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Resumo

Nesta dissertacao, é apresentado o desenvolvimento da nova versao de um software de
calculo analitico, chamado BobiSoft, de projeto de enrolamentos estatéricos trifasicos.

O objetivo deste software é auxiliar e guiar a rebobinagem e projeto de enrolamentos
de elevada qualidade e eficiéncia, sendo que a sua interface foi especialmente desenvolvida
para o processo de rebobinagem. O software gera automaticamente 9 enrolamentos inteiros e
simétricos, permitindo, porém, a implementacao manual de quaisquer enrolamentos inteiros e
fracionérios, também eles simétricos. O software necessita de algumas informacoes relativas
a geometria e tipo de enrolamento como dados de entrada. Com esses dados, o software
apresenta resultados relevantes para a rapida avaliacao da solucao gerada.

O principal objetivo deste trabalho é o melhoramento do software para que este alcance
um nivel elevado de sofisticacao e inovacao, criando novas e importantes ferramentas para
o projeto e avaliacao de resultados. As ferramentas automaéticas criadas tém o proposito de
explorar ao maximo todas as oportunidades de melhoramento do projeto de enrolamento,
deixando poucas possibilidades para mais melhoramentos. Em particular, foi desenvolvido
um algoritmo iterativo que procura a melhor combinacao de diferentes niimeros de espiras
por bobina e passo efetivo, de forma a minimizar o conteiido harmonico da forca magneto
motriz do entreferro. Este algoritmo foi desenvolvido para poder ser paralelizado na CPU ou
GPU, de modo a reduzir o tempo de execucao. A reducao do tempo de execucao foi muito
elevada.

Na parte final do trabalho, o software foi testado e os resultados formam bastante
positivos, provando que as ferramentas foram corretamente desenvolvidas. Para além disto,
foi realizada uma intervencao numa indistria de rebobinagem com o objetivo de a testar a

robustez e a precisao do software numa situacao real.

Palavras-chave: méaquina de inducao, software, projeto de enrolamentos, otimizacao de

enrolamentos.
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Abstract

In this thesis, the development of a new version of an analytical-based software named
BobiSoft, for three-phase induction machine stator winding design, is presented.

The purpose of this software is to aid and guide the (re)designing of high-quality
and high-efficiency windings, being specially designed for the rewinding task. The software
automatically designs 9 integer winding configurations, but also allows the user to design free
integer or fractional symmetric windings. It requires some basic information regarding the
machine’s stator geometry and winding as input data. The software then outputs relevant
results which allow the user to quickly evaluate the computed solution.

The main goal of this work is to improve this software to a high level of sophistication
and innovation, creating new and important features for winding designing and project eval-
uation. Innovative tools have been developed to exploit as much as possible the available
opportunities for winding optimization, leaving only a few possibilities for further improve-
ments. In particular, the development of an iterative algorithm that searches for the best
combination of different number of turns per coil and effective coil pitch that minimizes the
air-gap MMF harmonic content. In order to be fast, the algorithm was developed so it can
be parallelized in the CPU or GPU. The speedup gain was huge.

In the last part of this work, the software was tested and the results were quite good,
proving that the developed features are correct. In addition, an in-field test was successfully

conducted in order to evaluate the software’s robustness and accuracy in a real situation.

Keywords: induction machine, software, winding-design, winding-optimization.






It always seems impossible until it’s done.

— Nelson Mandela
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Chapter 1

Introduction

1.1 Background

Electric motors are indispensable components of any industrial facility across the world
and by far the most important electric load. The power consumed by electric motors accounts
for two-thirds of the total electrical energy used for commercial /industrial applications in the
developed world. In Europe and the United States alone, the annual cost of energy consumed
by these loads is estimated at over $100 billion U.S. dollars. Therefore, any improvement
of motor’s efficiency may bring significant energy savings to the companies and increase the
world’s sustainability. In normal operating conditions, a motor’s lifetime energy cost often
surpasses the motor’s acquisition price. Thus, due to rising energy costs over the past two
decades, high efficiency motors may be preferable to cheaper, less efficient ones [1].

It is known that a single motor failure can negatively impact a company’s short,
medium, or even long term competitiveness and profitability. Therefore, effective main-
tenance and management strategies must be adopted to avoid or minimize those impacts.
In addition, motors repaired or rewound by highly qualified professionals assure operation
reability and reduce maintainance costs. In fact, whenever the failure is the stator winding
(30%-40% of all induction motor faults), the price of the rewinding service varies from 20%
to 40% of the acquisition price for a new motor [2][3].

In consideration of the foregoing, rewinding services have great importance for a mo-
tor’s maintenance, since, in general, induction motors over 4kW are rewound 2 to 4 times
during their service life. Since the payback period to recover the extra cost of a new mo-
tor acquisition is, in most cases, more than 3 years, this repairing service is an interesting
low-cost alternative for all efficiency classes [4].

During motor repair, some modifications can be made to increase its reliability and

efficiency. On account of the largest loss share being associated with the stator winding
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Joule losses, the winding redesign is an excellent opportunity for the machine’s efficiency
improvement. Thus, more complex winding can be designed and implemented, free of the
limitations that large-scale, automated motor manufactures have. These optimizations may
involve adapting the magnetizing flux to the motor’s effective load, increasing the slot fill
factor for better heat dissipation, and shortening the winding pole pitch in order to reduce
the amount of conductor material needed and the magnetomotive force harmonic content
[4]. In fact, winding electric quantities are almost only determined by the winding pattern.
More specifically, winding factors (and the related MMF harmonic content), the back EMF
harmonic distortion, currents, and magnetic flux densities. These quantities affect signifi-
cantly the machine’s dynamic and steady-state performances, efficiency, the increase of the
machine’s vibration, and noise levels [5].

Nowadays, most winding designs follow simple winding patterns that have been devel-
oped over many decades, and the principles of their developement are commonly forgotten
[6]. For most applications these designs work fine, though it might be possible that the
winding is inadequate as well. For this purpose, and to help rewinders/technicians or engi-
neers to project winding designs correctly and accurately, a software tool named BobiSoft
was developed in 2004. The development of the newest version is the work presented in this

document.

