PMaSynRM increasing efficiency with the function of output power can be partly
explained with the spatial harmonics of voltage and current. Figure 47 presents the con-
verter-fed terminal voltage and current waveforms from PMaSynRM connection terminal
at 100 kW test run with 100 Hz frequency which is outside the field weakening area. The
voltage and current at 100 kW output have lots of harmonics which cause iron losses and
additional losses, as was discussed in Section 2.6. No extra filters were used with
ACS880.
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Figure 47. Measured converter-fed PMaSynRM terminal voltage and current before
field weakening area at 100 kW with 100 Hz frequency which corresponds to
3000 rpm running speed.

Outside field weakening area for example at output power 600 kW and running speed less
than 2400 rpm, the voltage and current waveforms are mostly like in Figure 47 which
causes iron losses and additional losses.
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Figure 48 presents the measured converter-fed terminal voltage and current waveforms
from PMaSynRM connection terminal at 600 kW output power when the supply fre-

quency is 100 Hz which corresponds to running speed 3000 rpm.
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Figure 48. Measured converter-fed PMaSynRM terminal voltage and current in field
weakening area at 600 kW with 100 Hz frequency which corresponds to 3000
rpm running speed.

In Figure 48 the waveforms of voltage and current at field weakening area are much
smoother than in Figure 47 which presents waveforms outside field weakening area. It
can be stated that in field weakening area there are less iron losses and additional losses

causing spatial harmonics.

Temperature rise of PMaSynRM and IM is presented in Figure 49 with the function of
output power at 60 Hz supply frequency which corresponds to running speed 1800 rpm.
The temperature rise class B is 90 °C, F is 115 °C and H is 135 °C as defined in Section
2.7.
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Figure 49. Temperature rise of stator winding and rotor core with the function of output
power at running speed 1800 rpm. PMaSynRM is driven with ACS880 and
induction motor in direct-online.

From Figure 49 it can be seen that PMaSynRM stator winding permissible temperature
rise reaches the thermal class F on the full output power range. At 500 kW output the
PMaSynRM stator winding permissible temperature rise reaches thermal class B. The IM
stator winding permissible temperature rise does not reach the thermal class H at 575 kW
output level. At 500 kW output level, the IM reaches thermal class F.

From Figure 49 it also can be seen that PMaSynRM rotor core surface temperature rise is
on much lower level than in IM. For PMaSynRM the rotor temperature is critical because
of the possibility of magnet material demagnetization. The maximum measured temper-
ature of PMaSynRM rotor core surface is 158 °C and it does not reach the maximum
allowable temperature of magnet Sm>Co17 Vacomax 225HR which is 350 °C.

PMaSynRM temperature rise of stator winding and rotor core at 600 kW output power

with the function of running speed is presented in Figure 50.
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Figure 50. Temperature rise of PMaSynRM stator winding and rotor core at 600 kW
output power with the function of running speed.

From Figure 50 it can be seen that temperature rise of rotor core and stator winding at
600 KW output power decreases when moving from running speed 1800 rpm to field
weakening area which is 2400-3000 rpm. Temperature rise at field weakening area is
decreased because the level of frequency converters produced supply harmonics is low at
field weakening area as was presented with Figure 48. When inspecting the temperature
rise in the field weakening area from field weakening point 2400 rpm up to 3000 rpm, the
rotor core and stator winding temperature rises. The rotor core temperature rises more
than the stator winding temperature which is mostly affected from the iron losses because
the supply frequency is increased for the running speed. Iron losses as hysteresis losses
are in proportion to the frequency and eddy current losses are in proportion to the square

of the frequency.

The PMaSynRM temperature rise tests were also done by removing the air vent outlet
cover from motor D-end which is presented in Figure 13. Air vent outlet cover cannot be
removed in a normal use because of its IP protection properties. Reason to remove the
air vent outlet cover was to inspect if the air flows better through the motor and if the

temperature rise can still be decreased. The test was done at 600 kW output power with
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running speed 1800 rpm. The temperature rise of HDP 250 PMaSynRM is presented in

Figure 51 with standard design and with removed air vent outlet covers.
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Figure 51. PMaSynRM temperature rise with standard design and with removed air vent
outlet covers at 600 KW output power with running speed 1800 rpm.

From Figure 51 can be noted that removing the air vent outlet covers the temperature rise
of PMaSynRM decreases noticeably compared to the standard design. Without air vent
outlet covers the temperature rise class B is achieved at 600 kW output power with run-
ning speed 1800 rpm as the standard design reaches in temperature class F.
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8 COMPARISON OF MEASUREMENT AND SIMULATION RE-
SULTS

HDP 250 PMaSynRM measured and simulated results are compared to inspect the accu-
racy of Adept FCSmek simulation software. Comparison is done with open circuit volt-

age, efficiency, current and power factor.

