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Pumping, fan and compressor systems consume most of the motor electricity power in both
the industrial and services sectoisvariable speed drive brings relevantgrovementsn

a fluid system leading to energy sayithat further on can be translated into Mtons
reduction of CQemissions.

Standards and regulations are being adopted for fluid handling systems to limit the less
efficiency pumps out of the European market on the coming yeaws guragter potential in
energy savings is dictated by thaergy Efficiency Index (EEequirements for the whole
pumping system and integrated pumps. Electric motors also have an International
Efficiency (IE) classification in order to introduce highefiaéncy motors into the market.

In this thesis the applicability of migsize common electric motor typet® industrial
pumping system took place comparithg motor efficiency characteristics with each other
andby analyzing the effect of motor dimensiiog on the pumping system and its impact in
the energy consumption
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Abbreviations and symbols

Roman letters

A

B

Lm

La

pY

Peak current density
Magneticflux density
Peak magnetitux density
Electric field strength
Frequency

Lorentz force

Head

Electric current

Stator current space vector

Imaginary unit

Length
Characteristidength
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Magnetizing inductance
Leakage inductance
Shaft speed

Number of pole pairs
Rotor angular speed

Power

[A/m]

[V s/n?]

[V s/n?]
[V/m]

[Hz]

[N], vector
[m]

[Al

[m]
[m]
[H]
[H]
[H]

[rpm]

[rad/s]

[W]



Q Electric charge [C]

Q Flow rate [liters/s]
r Radius [m]

R Resistance [ Y]

t Time [s]

T Electromagnetic torque [Nm]

u Voltage [V]

v Speedyelocity [m/s]

Greek letters

b Angle [°], [rad]
a Air gap (length) [m]

d Efficiency [%0]

d Angle [°], [rad]
+ Pole pitch [m]

a Magnetic flux linkage [V s]
Om Magnetizing flux linkage [V 5]

¥ Angular speed, angular frequencyrad/s]



Subscripts

d,D

Acronyms
AC
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EEM
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EU

FEM

HEV

Direct axis component
Electromagnetic

Magnetic

Quadrature axis component
Rotor

Stator

Air gap

Alternating Current

Best Efficiency Point

Direct Current

Energy Efficiency Index
EnergyEfficient Motor
Extended Product Approach
Energyrelated Products
European Union
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IPMSM

IRR

LSPM

MEI
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OEM

PM

PMSM
PMASYnRM
SynRM
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International Electrotechnical Commission

Induction Motor
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Internal Rate of Return

Line Started Permanent Magnet motor
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Original Equipment Manufacturer

Permanent Magnet

Permanent Magnet Synchronous Motor

Permanent Magné&issisted SynchronougeluctanceéMotor
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Chapter 1

1 Introduction

1.1Background
The European Union (EU) industrial sabctors, such as nanetalic minerals, paper

pulp, print, chemical iron-steeland machinemmetal cover almost three quartesthe
total industrial electricity consumptian the EU[1]. The majority of the motor electricity
consumptiontakes placen pumps, fans and compressaepresenting more than 60% in

the industrial sector and more than 80% in the services sec&hmown irFig 1.1and Fig

1.2 respectively

Cooling Conveyors
Compressors 2%
7%
Air
Compressors
18 %

Other motors
35%

Fig 1.1 Share of motoelectricity consumption by type in the industrial sector

Air Conditioning

17% Refrigeration

25%

Conveyors
11%

Others

7%

Fig 1.2 Share of motor electricity consumption by type indkevicessector
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EnergyEfficient Motor (EEM) applications such as efficient pumps, fans and compressors
may lead to electricity savings and in consequence, to economic sawiniggsth the
industrial anl the services sectorBnprovements on the components, design and system
operation can be done in order to increase efficiency, but especially with the usage of
Variable Speed Drives (VS3nd their controllabilitywhere lies the largest energy saving
potential; however, their usage and application within Europe has been limited due to
certain obstacles such as split budgets, lack of internal incentives and the high initial cost
An estimated value of the economic savings potentials was obtained, béiNghtor the

industrial sector and 9 TWh for the services seldtpr

Electricity savings along with thenplementationof EEM and VSD would translate into
MTons reduction of CQemissionsin some situationshis typeof drives for speed control
is not so economically attractive in the services sectkdrere their initial cosis still

elevated One of the reasons is that VS&de more efficient in highepower operation

range, where the number of operating hours is significantly higher.