1.2 BobiSoft Overview

BobiSoft is an analytical software for induction machine stator winding design. It has
been specifically developed for the rewinding design of three-phase windings of induction
machines. For this reason, the software allows two different windings to be designed and
evaluated simultaneously, for an easy and fast comparison, one belonging to the original
winding pattern to be rewound (original project), and the other one corresponding to the
replacement winding design (new project). The flowchart of figure 1.1 explains the software’s
computational process.

The main calculation routine of this program follows the following steps:
e Some basic data related to the machine’s dimensions, winding data, and desirable
preferences are entered by the user, so that be the software can test its validity;

e The program computes the data and calculates key parameters, such as air-gap mag-

netic induction, conductor’s current density, and slot fill factor;
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e These parameters are then compared to reference values and warnings are emitted,

whenever they exceed their limits;

e The routine finishes at this point. If a parameter does not respect the reference values,
a permanent warning is shown to remind the user that the solution might not be
adequate. Otherwise, if automatic tools are used, the routine is repeated until the

project becomes valid, if possible.

INTRODUCTION OF THE ORIGINAL ELECTROMAGNETIC PARAMETERS
dimensions, nominal values, winding type, number of turns, etc.

AIR-GAP CONDUCTOR sLoT
MAGNETIC CURRENT FILL
INDUCTION DENSITY FACTOR

COMPARISON WITH REFERENCE VALUES (from manufacturers) & WARNINGS

REFERENCE VALUES USED FOR THE CREATION OF THE NEW PROJECT

NEW WINDING CHANGE AND EVALUATION OF THE IMPACT

END OF THE CALCULATION PROCESS WHEN THE OPTIMAL/DESIRED SOLUTION IS FOUND

Figure 1.1: BobiSoft stator winding design computation process.

BobiSoft is also a didactic tool, since it can be used in technical/academic courses as

well as in industrial training programs.

1.3 State of the Art

This section presents and discusses various innovative products/studies that are some-
how related to the work developed in this dissertation. The following text is a list of some
of the electric machine/motor design software available on the market. Please note that this

list may not cover all the existing software, though it is the result of an exhaustive research.

e AC Motor Design Software by Softbit Technologies - This is an online design tool
of three-phase squirrel cage induction motors, up to 50 hp. The software is compared
to a specialized calculating tool created to assist preliminary designs of a motor, pro-
viding an intuitive interface and quick simulations. The user enters basic data of the

AC electric motor, such as capacity (rated power), voltage, speed, power factor, and
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required efficiency. Then, the design tool computes the solution automatically and
the results are shown. Different results or optimizations can be generated by manually
changing the input parameters, such as specific electric loading, specific magnetic load-
ing, number of slots, current density, stator dimensions, and others, in order to suit
the design’s application. The software automatically designs single- and double-layer

stator windings |7|.

EMETOR by EMETOR - This is the world’s first online electric motor design soft-
ware. It was developed during the years 2003-2008 at the Electrical Machines and
Power Electronics lab of the Royal Institute of Technology in Stockholm, Sweden. The
software is free and aims to make electric motor designs more efficient as well as to be a
fast and intuitive analytical tool, while being accurate and powerful as a finite element
tool. This tool deals with linear and non-linear materials, simulating magnetic satu-
ration under load and no-load circumstances. The machines supported by EMETOR
are Inner-/Outer-rotor surface-mounted permanent magnet machines, although it also
offers a winding design tool, which designs AC distributed windings, suitable for other
electric machines like induction motors. The winding design tool allows the user to
find the optimal configuration for its electric motor winding. Many solutions can be
investigated for integer, fractional (both single- and double-layer windings), and con-
centrated windings. The user can compare the maximum fundamental winding factor
for different combinations of number of poles and number of slots. As outputs, the
software displays winding layouts for different coil spans and barcharts of the MMF

harmonic spectrum [8].

JMAG motor by JSOL Corporation - It is an FEM analysis-based application for
electromechanical designs specially adapted for electric motors. This software evaluates
complex phenomena, such as heat generation, temperature distribution, eccentricity,
stress, vibrations, radiated sound, magnetization, demagnetization, and skew effects.
It also evaluates basic characteristics, such as induced voltage, torque, cogging torque,
flux linkage, iron losses, coil losses, magnet loss, magnetic material permeance, and
equivalent circuit model parameters extraction. The stator winding design can be
automatically or manually edited for single- and double-layer windings. The user
inputs basic winding data and the software outputs the winding pattern, respecting
some specific requirements such as the maximum slot fill factor. There is no information

regarding available automatic winding optimization tools [9].
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e MagneForce Simulation Suite by MagneForce Software Systems Inc. - Is an FEA-
based design tool with modules for synchronous generators, brushless and brush-
commutated DC machines, and induction machines. The manufacturer claims the
software is the first finite element development environment exclusively targeted for
the design and simulation of electric motor and generator systems. The induction
motor module (INDU) can simulate single- and polyphase winding designs. The soft-
ware calculates key parameters, such as torque, torque-speed curve, iron losses, flux
density distribution, machine power and efficiency. INDU’s winding design tool has a
large library of parameterized slot modules which is used to automatically generate the
AC distributed winding pattern. Manual winding designs can be drawn from scratch.

There are no automatic optimization tools for the stator winding [10].

e MotorAnalysis by Vladimir Kuptsov, Ph.D - MATLAB-based, it consists of a free
three-phase induction motor design software. MotorAnalysis is based on FEA-simulations
and establishes a complete set of tools for the design and analysis of induction mo-
tors. Regarding the stator winding editor, it automatically or manually designs single-
and double-layer winding layouts. In addition, it allows the design of windings with
coils with different number of turns. Optimizations are made to the machine/stator
geometry, and the stator winding can be optimized manually attempt by attempt.
The project data is computed at a speed defined by the user, depending on the
speed/accuracy trade-off. Key parameters are generated, such as equivalent circuit
parameters (based on no-load and load test simulations), power, torque, power fac-
tor, efficiency, losses for different operating points, and efficiency maps. The software
estimates the temperature effects on winding resistances, as well as the nonlinear be-
havior of magnetizing inductance. In addition, SIMULINK models, based on the motor

equivalent circuit parameters, are generated [11].

e Motor-CAD by Motor Design - Is an FEA-based electric machine design tool that
computes electromagnetic and thermal fields. It supports the thermal analysis of
brushless permanent magnet, induction, permanent magnet DC, switched reluctance,
synchronous, and claw pole machines. Motor-CAD is a complete electric machine
design software with a stator winding design tool that automatically designs single-
and double-layer windings. Fractional winding patterns are also supported as well as
windings with different turns number per coil. Manual patterns can be also imple-

mented. There are no automatic stator winding optimization tools. Since Motor-CAD
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is specialized in electromagnetic and thermal analysis, it offers, instead, many tools to
optimize the stator teeth geometry and the conductors positioning inside slots. The
results are presented in an easy-to-understand format and allow designing decisions to

be taken efficiently by the user [12].