8.1 Open circuit voltage of HDP 250 PMaSynRM

Open circuit voltage Uqc in HDP 250 PMaSynRM is produced by the permanent magnets
in the rotor. Open circuit voltages are measured by rotating the HDP 250 PMaSynRM
with the load motor at the beginning of the test run when the HDP 250 PMaSynRM is at
ambient temperature. The simulated and measured results of open circuit voltages are
presented in Table 6 where can be noted that the simulated open circuit voltages are on a
bit lower level than the measured open circuit voltages. Simulated open circuit voltages
are averagely 7.6 % lower than the measured, which can be due to the different tempera-

ture, simulations inaccuracy or from other sources of error.

Table 6. HDP 250 PMaSynRM simulated and measured open circuit voltages with
different running speeds.
n (rpm) Simulated Uqc (V) Measured U (V)
525 49.4 54,5
1050 98.8 106.0
1800 169.3 184.0
2400 225.8 243.0
3000 282.2 303.0
3600 338.7 -
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8.2 Losses and efficiencies of HDP 250 PMaSynRM

Efficiency is proportional to the total losses as can be noted from Equations 6 and 7. The
simulated and measured efficiencies are presented with efficiency map as a function of
supply frequency and torque. Efficiency maps are created with Gnuplot software by plot-
ting data. The plotted measurement and simulation points are interpolated with Gnuplot

software from a number of 30 points.

Efficiency map in Figure 52 presents the Adept FCSmek simulated efficiencies of
PMaSynRM in a DTC use. From Figure 52 can be noted that the highest efficiency area
is divided in a large area in the middle of the efficiency map.

T (Nm) 1 (%)

97

5000

4000

3000

2000

1000

20 30 40 50 60 70 80 90
f(Hz)

Figure 52. Simulated efficiency of HDP 250 PMaSynRM in DTC use

Figure 53 presents the measured efficiencies of the PMaSynRM fed with ACS880. From
Figure 53 it can be noted that the measured highest efficiency area is more focused on
80 Hz supply frequency when torque is averagely 2400 Nm, which presents the field
weakening point with high output levels as presented in Figure 45.
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Figure 53. Measured efficiency of HDP 250 PMaSynRM in VSD use with ACS880 con-
verter supply.

The difference on efficiency distribution as a function of supply frequency and torque in
Figure 52 of simulated results and in Figure 53 of measured results can be explained with
voltage and current waveforms of Figure 47 and Figure 48. The simulated efficiency re-
sults presented in Figure 52 have high efficiency in wide area because the simulations are
done by Adept FCSmek which calculates every operating point in DTC use with an ideal
voltage and current waveforms as in the field weakening area presented in Figure 48. The
efficiency map of measured results in Figure 53 has high efficiency values focused only
at the field weakening area, as the non-field weakening area has lower efficiency because

of spatial harmonics waveforms of voltage and current as presented in Figure 47.

Figure 54 presents the measured total efficiency of PMaSynRM & ACS880 converter.
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Figure 54. Measured total efficiency of HDP 250 PMaSynRM & ABB ACS880 con-
verter.

From Figure 54 can be seen that the measured total efficiency of PMaSynRM & ACS880
is highest at the same area as the individually measured efficiency of PMaSynRM in Fig-
ure 53. The total efficiencies in Figure 54 are on a much lower level than the individually
measured efficiency of PMaSynRM in Figure 53.

8.3 Power factor and current of HDP 250 PMaSynRM

Measured and simulated power factor and current of HDP 250 PMaSynRM are presented
in Figure 55 with the function of running speed. It can be noted that the simulated power
factor is at higher level than the measured power factor when inspecting running speeds
1050-2400 rpm, but at 3000 rpm the power factor is about on the same level.

The measured and simulated current in Figure 55 are about on the same level at running
speed 1050 rpm. At the running speed 1800-3000 rpm the measured current is on a
slightly lower level than the simulated current.
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Figure 55. Simulated and measured power factor and current of HDP 250 PMaSynRM
at 500 kW output power with the function of running speed.
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9 SUMMARY AND DISCUSSION

Summary

The purpose of this thesis was to develop a HDP series 250 frame size PMaSynRM and
to find out if it has benefits on electrical and thermal properties compared to HDP series
250 size IM. The IM with aluminum squirrel cage have been designed and prototyped
earlier with a target of 600 kW output power but it could only achieve 575 kW because
of high temperature rise. The PMaSynRM rotor is designed and assembled to an exactly
same HDP 250 stator as the IM had.

Chapter 2 introduces the basics of non-excited synchronous motors from a view of
PMaSynRM. In Chapter 3 the ABB’s HDP series motors are introduced and compared to
an ABB’s Process Performance series motor. PMaSynRM prototype design methods are
introduced in Chapter 4 to give a general view from the design process.