Water pumps are part of many electric motor systenfsee Fig 1.3 for an industrial
pumping system This type of pumpsis being part of a recent study from the European
Commission together with stakeholders in order to analyze the technical, environmental
and economic aspects of water pumps. The mentioned study shows that water pumps are
widespread within the European Union and it is predicted that by 202Gthrialenergy
consumption will reach 136 TWE].
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Fig 1.3 Typical industrial pumping system installation.

Due to this share of total electricity consumption, thexee to beimprovementdy meas

of new technologies that will be able to reduce both purchase and operation costs in water
pumps.To achieve those improvements, some standards and regulations are being adopted
in order to increase the market diffusion of technologies that enhancefdfuyclie
environmental impact of water pumps. One important part of the previously mentioned
regulationdgs the Minimum Efficiency Index (MB] whichis a dimensionless scale unit for
hydraulic pump efficiency af5%, 100% and at 110% (overload) dhe BEP. The MEI

value ranges from 0 to 1; a lower value means the less efficient ginapJEl by January

2013 was 0.1the lowest 10%pand starting in January 2015 it should be at leas{tbet

lowest 40%)the benchmark fothe most efficient water pungis MEI=0.7 at the time of
developing the directiveThis index regulation limits the water pumps with less efficiency

in the whole European market for the coming y¢aks

However the European Association of Pump Manufacturers (Europisngiming for a
greater energy saving potential of approximately ten times bigger than the current
regulations for water pumpsising a methodology called Extended Product Approach
(EPA) to calculate the Energy Efficiency Index (EEI) of the componentsrédin product
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(pump, motor or VSD) and also for integrated unitse EEI calculation of fixed speed
pumps and variable spe@dmps will be evaluated according to reference control curves
and load profilesSince EEI considers the applied flow control methods, it prowies
energy efficiency requirements and the expected future requirefoertitee whole system
that need to badopted in the coming yedf3.

Onecl ear example of the so called O6next
from circular pumps that must be controlleg a VSD and are now regulated by the EEI.
Such pumps can be built in small dimensions, for exampl&thadfosMAGNA3, which

is constructed with a permanent magnet synchronous radointegrated VSIQFig 1.4).

Fig 1.4 MAGNAZ3 high-efficiency pumpcutaway

The MAGNAZ3 is an enhanced version of pumping systems with circulators and nowadays
is considered as larandnew concepfor industrial pumping system# is beingproduced

by the DanishcompanyGrundfos It has a full range of higbfficiency circulators for

heating, ooling, ground source heat pump systems and domestic hot water applications.

The main features are corrosion protection, perfect insulation, clamp ring, Neodymium
technology rotor, compact stator, air cooling in control box, integrated sensors and high

qudity user interfacd4].
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Another manufacturer that keeps innovating in tvater pumping systemsndustry is
Xylem with its brand named FlygThe main Flygt Expéor characteristics are speed
regulation, selcleaning functionalitypremium efficiency motor, simplified uséiendly
controland longer bearing and motor lifetim&hich makes the pump, motor design and
VSD very reliable[5]. This wastewater pum(fFig 1.5) includes Hardron impellers for
highly abrasive and corrosive watkandling. It implements a Line Started Permanent
Magnet motor (LSPM)that has been investigated for instance by Tanja HeiKldthat

uses less current and kesthe pump more slender and lighter.

Fig 1.5 Flygt Experior wastewater pumping system

The previously mentioned couple of pumping systems differ a lot compared with the
typical industrial pumping systems in terms of design. In the typms¢sthe centrifugal

pump is coupled to an induction motor that may have a separate frequency caamcerter
their components can be obtained from different manufacturers, which lead to a possible
extra energy consumption since the devices are not optimized to interact with each other
Many considerations should be taken into account to match the electacattehnistics of

the motor and frequency converter to avoid the possibility of premature failure of the
pumping system[13]. The main advantage of the industrialingping systems is the
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capability of replacement of broken devicés.first instance, the pump and motor have
their own bearing construction and the frequency converter has to be manually configured

by the user.