MotorSolve by Infolytica Corporation - It is one of the most notorious software for
electric machine design and analysis. It supports induction, synchronous, electronically-
and brush-commutated machines. This software aims to aid the user in designing
electric machines, and for this reason all machine parts are editable. It uses FEM
algorithms to solve thermal and flux density fields and output key parameters related
to machine performance, such as torque, efficiency, air-gap flux, cogging torque, and
efficiency maps (chart of the motor’s efficiency at different speeds and torque). This
software is almost fully automatized, thus many complex operations like FEA-mesh
refinements and post-processing are handled by the program itself. In MotorSolve the
stator winding can be automatically or manually designed. The automatic design tool
just needs basic input parameters, such as the pole, slot numbers, coil span, phase
offsets, and the winding layout options are automatically generated. For each one of
these layouts the back EMF, back EMF harmonics, and winding factors are immedi-
ately calculated. The manual winding design only allows the coils placement and the
coils” turn number must be the same. During the simulation, the software considers
the complex effects of the motor drive type, end winding geometry, layer positioning,

slot and wire insulation. There are no automatic winding optimization tools [13].

Opera by Vector Fields Software, Cobham - This is an FEA-based electric machine
design software. Opera provides tools for designing electric machines with axial or ra-
dial flux topology and rotating or linear motion. The software aims to help engineers
design highly efficient, reliable, and low cost electric machines. Parameterized tem-
plates allow designers to quickly establish and analyze motor and generator models.
Opera has a dedicated winding tool which designs automatically single- and double-
layer windings. It calculates, for each project, several winding patterns to be used.
This tool provides optimal winding layout (circular and linear representation), star of
slots representation, Gorges diagram, winding factors, and MMF harmonics. In addi-
tion, as a winding optimization tool, the built-in Winding Wizard can be used to set a
range of slots and poles, in order to understand how a particular slot-pole combination

of machine winding will optimize the machine’s performance. The resulting data can
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be used to help the designer choose the most suitable winding pattern [14].

e Quick Field by Tera Analysis - It is an FEA-based tool for electromagnetic, thermal,
and stress design simulations. It has different available modules, such as DC-magnetics
for DC, switched reluctance and synchronous motors, and AC-magnetics for induction
motors. It was not possible to find relevant information about supported winding

designs and automatic winding tools [15].

e SmartFEM by elmoCAD - This is a development system for electric machines that
combines analytical calculations with numerical FEM. It uses professor Konrad Re-
ichert’s simulation package FEMAG, as an FEM solver. The software calculates some
characteristics of the electric machine, such as back EMF, torque, cogging torque, in-
ductance, dynamic behaviors, among others. The winding editor allows the automatic
design of single— and double-layer integer/fractional windings. As default, the soft-
ware computes automatically the winding scheme out of simple winding data (phase
number, coils per slot, number of slots and poles, etc.). The impact of back EMF and
fluxes is shown immediately. Fill factor, phase resistance, and the winding factors are
calculated. The winding can be optimized by manually changing some parameters and
comparing each result. SmartFEM supports winding configurations with coils with

different number of turns [16].

e SPEED by CD-adapco - Analytical tool with FEA support for electric machine de-
sign. Speed supports brushless permanent magnet, induction, switched reluctance, DC
commutator and universal motors. Developed by Prof. TJE Miller in the Speedlab
at the University of Glasgow, SPEED has been acquired in 2011 by CD-adapco, a
provider of CAE simulation tools for fluid dynamics and heat transfer, this software
can be used with third party tools such as Motor-CAD. SPEED has several packages
for different electric machine designs. The induction motor package, conserning the
stator winding design, has an editor that allows the user to introduce integer and frac-
tional single- and double-layer windings. There are no automatic optimization tools,
though SPEED can be scripted into searching algorithms for a specific optimal solu-
tion. As an example, the work of Mario Jurkovic [17], where he created an algorithm,
which linked MATLAB, SPEED, and Motor-CAD together in order to design a highly
efficient ultra-light BLDC motor by changing the machine’s constructive parts, for the
propulsion of an ultra-light aircraft [18].
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e YES electric motor design software by Yeadon Energy Systems Inc. - This is an
analytical induction motor design software. It handles single- and polyphase motors,
including capacitor start and split phase motors. Basic information about the motor,
such as dimensions, material properties, and winding data is needed to compute the
motor project design. This tool outputs the following results: magnetic circuit in-
formation (including flux densities and MMF drops), mechanical information (weights
and inertias), winding information (including copper weight and slot fill), performance,
speed-torque, current, losses, and efficiency. The winding pattern is inserted and opti-

mized manually [19].

e Software for Electric Machines Winding Design created by Antonino Oscar Di
Tommaso, Fabio Genduso, and Rosario Miceli, from the Department of Energy, Infor-
mation Engineering and Mathematical Models of the University of Palermo, Ttaly. Tt
consists of a MATLAB-based software developed for rotating electrical machine wind-
ing design. In order to design the stator winding, only a few elements are required, such
as the numbers of slots, pole pairs, and number of phases. The software automatically
designs integer and fractional winding patterns. Key results for the winding design
quality evaluation are shown, such as the spectrum of winding factors, the spatial dis-
tribution of MMF and its relative harmonic content, the leakage coefficient, among
others. The user can manually optimize the computed design by introducing simple
and double-pitch shortening, phase belt shifting or interleaving, or other well-known

techniques, in order to reduce the THD and the higher order harmonic slot coefficients

of the EMF or MMF |[5].