Based to the designed PMaSynRM, calculations are done with Adept FCSmek to find out
the voltage with lowest current for different operating points. Calculations are also done
for the IM with aluminum squirrel cage, based to the earlier measured operating points.
In Chapter 5 the PMaSynRM simulation results and the IM simulation results are pre-
sented and compared to find out if the PMaSynRM would have benefits on electrical and
thermal properties. The simulation results of PMaSynRM and IM in DOL and VSD use
are presented in Table 3 at some output power levels. Both motors simulated losses in
DOL use are presented in Figure 19, showed that PMaSynRM has lower total losses than
IM even if PMaSynRM is inspected at 600 kW output power and IM at 500 kW output
power. The higher loss production in IM compared to PMaSynRM can be explained with
rotor Joule losses which are only produced in IM. PMaSynRM and IM loss production in
sinusoidal DOL use are compared to VVSD use in Figure 20, which shows that DTC supply
increase losses in both motor types with all output power levels. Simulated efficiency of
PMaSynRM and IM in DOL and VSD use with different output power levels are pre-
sented in Figure 21 which shows that PMaSynRM has higher efficiency in DOL and VSD
use when compared to IM in DOL and VSD use. The simulated efficiencies in Figure 21
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also shows that PMaSynRM efficiency in DOL and VSD use stays constant when in-
creasing output power as the IM efficiency in DOL and VSD use decrease strongly when

increasing output power.

Based to the PMaSynRM benefits found in the simulations according to electrical and
thermal properties, the PMaSynRM prototype was manufactured to verify the real meas-
ured properties. In Chapter 6 are described the PMaSynRM prototype manufacturing pro-
cess, which had many different kinds of steps on rotor manufacturing process and on rotor

assembly process in to the stator.

After the prototype of HDP 250 PMaSynRM was manufactured and assembled it was
measured at the test area of ABB Motors and Generators in Vaasa, which is described in
Chapter 7. The measurements were done with a load machine which acted as a generator
and the PMaSynRM was fed with standard ABB ASC880 DTC converter without filters.
The PMaSynRM measurements fed with ACS880 converter were compared to the earlier
measured results of IM in DOL use. The measured total efficiency of PMaSynRM &
ACS880 was on lower level than the IM efficiency in DOL use as can be seen from Figure
46, where we can also see that the individual measurement of PMaSynRM efficiency fed
with ACS880 was on higher level than the IM efficiency in DOL use. The measured total
efficiency of PMaSynRM & ACS880 and the individual measured efficiency of
PMaSynRM and ACS880 increase with the function of output power as the IM efficiency

decreases with function of output power, which also can be seen from Figure 46.

Temperature rise comparison of PMaSynRM fed with ACS880 and IM in DOL use
showed us that PMaSynRM have better thermal properties than IM, as can be seen from
Figure 49. PMaSynRM prototype could operate at 600 kW output power as a result of
temperature rise class F, as the IM could reach temperature rise class F only at 500 kW

output power.

HDP 250 PMaSynRM air vent outlet covers were removed from motor D-end, to examine
if the flow of cooling air through the motor can be increased and if it has effect on thermal

behavior. HDP 250 PMaSynRM without air vent outlet covers achieved temperature rise



83

class B at 600 kW output power with 1800 rpm as the standard design with same ratings

achieved temperature rise class F as can be seen from Figure 51.

In Chapter 8 the HDP 250 PMaSynRM measurement results are compared to Adept
FCSmek calculation results to review the accuracy of simulation software. The simulation
results of open circuit voltages are averagely 7.6 % lower than the measurement results.
In the efficiency maps of simulated efficiencies in Figure 52 and the measured efficien-
cies in Figure 53, have difference on the area of highest efficiency with the function of
running speed and torque. The simulation results efficiencies in Figure 52 have a wide
high efficiency area as the measurement results efficiencies in Figure 53 are focused on
the field weakening area. The difference in the efficiencies of simulation results are
caused from the Adept FCSmek simulation software, which does not take into account
spatial harmonics outside the field weakening area, which cause iron and additional

losses.

Current and power factor measurement and simulation results are compared at 500 kW
output power with the function of running speed as can be seen from Figure 55. The
measured and simulated current difference is minimal with small running speed but it
increase when increasing running speed. The simulation and measurement results of
power factor has some difference with running speeds 1050-2400 rpm but with maximum

speed at 3000 rpm the difference is minimal.