1.2 Motivation for the study

One importanpart of any pmpingsystem in terms of their construction is the motor type
that can be included, which may be chosen from different designs such as an Induction
Motor (IM), SynchronousReluctanceMotor (SynRM) PermanentMagnetSynchronous

Motor (PMSM)and Permanent Magn&tssisted Synchronous Motor (PMASynRMheir

main characteristics and construction will be analyzed in the next chagétiherwith the

equation model for these types of motors

Some ¢hercriteria arealsoworth tomention, giving ehigh importance to the information
related to the costs that all of the different kind of pump configurationdve, their

maintenance and lifetim@ncerning both the customer and the manufacturer perspectives

1.3 Objectives

To define the most energy Efent and versatile electric motor type forla kW Close
CoupledPump running at rated speed 1800 rpm. The term versatility, in this case for an
electric motor, refers mainly to the dimensidhat can be selected freely by the erser
(height and principally the length) to the weight limitations regarding the motor
construction, and it also refers to the air ventilation that can be integrated in the machine.



15

To estimate He energy savings potentiabmparing different types of motois also

consideed agpart of the objectives

Figure 1.6 is an examplebut not limited toa Close Coupled Pumip be analyzed18],

which involves an imgeer in the same shaéts theelectric motor that drives the pumphe

pump itself does not have a separate coupling, saving money aneomsiEming
operations.These characteristics among others, makes this type of pump simple and
availableat arelativdy low cost

Fig 1.6 Close Coupled Pump

An aluminum frame is ideal for motors in pumping applications and its inclusion has
increased over the past decades. Some advantages of this material are the dimensiona
stability (to avoid warps and cracks), lighter weiflgtween 15% and 45%anslatednto

lower costsandimproved heat dissipatiprompared to a cast iron franiéew aluminum

alloys also bring high corrosion resistance and tensile strgt@jth
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Chapter 2

2 Motor comparisons and indicative results

2.1Principles of electric motors

The force applied by the magnetic field on a charged objectamrantcarrying conductor
can be calculated with the usage of the Lorentz force, which is considered as a force
experienced by an infinitesimal charg® thoving at a speed The vector equation below

describes that force:

AO ADO 0 6 ADO —Ax 6 ADO @ 6 (2.1)

This basic vector equation is fundamental when computing the torque for electrical
machinesespecially in the latter part of the equation, where a cucanying element of a

conductor of length lds consideredi8].

i dF

Fig 2.1 Application of the magnetic part of the Lote force to a currertarrying

conductor.
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Fig 2.1 shows the Lorentz foradF acting on a differential lengttii of a conductor carrying
an electric currentin themagnetic fieldB. The anglé is measured between the conductor
and the flux density vectd. The vector produdtdl x B may now be written in the forin

d x B =i dIB sinb. The force & is perpendicular to the plane conformed tyadd B
according to the righhand screw ruleThe maximum value offélis reachedvhen d andB

are perpendicular, in otherwordsnb = 1

In an electrical machine, an air gap flabensity B that penetrateshe rotor surface,
intersectinghe currerdcarrying rotor bars, genemda tangential force on the periphery of

the rotor, as illustrated in the figure below:

Fig 2.2 Lorentz force acting on the rotor surface.

Fig 2.2 shows a current element of thadth dx on a rotor surface. Also, the air gap flux
density Biis present acting upon that surface. The fofeezohd the rotor dimensions such

as radius and igth are also illustrated

Now we considetas sinusoidal both the flux density distribution and the linear current

density distribution andissumethe magnetic flux direction perpendicular to the rotor
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surface Line integrating the LorentZorce o around the surface of the rotoand
multiplying by the rotor radius, we obtain the electromagnetic torque equatitims case,

for a twopole machingl11]:

Y o1, O 106t wéEi — (2.2)
where r is the rotor radiug is the peak current density in the conducBrthe peak
magnéic flux density andt the pole pitchThe electromagnetic torque cansi®wnin a

vector form if theequation2.2 is analyzed with the usage of the space vector theory, which

is very useful for advanced control taskisresults in the following general equation

Y -f[? b (2.3)

wherep is the number of poles, the stator current space vector aAd the magnetic flux
linkage of the air gaplt has to be taken into account that both the flux linkage and the
current have to be always in the same voltage levelnaost of the timeaeferredto the

stator winding.