1.3.1 Final Considerations

Considering the tools mentioned in this list, it is clear that many softwares, based on
finite element analysis, have been developed to solve the complex magnetic and thermal
field problems in electric machines or power electronic drive systems. Without disregarding
the importance of these analyses for the sake of high quality electric machine designs, it is
clear that either stator winding design is being overlooked or designers deem it less impor-
tant even though most electric machine designs rely on the fundamental flux wave theory,
thus the achievement of a sinusoidal flux density distribution in the air-gap with the lowest
possible harmonic content is necessary [20]. The software developed by the researchers at

the University of Palermo is the only one that is fully developed for this purpose. SPEED
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offers the potential to develop a general winding optimization tool that requires several days
dedicated to the script’s creation, but an algorithm for the creation of a general winding op-
timization tool was yet not developed. Other software from the presented list slightly tackle
this issue with some specialized tools, but the computational efforts go mainly to geometry
optimization. Finally, it is important to note that none of the presented software include a

fully automated tool for winding optimization.

1.4 Thesis Focus

BobiSoft’s previous version never had major updates, despite being used by hundreds
of users across the world. Thus, there was a need to develop a new interface, to review some
computing processes, and to create new important features to rewinding companies.

The focus of this work is BobiSoft’s 1.1 renewing, reviewing, and improving all features
in such a way that they become more intuitive and easy to use. There was a development
of new automatic tools, for the sake of high quality and high efficient winding designs. The
main goal of this work was the creation of a more powerful software that has sufficient tools to
investigate more optimization opportunities. Therefore, BobiSoft was completely rewritten

in the C++ language and redeveloped on Qt platform, thus creating BobiSoft 2.0.

1.5 Document Outline

The following is a brief description of the contents present in each chapter:

Chapter 2 presents the theoretical support of the developed calculation processes and
algorithms used to compute the software’s projects solutions.

Then, in chapter 3 the most complex algorithms and routines of the software are
presented, from the algorithms behind the winding’s representative schemes creation to the
winding optimizing tools. This chapter uses the knowledge acquired in the previous chapter.

Chapter 4 describes the software’s interface. Here, the software’s input and output data
methods are explained, as well as the most relevant new interfaces created and renewed.

Finally, chapter 5 presents the experimental tests performed to validate the software’s
quality and the simulations’ accuracy. An in-field intervention was conducted in order to

prove the software’s applicability in the maintenance companies’ reality.



Chapter 2

Theoretical Foundations

2.1 Constructive Elements of Induction Machines

This section presents the calculations used to determine the mechanical and magnetic

quantities of induction machines.

Air-gap Length
The air-gap length ¢ is defined as the distance between the rotor surface and the stator
bore (eq. 2.1). The software only supports smooth and uniform rotor cores.

Dsb - DT

5 (2.1)

g:

Where Dy, is the stator bore diameter (mm), and D, is the rotor diameter (mm).

Slot Useful Section and Depth
The slot’s useful cross section is the available area for the conductors placement inside
the slot. The software has five different types of slots, all represented in figure 2.1, which
cover almost all standard stator slot geometries. In table 2.1, the formulas used to calculate

the slot’s useful section S, and depth hg, of the different 5 types of slots, are presented.

Table 2.1: Slot useful section and depth formulas.

Slot Type | Slot Useful Section (mm?) Slot Depth (mm)

A SszotA:aQTﬁ+d-a+w+C%” hoota =€+ c+b+a

B SsiotB = CQTW + (a+§c)'b heota =d+c+ b

C SszotCZC%”%—W%—a%” hsitc =d+c+b+a

D Ssioth = (w“;e)'c + (e+2a)'b heotp =d+c+b

E Ssiote = (w“;f)'d + (H;a)'c +2a-b+ “QTW haote =€ +d+c+b+a
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(a) Slot Type A (b) Slot Type B (c) Slot Type C

a
b [b
f IC
[4——+ —
4

=]

(d) Slot Type D (e) Slot Type E

Figure 2.1: Slot Types.

Where ws, is the slot’s opening width (mm).

Slot Pitch
The slot pitch 7, is defined by the arc length measured at the center of two adjacent
slots. The stator slot pitch is calculated by equation 2.2:

: (Dsb + hslot); (22)

T =

N =

where Z is the number of stator slots.

Slot Average Width
The average width of a slot wg, is the quotient between its area and its depth. It is

calculated, in mm, by equation 2.3:

Sslot

Wslot = n

(2.3)

slot

Number of Turns per Phase
The number of turns per phase (W,,) is the simple summation of the turns number of
the coils belonging to the same phase. This number is equal to all phases, since the software

only supports symmetric windings.

Weighted Average of Coil Pitch
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The coil pitch 7., is defined as the peripheral length between two sides of a coil,
measured in slots (eq. 2.4), where C' is the number of coils per phase, (. is the span of coil ¢
in slots, IV, is the number of turns of coil ¢, and W), is number of turns per phase. Contrary
to the previous version, the program does now support windings with different turn number
per coil, thus not only the mean of the coil pitches is performed, but also the number of

turns of each coil, affecting the weight of each coil pitch in the arithmetic average.

Sy GeNe
Teoi] = 22— 2.4
e 2.0
Conduction Section
The conduction cross section S,,,q is defined by the summation of the sections of
all parallel conductors linked in series (eq. 2.5). The number of winding parallel groups

(npg) does not affect the conduction section, but the current to which these conductors are

submitted to.

Npc

Scond - Z Sk (25)
k=1

Where n,, is the number of parallel conductors, and Sk is the section (mm?) of conductor

index k’s.