Discussion

One of the questions raised up due the prototype manufacturing process was that if 1P23
is enough to protect the HDP series motor against metal dust when there is a magnetic
rotor inside. The HDP motor with 1P23 has a fabric filter on its cooling intake and it
should prevent any metal dust getting inside the motor. Also, a question was raised which
kind of tools should be used in PMaSynRM manufacturing as there are magnetic forces.
It was decided that the assembly tools should be made of stainless steel to avoid them to

get pulled against the motor surface and thus to ease the manufacturing process.
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When inspecting the permanent magnet glue properties, it was noted that more heat re-
sistant glue should be used, although it worked well on the test run. The glue is easy to

change for a more heat resistant type.

The rotor magnetic assembly forces was simulated due to result of 30 % decrease in radial
direction force between rotor and stator. In practice, using the iron rods inside the rotor
in the assembly process was not found any effect on reducing the rotor magnetic assembly
forces. The PMM assembly jig which was exploited in the PMaSynRM prototype assem-
bly process found not to be a perfect size but it became good enough with few modifica-
tions. If mass-produced large series of motors with magnetic rotors are designed, it would
be profitable to design a new assembly jig of right size.

In the test field measurements we noted difficult to find out the correct frequency con-
verter speed proportion gain values to start the motor and to change the running speed.
The PMaSynRM had some magnetic vibration noise because of the wrong speed propor-
tion gain value. It was found to be working well when correct speed proportion gain value
was found as in start were used small speed proportion gain values and for stable full load
operation speed proportion gain values were increased. Tachometer added to the
PMaSynRM could be useful to run the motor smoothly by giving running speed infor-

mation for the frequency converter.

The PMaSynRM could be driven at 600 kW output power as the IM could be driven only
at 575 kW because of high temperature rise. At 600 kW output power the maximum rotor
temperature rise was 158 K, which means for example with 25 °C ambient temperature
183 °C for rotor temperature. The permanent magnets used in this PMaSynRM prototype
project were of type Vacomax 255 HR with demagnetization heat tolerance up to 350 °C.
The measurement results of temperature rise proved that PMaSynRM has better thermal
behavior than IM as if was expected. Due the good thermal behavior of PMaSynRM, it
can be overloaded for short periods without demagnetizing the permanent magnets in
rotor. Measurement results also showed that PMaSynRM is well suitable to operate with

high efficiency in wide speed range and with a wide field weakening area.
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APPENDICES

Appendix 1. Efficiency classes based on IEC standard 60034-30-1 (ABB 2014a).
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Figure 56.  Efficiency classes of electric motors based on IEC standard 60034-30-1.
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Appendix 2. Two-dimensional drawing of PMaSynRM 250 prototype rotor sheet, de-
signed by Jere Kolehmainen, ABB Motors and Generators, Vaasa.
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Two-dimensional drawing of PMaSynRM 250 prototype rotor sheet.

Figure 57.
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Appendix 3. Common values for permeability (The Engineering Toolbox).

Table 7. Common values for permeability and relative permeability. Modified from

(The Engineering Toolbox).

Medium Permeability (H/m)  Relative permeability
Air 1.25663753 10°° 1.00000037
Aluminum 1.256665 10°° 1.000022
Austenitic stainless steel 1.26010°-8.810° 1.003”7
Bismuth 1.25643 10°° 0.999834
Carbon Steel 1.26 10°* 100
Cobalt-1ron 2.31072 18000
Copper 1.256629 10°° 0.999994
Ferrite (nickel zinc) 20107°-8.010* 16 — 640
Ferritic stainless steel (annealed) 1.26 10°-2.26 103 1000 — 1800
Hydrogen 1.2566371 10°° 1
Iron (99.8 % pure) 6.310° 5000
Iron (99.95 % pure) 25107 200000
Martensitic stainless steel (annealed) 9.4210*-1.19 1073 750 — 950
Martensitic stainless steel (hardened) 5.010°-1.210™* 40 - 95
Nanoperm 1.010™" 80000
Neodymium magnet 1.3210° 1.05
Nickel 1.26 10*-7.54 10 100 — 600
Permalloy 1.0 1072 8000
Platinum 1.256970 10°° 1.000265
Sapphire 1.2566368 10°° 0.99999976
Superconductors 0 0
Teflon 1.2567 10°° 1
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Appendix 4. ABB ACS880-17-1950A-7 technical data (ABB 2015b).

ABB ACS880-17-1950A-7 main connection:
- 3-phase nominal voltage is 525-690 V, + 10 %
- Frequency 50/60 Hz £ 5 %

- Efficiency at nominal power 97 %

ABB ACS880-17-1950A-7 motor connection:
- Motor control is direct torque control (DTC)
- Frequency is 0 to = 500 Hz

ABB ACS880-17-1950A-7 nominal ratings:
- Power ratings are valid at nominal voltage 575 V
- Light-duty use (110 % overload for 1 minute every 5 minutes) current 1872 A and
power 1900 kW
- Heavy-duty use (150 % overload for 1 minute every 5 minutes) current 1459 A
and power 1400 kW