2.2Motor types under studyand their construction

The main property ofotatingelectricmachiness the transformation ahechanical energy
into electrical energy and vice versbBhere are lots of industrial processes where the
electricity produced comes from these electric&chines; however, a relatively small
portion of electridly producing processes prescinfdom the usage of rotating machines

and in that case, auxiliary motors are neddddlfill the energy requiremenis].
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Regading the global electricity production, near half of it is being used in electric motors
and the demand of controlled drives applications is growing considesaidg the control

of torquemust be accurat#éhose drives may save big amounteoérgy.

There are two main categories of electric motors and they rely on the type of electric
system to which the motor is connected, one of them is the direct current (DC) motors and
the other is alternating current (AC) motddne advantage of AC motors agaib€l is the

lower maintenance requiremeMotors with alternating current supply are divided in two
subcategories: synchronous and asynchronous motors. The speed of the rotor matches the
speed of the magnetic field in the case afynchronoumachine while the speed does not
coincide in the case aninductionmaching[7]. A figure of the basic construction of an

AC motor is shown next, describing the main pdrét tonforms the machir€ig 2.3).

—
Shaft with
bearings

Fig 2.3 AC motor basic construction

Now an inrdepth image shows the statoonstruction which is made up of many thin

laminations of cast iron @aluminum They are perforated and clamped together to form the
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stator core in shape of a hollow cylinder with slots. Coils of insulated wires are inserted
into these slots and each gpoof coils forms a pair of pole$he number of poles depends
on the internal connection of the stator windingsthfeephase winding is placed and

arranged in the stator core slots to create a rotating magneticHig2i4).

Fig 2.4 Detailed stator construction of an induction machine.

1. Stator core 2. Steel laminations 3.Winding 4. Slots

Transient states apresent in electrical machines in the stgrtand through some parts of

the process control, either fed by a frequency converter or by a sinusoidal supply. There are
equivalent circuits for motors in both the stationary and the transient state, but thieela
needs to be analyzed with the help of different techniques, one of them is the Space Vector
Theory, where the next assumptions are made with the aim of simplify the analysis:

- Flux density distribution in the air gap is considered as sinusoidal.
- Saturation of the magnetizing circuit is assumed constant.
- Iron losses are neglected.

- Inductances and resistances are independent of the frequency and temperature.



21

As an example, the equivalent circuit of an induction motor is shovAgi2.5. It has a
reference fr ameg Theovollagess ang cuardnts are \eaods, the flux
linkages/ are also vectorsf he angul a gis notrpeesent & the agor reference
frame[11].

Fig 2.5 Equivalent circuit of an induction motor based on Space Vector Theory

From now on, the voltages and flux linkages can be representith the following

equations. At first instance, the voltage equatrisand2.5 must be set in a general frame

of reference and rotating at an angusgeed . The additional motion voltage term

Kol v is appliedto these equations whenever the observation frame of reference rotates.

6 YQ — Q7 (2.4)

6 YQ — 1Q Am T (2.5)

where b is the rotor electrical angular speed, also indicated asThe flux linkages

occurring in equation2.4and2.5are represented in the equations below:
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I 0Q 0 Q (2.6)
I DQ 0 Q (2.7)
whereD is the magnetizing inductand@, is the total inductance of the stator (calculated

as0 O )and O isthe total inductance of therotd¥ ( 0O ).0 andD are

the leakage inductances of the staiiod rotor, respectively.he magnetizing flux linkage

is thus a product of the varying inductance and the cujtéit

r b Q Q 0 Q (2.8)