Slot Fill Factor
The slot fill factor K ;; is the quotient between the total active conductor cross section
and the slot useful section (eq. 2.6). It represents the difficulty of the rewinding task:
the bigger this factor is, the more difficulty to implement the winding the rewinder will
have. Because BobiSoft allows different number of turns per coil, the resultant slot fill factor
corresponds to the most filled slot.
Kfm:max{w},ce {1,2,...,C} (2.6)
Ssiot
Conductor Wire Length per Phase
The total wire length (I, ,,) needed to wind a phase is the sum of all the coils wire
lengths of a same phase (eq. 2.7). Each coil wire length is calculated on the basis of the
dimensions of two layouts: rounded and triangular, being schematized in two dimensions in

figure 2.2.
c

lw,ph = Z 2N(‘ [lsc + lad . Klw : lcs] 3 (27)

c=1
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where [, is the stator core overall length (mm), I, is the additional coil head length (I,4)

defined by the user as a percentage of the winding head,

lcs =Ts CC7

and K, is the head shape’s coefficient: K;, = /2 for rounded shape and K;, = V2 for

triangular shape.

Coil Side Coil Head .

T 3
I
Iy
e Iy
Iy
Iy

ICS I:c ICS

Figure 2.2: Dimensions of a stator coil.

Winding Conductors Weight

The winding conductors weight is determined through equation 2.8:

Mwire =m:- (pc : Scond : lw,ph) (28)

where p, is conductors material density (kg/m?®) and m is winding number of phases.

Active Wire Factor
The active wire factor K, is the relationship between the active wire length, which
produces the useful air-gap electromagnetic torque and the wire total length (eq. 2.9). The
bigger this factor is the more efficient is the winding, since the stator resistance and the
end-winding leakage inductance are reduced.

lsc . th
lw,ph - lsc : th

Kactive - (29)

Effective Air-gap Length - Carter’s Coefficient
Ideally, the magnetic flux is uniformly distributed along the air-gap. In a slotted
armature, the effective area of flux path is considerably reduced because the magnetic flux

tends to circulate inside low reluctance paths. Thus, slotted cores have uniform and high
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flux density underneath the core teeth (iron - very high permeability), contrary to the flux
distribution within the slot opening (air - very low permeability), as shown in figure 2.3.
Wt Wis

I« pid Pl

—1"y stator

B N tooth
o] [

o1 ¢-

rotor

Figure 2.3: Carter’s Effect [21].

The Carter’s coefficient C; incorporates this effect by replacing the physical air-gap ¢
with a modified air-gap ¢’ (eq. 2.10)[21]:

g =90 (2.10)

In order to obtain the Carter’s coefficient value, the flux inside a slot pitch is divided
in two parts of the magnetic flux (fig. 2.3). Equation 2.11 mathematically represents this

flux division:

¢ = o1+ ¢o. (2.11)

Given the modified air-gap, assumptions of a uniformly distributed flux along the slot

pitch may be considered. This way, the magnetic flux can be determinated by equation 2.12:

. MOFwstl
= 2g’

10) (wss + Wet) (2.12)

where wy, is the tooth width of the slot, and wy, is the length of the air-gap opening.
Then, the corresponding terms for the different flux parts are expressed in equations

2.13 and 2.14:

_ HoFwgl
-7,

¢1 : (2.13)

2410
by = 2ol (1 + ”w“) . (2.14)

™
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By solving equation 2.11 through equations 2.12, 2.13, and 2.14, and solving it in order
of g and ¢, Carter’s coefficient can finally be found (eq. 2.15). The complete analysis can

be found in [21].
Wss + Wst

Wy %ln(l + %;S)

C, (2.15)

2.2 Electric Quantities of Induction Machines

In this section, the machine electric quantities used by the program to compute the

project’s solution are defined.

Magnetic Field Synchronous Speed
The air-gap rotating magnetic field, created by a correctly distributed polyphase wind-
ing, revolves at a speed (ng) given, in rpm, by equation 2.16:
120 ¢

ng 2.16
P (2.16)

where f is the voltage supply frequency (Hz), and p is the number of the machine’s poles.

The direction of rotation of the magnetic field is imposed by the voltage supply se-
quence. Swapping the connections of two of the three phases will reverse the rotation direc-

tion.

Winding Voltage
The three-phase machines supported by the program have 6 terminals, which can only
be wye or delta connected. The connection type will impose the voltage to each winding
phase (E,). In case of wye connection, the phase voltage is v/3 times smaller than the line
voltage. Otherwise, the phase voltage is equal to the line voltage.
The phase voltage of two- and single-phase machines is equal to the line voltage. For

both cases the line voltage is inserted by the user as the nameplate rated voltage.

Winding Current
Similar to what happens with the winding voltage for three-phase machines, the wind-
ing current (/,,) also depends on how the winding is connected. In the case of wye connec-
tion, the phase current is equal to the line current. Otherwise, the phase current is v/3 times
smaller than the line current.
The phase current of two- and single-phase machines is equal to the line current. The

line current is the nameplate rated current.
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Current Density
The current density (/) is the electric current of a conductor cross section per unit area
in A/mm? (eq. 2.17). The program does not take into account the skin effect, which may

occur due to high frequency currents. Consequently, this result is always underestimated.

: (2.17)

where [, is the winding rated current.
It is known that the machine’s heating is directly related to the winding current den-
sity. Therefore, this value is extremely important for the project’s quality evaluation, being

compared with typical values, so that it does not exceed them.

Winding Joule Effect Losses
The stator winding conduction losses, per phase (P, ), are given by the equation
2.18:
Puph = Ry, (2.18)

where R is the winding resistance.

Fundamental Magnetic Flux per Pole
The fundamental air-gap magnetic flux per pole and phase (¢;), considering a machine
with a smoth air-gap of length g, is given by equation 2.19 [22]:

E

- v 2.19
\/§7I'f Ws le ( )

P1

where F,, is the winding per phase voltage, K, is the fundamental winding factor, and W

is the number of turns linked in series per phase, defined as:

w, = Lo

Thpg
Air-gap Magnetic Density Peak
The air-gap magnetic density peak is given in Tesla by equation 2.20 [22].

(e

By = ¢1, (2.20)

N QTplsi

where 7, corresponds to the arc length of a magnetic pole (m). It is given by:

wDy
Ty = ,
P
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and [ is the effective active stator core length (m), which is calculated through:
lsi - lsc . sta

where K, as the core’s stacking factor. Note that the product 7, - [ is the effective area of

a magnetic pole.