In the coming sections of this chaptirr different types ofAC motors are being studied
(IM, PMSM, SynRM and PMASynRM) byneanings of their construction (weight and
components), efficiency and equation modBIssides this, a comparison is done including

different applicationsvhere these types of motors appear

2.2.1 Induction Motor

Induction motors have been present in the industrial sector for several years ametkéll
preferred and most used electric machine fgpe to its simple construction that brings
high reliability, their robustness and alsnthe low manufacturing and maintenance costs
[9]. There are two types of induction motors: singlase and threghase. The first one is
fed by singlephase power supply and psilsatingmagnetic field is produced by the stator
winding. Household applications are the most commeage for this type of induction

motor, such as refrigerators, fans, washing machines, coolers, etc.

On the other hand, the thrpbase induction motor is fed by thrpkase power supply and
the present rotating magnetic field is produced by the statadings. Their application

focuses in industrial drives like pumps, drills, stamping presses, metal cutting machine
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tools, conveyors, etAt the same time, threghase induction motors are divided in two

different kinds: squirrel cage rotor and woundrg?].

In terms of constructio(Fig 2.6), the stator is the fixed part of the motor, which odow
laminated cylinder, also called a stator core, with axial slots on its inner surface. Said core
is made of steel laminations simated each one from another. The rotor is the rotating part
of the motor and is settled inside the staldre rotor is a laminated cylinder (rotor core)
with axial slots on its outside surface, winding and the shaft. It is also built with insulated

steé laminations An air gap is present between the stator and the.rotor

Motor bearings are also an important part of the construction of a machine because they
provide a reduction of the rotational friction and supgortboth radial and axis loads.
Thereare different types of motor bearings depending on the application and their selection
must becarefully taken into accountThe most common type is the deep groove ball
bearing, suitable for high speeds due to their low frictional tor@ydindrical roler
bearings, sleeve bearings and angular contact ball bearings are other types among the

available variety on the market nowadéiA4].
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Fig 2.6 Induction motor construction overview.

As already mentioned befordet construction of the stator is practically the sanaliAC

motor types however, the difference resides on the rotor composition where we can find
two types as seen previously: squirrel cag®r and woundotor (also known as sliping

rotor). The first one possesses bars siooduited at each end by two ringsq 2.7).

Fig 2.7 Detailed squirrel cage rotor constructimd winding

1. Rotor core 2. Bars 3. End rings 4. Shaft
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When there are two squirrel cages, one inside the other, both windings are independent and
this kind of rotor is known as double cageg(2.8). This type of rotorss rarely used in the
industry;their main application is for producing NEMA C charactersstiechich require a

high starting torque with low starting curreifhey are more expensive than class A and B
designghat are medrto have a normal starting torque and curr@uauble cage rotors are

used for high starting torque loads, such as loadeghpucompressors and conveydrs).

Fig 2.8 Detailed double squirrel cage rotor construction and winding.

1. Rotorcore 2. Bars 3. End rings 4. Shaft

In the case of a wound rotor, the winding is made of coils; each one consists of several
insulated wire turns. When connected in series, these coils form a coil group. In the
simplest form, a threphase winding hastee coil groups and each group has up to one

coil. Hence, the three identical coils have a 120 electrical degrees phas@/ehifid rotor

has a complicated design that in consequence increases the costs and decreases the
reliability. That is why this typ of rotor will not be analyzed further in this paper.
Nowadays it is used just in a few applications that require heavy starting duty and also in

some drivers that need speed conirpl
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Torque production and equation model for dmduction Motor.

The induction motor can be represented in an equivalent circuit based in the rotor reference

frame as shown in the figure below:

i R. L E

>

v Vo

e LR
A

poy,

Fig 2.9 Asynchronous machine equivalent circuit.