Air-gap Magnetomotive Force Peak

The air-gap magnetomotive force peak (A.turn/m) is given by equation 2.21 [22][23]:

K, B
Fpeak = -, (2.21)
Ho

where K, as the saturation factor.

Magnetization Current
For a polyphase machine the air-gap MMF peak produced by a phase winding is given
by equation 2.22 [23]:

AN2W I K
Fpn (0,t) = % - cos(f)cos(wt — ). (2.22)

The magnetization current or the machine no-load current (s ~ 0), becomes simply the
sum of the magnetizing current of all phases. For a symmetrical winding of m phases the
supply voltages lag mutually by 27/m (7/2 as for a two-phase winding) as well as for the
displacement of the different winding phases. Consequently, the contribution of the winding
phases to the MMF production becomes a vectorial summation of time and space terms [23].

So, for a three-phase machine, it results in the following equation:
4 2W K,
Fpeat = ZIth — % + Iy, [cos(0)cos(0) + cos(ZF)cos(Z) 4 cos(4F )cos(4F)]

which can be simplified to:
A2W K1 3
Fpear = L iy
™ 2
Finally, the magnetization current for a three-phase machine is given by equation 2.23:
_ ™ - IE‘peak
6\/§W9Kw1

Considering now the two-phase machine, the vectorial summation of the magneto-

(2.23)

m

motive forces becomes:

4/ 2W K,
Fpear = ZIth = % + Iy, [cos(0)cos(0) + cos(F)cos(3)]

Therefore, the magnetization current for a two-phase machine is given by equation 2.24:

™ - IE‘peak

= - P 2.24
4\/§W9Kw1 ( )

m
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MMEF Total Harmonic Distortion
The Total Harmonic Distortion (THD) is the ratio of the sum of the powers of all
air-gap MMF harmonic components to the power of the fundamental harmonic (eq. 2.25).
In this analysis, the damping factor (K,), due to the slot opening, is neglected (K, = 1).
Ponsa(Fm)?

THD = 2.25
le ( )

The program considers the harmonic components up to the 42°¢ order.

2.3 Magnetic Saturation Analysis

In the BobiSoft’s previous version the magnetic behavior of the machines’ ferromagnetic
cores is assumed to be linear. This assumption can be considered valid for low or even mild
magnetic saturation levels [23]. BobiSoft generates automatic warnings to prevent the user
from designing highly saturated machines, but there is no mechanism to avoid this possibility.
Thus, in this case, the project results may have significant errors.

Magnetic saturation occurs when almost all the magnetic domains of a magnetic mate-
rial have the same orientation. In this case, further increases of the magnetic flux intensity H
will not cause further alignment of the magnetic domains. Consequently, the magnetic flux
density B does not follows a linear proportionality to H, as it happens in the linear region.
As a magnetic material becomes more saturated, its permeability decreases. Thus, some of
the premises which support the basis of the analytic theory, here presented, become invalid.
More specifically, the neglected permeability of the iron core, which is closely related to the
air-gap induction function, should now be taken into account. Taking that into account, in
[24] it is proposed the replacement of the saturated machine by an equivalent one, whose
effective air-gap length is increased by a factor sufficient to absorb the magnetic potential
drop in the iron of the saturated machine. Accordingly, the steel core of the equivalent
machine has negligible reluctance and the previous assumption may still be valid.

In [25], the author deals with magnetic nonlinearity by adapting the machine’s equiv-
alent circuit parameters to the effective saturation level. The saturation curve is obtained
by taking machine no-load current at different voltages bellow and above the rated voltage.
Due to the very low slip at no-load the rotor branch impedance becomes very high, thus
can be neglected, leaving the stator and magnetizing branches contributing to the excitation
characteristics (the stator leakage flux path is mainly air and, for this reason, its associ-

ated reactance is practically linear). On the other hand, the magnetizing inductance has a
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nonlinear behavior as imposed by the magnetic saturation characteristics of the steel core.
Therefore, it is considered the only parameter affected by this phenomenon [25].

In this development, the magnetizing V-I curve is adapted to the normalized B-I mag-
netization curve' (fig. 2.4). So a generic magnetizing curve, independent of the machine’s
geometries, stator winding characteristics, and applied voltage, may be used in BobiSoft. In

appendix A, the experimental procedures to obtain this curve are fully explained.
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Figure 2.4: Experimental normalized magnetization curve.

The magnetizing reactance associated to any point P of the magnetizing curve is pro-
portional to the slope of the line drawn from the origin through the point P and the slope

of the linear magnetizing line (air-gap line or unsaturated line)|25] (fig. 2.5).

Viunsat) Tt o= —F——— ———LP(unsai.) =
a 'l’(z%:(-;;* )Yj X (unsat.) I
V (sat.) L €=—1¥(sat) =
X(sat)I

i
|
|
|
|
|
|
I
|
I

y(unsat.)=X(unsat.)I

Figure 2.5: Magnetizing curve illustrating the formulation of the saturation factor [26].

L As example: first step - calculate the air-gap induction peak (Bga; = 0,666); second step - extract the
current [, for that induction value using eq. 2.27 (I,(Bsq:) = 1,00 p.u.); third step - extract the unsaturated

induction peak for that current from eq. 2.28 (Bupsat(Ip) = 0,7672); finally - calculate the saturation
coefficient using eq. 2.26 (K, = 1, 15).
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Thus, the saturated inductance, L,,, for any given point P on the magnetizing curve

may be expressed as L, = L/ /K, (eq. 2.26) of the unsaturated inductance, L/, [25], where:

Bunsat (Ip>

K, = —satip)
B (1)

(2.26)

Now that the solution is formulated, the software has to compute the By, and Bypgat
flux densities. The flux B, is simply calculated through equation 2.20. Then, from the
experimental magnetizing curve (fig. 2.4 - curve in blue) it has been performed a 5% order
polynomial fitting, so the current I, can be easily calculated analytically (fig. 2.4 - curve in

red). The expression resulted in equation 2.27:
I,(B) = 44.2977- B° —73.9052 - B* +45.1486 - B* —11.7095 - B* +2.4083- B — 0.0000 (2.27)

Finally, the air-gap line was drawn as a linear regression out of the points of the linear region

of the magnetizing curve (fig. 2.4 - curve in green). The expression resulted in equation 2.28:
Bunsat(£p) = 0.7672 - I,, — 0.0000 (2.28)

Note that both strategies lead to the same result. In fact, the magnetization inductance

is inversely proportional to the air-gap length.

2.4 Air-gap Magnetomotive Force and Winding Factors

The used method to calculate the air-gap magnetomotive force is valid for any winding
configuration. In this section, the simplified formulas to obtain the air-gap MMF waveform
and the winding factors are presented. The full development can be found in Appendix B.

The resultant air-gap MMF of a winding with m phases is calculated through equation

2.29:
1 t
F.(0,t) = A\/_Sln: ) Z Lsin(nf —0,,) +
I5V/2sin(wt + o) ~= K, .
- ETO”BSIH (nf —0,,)+
n (2.29)
I/ 2sin(wt + 0¢) ~= K, )
—C, 0—0,
- 2= Cnesin (10 =) + .
I V/2sin(wt + ¢, = K, .
— Yn ‘9 - ‘9n )
where
2 . (np
K, = —sin (7)

nf
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is the damping factor of the n'* space harmonic, due to the slot’s opening 3 in degrees. The
phase p magnetizing current is noted with I,, being valid even before unbalanced m phase

supply systems.

2 K, 2

Crp = (i chcos(nﬁk)> + (Z chsin(nek)> ,

and

0, = arctg Zk 1 Neysin(nfy)
Zk 1 Nexcos(nby,)

where 0, = 7k - p/Z. The winding factors K, are obtained through equation 2.30:

Cop

Kyn = .
2Ws

(2.30)

Equation 2.29 can be simplified into a system of two rotating vectors, revolving in the
direct and reverse sense of the magnetic field, here defined with d and ¢, respectively. The

simplified equation is presented in 2.31:

f]

F.(0,t) = [Kndsm(ne wt + ¢q) + Kpsin(nd + wt + ;)] (2.31)
n

n=1
where

VE+ V3

V1
pg = arctg | —=

)
_ arctg (K) ;

2

— N

and

= é[CnAcos(nﬁnA +@a) + Cppcos(nby, + op) + Crpcos(nby, + ©c) + ... + Crycos(nbn,, + on)l;
= %[Cmsm(nem +@a) + Cppsin(nb,, + ¢p) + Cyposin(nb,, + ¢c) + ... + Cysin(nb,, + on)];
Wy = —3[Chco8(nbn, — ©a) + Cppcos(nb, — o) + Copcos(nby, — @) + ... + Cpycos(nb,, — on)];

Wy = 2[0 Lsin(nb,, — @a) + Copsin(nb,, — ¢p) + Crosin(nb,, — oc) + ... + Cppsin(nb,,, — on)].

An interesting characteristic of these two vectors is that the product of their amplitude
K4 1s zero for any harmonic order, whether the winding contains only pure space harmonics
or if the winding is balanced [27]. This characteristic is used to verify the winding specified

by the user.
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2.5 Induction Machine Equivalent Circuit Parameters

In this section, the calculation of equivalent circuit parameters is explained. Figure 2.6
represents the steady-state equivalent circuit of a polyphase machine. The iron resistance
(Ry.) is excluded from this analysis, due to the complexity and effort needed to obtain it,
which is not worth since its impact on the electromagnetic torque can be neglected.

R, JoL, JoL:,
AN Y Y Y\ Y Y Y W

-~

: R
JoL, ; 27‘

Figure 2.6: Per-phase equivalent circuit of polyphase induction machines.

2.5.1 Stator-Winding Resistance

The analysis starts with the basic stator winding resistance (Rg), given by equation
2.32:
1 Ly
Ry = — ——uh (2.32)

Oc ' Scond : ngg ’
where o, is the wire conductor conductivity (S/m). The skin effect is neglected in this
calculation, making the calculated resistance slightly smaller than its real value, considering

the typical supply frequency of an induction machine.

2.5.2 The Magnetization Inductance

Considering a sinusoidal air-gap flux density at no-load, the air-gap flux amplitude is

given by equation 2.33 [23]:

,U/Oth
By ~ K, > 1. 2.33
' g/'Ks’ o ( )

Now, the air-gap flux linkage 1115, per phase, is

Y = WKy 91,

where ¢; is obtained from equations 2.33 and 2.20, resulting the following equation:
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2u0lsi7-p
Wg/ ' Ks

7vbllh =

Thus, the magnetization inductance of a phase Lj,,, when all other phases and the

Wsle ]th-

rotor are open, is

_ Y11n
Lv2

Finally, for a three-phase induction machine, replacing its MMF peak vaule Fc.x (eq.

le

2.21) in the F,, of the air-gap flux linkage equation, the per-phase magnetization inductance

(L,,) can be calculated by equation 2.34 [23]:

_ 6,“0 (WsKw1)2 lsiTp

L,, )
w2 pg,Ks

(2.34)

The same development can be applied for a two phase induction machine, thus the

per-phase magnetization inductance becomes as in equation 2.35:

o 4,“0 (WsKw1)2 lsiTp
- ™ pg K

Ln, (2.35)

2.5.3 Stator Leakage Inductance

As in all magnetic circuits, some flux lines do not circulate inside the desirable paths,
but encircle other parts of the magnetic circuit. These flux lines are called leakage flux. In
induction machines, there are flux lines which encircle only the stator or only the rotor, that
are characterized by equivalent leakage inductances L;; and L;., respectively, because they
do not contribute for the useful electromagnetic torque production. The various existing
leakage flux lines can be categorized. Figure 2.7 schematizes the different types of possible

flux leakage, which are also listed down below [23]:

e Differential leakage inductance (L) - This inductance is related to the currents
which produce space flux density harmonics in the air-gap. In some cases, the differ-

ential leakage inductance is included in the zigzag leakage inductance;

e Slot leakage inductance (L) - Characterized by the flux lines which end-circle a
single slot. It is highly dependent on slot geometry, rather than the teeth and back

iron core saturation;

e Zigzag leakage inductance (L;,,) - It characterizes the flux lines which touch both

stator and rotor cores, but do not encircle both slots;
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e End-winding leakage inductance (L) - Characterized by the flux lines which

encircle the air and the materials surrounding the winding heads.
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Figure 2.7: Leakage flux lines [23].