U,

After some steps and mathematical manipulation, the general equation for torq8)(eq.

can be seem terms of the stator current space vector and rotor flux linkage space vector
Y o-ar Q@ -n—71  Q (29)

Yo o-n— 7 Q (2.10)

wherel  is the flux andQ the torqueproducing components. It is important to notice
that there is no quadrature component in the rotor flux linkage refeirance. The angular
freqguency i s c OAnthis gbiaty iteigd posailsle tartra@sforim.the machine
equations from the rotor to the flux linkage frame with a few trigonometric functions from

the known parameters:
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[ Q¢ — — h 0é+ — (2.11)

Now the torque can be expressed based on the cross field principle:
Y o -n—T Q [ Q -n— [ Q (2.12)

As mentioned before, there is no quadrature compoherg; this is the reason of the
simplicity of the equation. The torque control is made nbgnipulating@Q which is

perpendicular to the rotor flux linkad#l].

2.2.2 Permanent Magnet Synchronous Motor

Like in the squirrel cage motor, the stator of a Permanent Magnet Synchronous Motor
(PMSM) includes a normal thrgghasewinding, but the difference is noticed in the rotor
construction, where the winding is replaced with permanent magnets, hence, a rotor flux
coupling always exists. The magnets can be mounted on the surface or embedded in the

rotor.

The quality of the peranent magnet materiaiglays an important role in the motor
performance; poor quality magnetay limit the motor control considerabl@n the other

hand, high quality permanent magnet materials are being developed and manufacturers
keep launching PMSMince they have been available for a long time, but nowadays
enhanced version of machines with those high quality magratexample, the wind mill

generators are pointing to the usage of permanent magnet mgdiines
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In terms of the physical construction, the rotor of a permanent magnet machine can be built
of electric sheet, like the case of an asynchronous motor and of coueserditfypes of
lamination exst with the aim of giving the desired characteristics of the macHhihe.

stator of a permanent magnet machine is quite similar to the one of an induction machine
Fig 2.10 shows the cutaway diagram of the permanent magnet synchronous machine. More
details about the rotor construction can be seen later in this section.

Fig 2.10 Permanent Magnet Synchronous Motor consioaabverview.

The usage of magneis the machingeither embedded or surface mounted in the rotor,
providesunique characteristicsince the permanent magnet material is indeed part of the
magnetic circuit of the machine, which leads to an impadafarence on the reluctance.
Control methods in PMSM vary depending on the position of the permanent magnets in the
rotor and they require information on the rotor anglee magnets can be locatedan
differentarrayin the rotor as shown iRig 2.11. They can be glued on the rotor surface
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embedded partly or completely into the rotdccording to the resulting ratio of the direct

and quadrature inductances, thd3M may be classified as a salient pole machine when

Ld> Lq.
@

/\
&
AN A

| o

Fig 2.11 Permanent Magnet Synchronous Machiatr types.
a) Surface mounted b) Embedded c) Pole shoe

d) Tangentiallyembedded e)Radially embedded f) V-shaped

Peculiarly in the surface mounted cébey 2.11a), the magnet material is used in the best
possible way since its high magnetic circuit reluctance produces low synchronous
inductances anih consequencehe machines built with this rottype produce the highest
pull-out torque.When the magnets are embedded in the rotor surfaice2(11b), a
reluctance difference exists and the maximum prodtuceglie can be reached at a pole
angle above 90 degrees because the inductance indinection is slightly higher than in

the ddirection.
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In Fig 2.11c the rotor phtes shape resembles the construction of a s@l@atmachine

where a sinusoidal flux density is achieved in the air gap and a smooth and quiet operation
is achieved at a low rotation speed. In addition, the poles are designed to obtain a sinusoidal
form in the flux and at the same time to reduce the magnetic leakage on the mékhine.
rotor of the machines frorkig 2.11d and e gives the motor a hybrid property lbseait
behaves somehow as a SynRM without magnets. The torque is produced by the different
inductances in both the direct and quadrature directiongact, the resulting torque is
known as reluctance torque. Adding the magnets to this hybrid machinks resu
improvements at stattp, also the efficiency and power factor are considerably better than

in theSynRM.

In the case of Mhaped magnets=ig 2.11f), two magrets are used per pole and it is
possible to get a high air gap flux density irlaad conditions. The number of pole pairs is
usually high because the thickness of the stator gokaning the stator surfads)reduced

and therefore a larger rotor diamegxistsin the maching8].

Torque production and equation model far Permanent Magnet Synchronous dtor.

The equivalent circustof a PMSM are obtainedanalyzing the machine with direct and

guadrature reference frame fixed to the rofdrose circuits can be seerfFig 2.12.
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Fig 2.12 Permanent Magnet Synchronous Macteqaivalent circuit$n d and q directions

In the figure above’Q represents the permanent magnet as a current source in the rotor
circuit. This current source creates the p

in the magnetizing inductande: Q0

It was previously seen that the voltages can peesented in a motor equivalent circuit by
equation2.4 and2.5 (in the geeral form).Those equationsow specified foa PMSM in

the rotor reference frame are shomeiow:

0 YQ — 77 (2.13)
0 YQ — 77 (2.14)
mn YQ — (2.15)

T YQ — (2.16)
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The flux linkage components can be obtained withctimaing equations:

r 0 0 Q7 (2.17)
r 0 0 1 (2.18)
r 0 Q 07Q 71 (2.19)
r 0D Q 01 (2.20)

The field current generates a flux linkage in the permanent magnet:

N — (2.21)

Nevertheless, the field curref® is not constant;this is due tothe saturation of the
magnetizing inductance whi ch produces the per manent

flux linkage

Using the cros$ield principle, the torque equation cée obtained Torque is a starting

point for the development of many control principlea ¢tMSM:

Y - Q@ 0 0 QQ O QQ 0 'QQ (2.22)

The firstternri  "Q depends on the flux linkage of the permanent magnets and on the
stator current perpendicular to the flux linkage. The second igrm 0 "Q"Q could

be of high importance if thgaliency ratian the d and g axes is large. The third and fourth
terms ae related to the torque components of the damper windings, they only occur during
transientg§11].



33

2.2.3 Synchronous Reluctance Motor

Along with the permanent magnebtor, the Synchronous Reluctance Motor (SynRisly
been gaining a place in the mark@®ne of the main reasons is thenvenientproperties
they offer, and another reason is that the developing of an induction maahim&go any

further, despite obeing the most inexpensivadustrial motor type.

The SynRM is also a thrgghase electric motor with the attribute of having the rotor
construction in a peculiar waywherethe measured values vary depending on the direction
Electric steel plates arstacked together forming the rotor structure. Those plates have

punched holes that act as flux barriers

The torque produced in a SynRM is proportional to the difference between the d and q axes
inductances, bigger difference means more torque produdtmendirect axis is built with
magnetically conductive material (iron in the majority of cases) and the quadrature axis is
designed with magnetically insulating material (§11]. Fig 2.13 shows an example of the

construction for the reluctance machine.
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Fig 2.13 Synchronous Reluahce Motor construction overview

The aim of the construction of the rotor in a SynRM is to keep the saliency ratio as large as
possible. This ratio takes into account the direct axis inductanaad the quadrature axis
inductance) . The saliency ratio mainly determines the peak torque of the machine, power
factor andthe maximum possible efficiencif. we compare a SynRM with an IM of the

same size, the saliency ratio of the synchronous reluctance motor should be at least ten to

makeit competitive against the induction motor.

The rotor of a synchronous reluctance machine has many different types of construction
and in hence, the saliency ratio varies from one to another. These rotor types are shown in

Fig 2.14 and explaiedbriefly afterwards.
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Fig 2.14 Synchronous Reluctance Machine rotor types.

If some of the teeth from the rotor of an IM are reeuhvthe most simple structure for a
SynRM can be obtained as can be seeRign2.14a. In this case, the saliency ratio is
considered too low, having value of 0 /0 <3. Fig 2.14b is ®@nsidered as a singlayer
flux-barrier rotor and it is possible to embed permanent magnets in the insulation spacer.
This rotor might be a combination of a salient pole and a permanently excited strigsture.

saliency ratio can be from&

Fig 2.14c is an axially laminated rotor, where the highest saliency ratios can be obtained,
such ag) /0 10 and in the best cases it can reachli%he rotor ofFig 2.14d, a cage
winding appears as a damper winding inoatinary salienpole synchronous machine and

the typical values of the saliency ratio in this case is really low, in the range #lom 3






























































































