2.5.4 Stator Differential Leakage Inductance

In most cases, the machine’s developed useful torque depends on the magnetization
inductance of the fundamental harmonic of the stator winding MMF. Therefore, the differ-
ential leakage inductance may be defined as the flux produced by higher order terms [28].
In fact, to get the stator differential leakage inductance Ly, it is sufficient to add all L,,,
harmonics, except the fundamental, similar to what was done in equations 2.34 and 2.35.

Consequently, Lgs for a three-phase winding is given by equation 2.36 [23]:

6omplsiW2 o= K2
Ly, = 3 wn_ 2.36
d ™2p-q nzﬂ n2kK., ( )

For a two-phase winding the stator differential leakage inductance is given by equation

2.37:

4MOTplsiW52 i Kgm
ﬂ-Zp . gl e n2Ksn7

where Ky, is the saturation coefficient for higher order harmonics, taking the values in the

Las = (2.37)

interval [1; 1,2]. The higher the order, the closer this factor is to one. Since the pole pitch
for the n'* harmonic is 7, /n, the magnetic flux does not reach the back cores and thus these

saturation factors are smaller than K [23].

2.5.5 Stator Slot Leakage Inductance

The stator slot leakage inductance can be obtained based on the magnetic energy stored

in the slot (Fy). This inductance is highly dependent on slot geometry and less on teeth and
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back core saturation, thus its effect is neglected [23]. Generically, for a single-layer winding

the energy stored is given by:

1 h
Eys = EMO : lsz/ H(:z;)2w(:r) ’ dx?
0

where h is the slot depth (m), w(x) is the slot width (m) at the x-height and H(x) is the
magnetic field intensity, at the x-coordinate (A/m). For a double-layer winding the magnetic
field intensities produced by each coil must be considered, H(z) = Hy(z) + Ha(x), [29] (fig.
2.8).

Figure 2.8: Stator slot magnetic field intensity of a two-layered winding [29].

The magnetic energy stored in an inductance can be calculated using the well-known

equation:
1
Eys=—-L-I
2
Consequently, the slot leakage inductance can be defined as:
1
Llss = 2Ewsﬁ-

Thus, the magnetic energy stored in a slot is given by [29]:
Ews = Lnys1 + Est + Ewsl?a

where

1
-2
Eys = 5)\slot,1 : lsi * Uayer,1
1

p— '2
Eye = _)\slot,2 i - Yayer,2 >

2

Ewle = /\slot,12 ' lsi * Uayer,1 * Uayer,2 -

Note that for single-layer winding the stored energies E,» and FE,15 are null, because the
second layer is nonexistent. The instantaneous currents, which circulate inside the layer

conductors, may be defined as:

ilayer,l = \/§[ ’ COS((Pl) )



26 CHAPTER 2. THEORETICAL FOUNDATIONS

ilayer,2 - \/5-[ ' COS(S02) )
Z.layer,?) - \/51 : COS(SO?)) y

where ¢, is the shift angle between phases, including the current direction going in or out
of the slot: @iy, +0 and ¢4y, + 7, respectively.
At last, the slot leakage coefficient can be found by:

h
Aslot = ,uo/ H(m)2 cw(x) - dx
0

In [29] is used a slot geometry independent algorithm to obtain this coefficient, in a way that
can be easily programmed. However, in order to include windings with different number of
turns per coil, some changes have been made. The algorithm is explained considering the
most complex case, the double-layer winding. So, regarding figure 2.8, the slot is subdivided
into N elementary thin layers of thickness A, = h/N, with h as the slot height. The
elementary layers are numbered with the index 7. The elementary height and width of the
i'" layer are defined with z; and w;, respectively. The heights h; and hy correspond to the
height reached by each layer inside the slot, and A; and A, are the conduction area of each
layer.

The first step of the algorithm is to limit the areas belonging to each layer with the

functions p;(z) and po(z):

O<z<h = p(z)=1; pa(x) =0
hi <z <hy = pi(z)=0; po(x) =1
hy <x<h = pi(z)=0; pa(z) =0

The elementary areas are then calculated:

Au = A:r “Nep - Zpl(xk)w(xk) )

k=1

AQi = Am “Neg - Zm(%)w(%) )

k=1
where N, is the number of conductors of the l-layer.
After that, the following summations are computed:
N

I, = Z—A%Z‘ A
1 — U}(l‘l) x

i=1
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Finally, the self- and mutual-inductance coefficients are calculated:

I
/\so = TR
lot,1 ,UOA%

ly
/\s ot,2 — TR
lot,2 ,UOA%

A _ l12
slot,12 ,MoAl Ag’

At this point, all necessary data to calculate the k-slot leakage inductance has been
gathered. Thus, a generic expression valid for single- and double-layer windings with m

phases and different V.. conductors per coil is given by equation 2.38:

Llss;C = lsi [/\slot,l : COS(SOI)Q + )\slot,Q : COS(QOZ)Q + 2. )\slot,12 ' COS(@l) : COS(902>:| . (238)

Naturally, the stator slot leakage inductance is the sum of every k-slot leakage induc-
tance of all coils linked in series belonging to the same phase (eq. 2.39):

P'q/npg

Liss = Z Llssk- (239)
k=1

2.5.6 Zigzag Leakage Inductance

As mentioned before, the zigzag flux circulates along the air-gap reaching both stator
and rotor teeth. The zigzag leakage inductance presented here only characterizes the zigzag

flux produced by the stator winding. This inductance is obtained by expressions 2.40 and

2.41 23]
W2l
Lzls ~ 2#0 > )\257 (240)
bg

where

/\ ~ 5gcs/wss

7 5 4 49C, Jw,s

and

m2p? - a(l+a)(1—1/C)
1222 2/C, ’

where a = wys /75, Ts as the stator slot pitch, measured at the teeth top.

Los &~ Ly, (2.41)

In 23] this inductance is recommended to be the average of the values of equations

2.40 and 2.41. Since, equation 2.40 only includes the air-gap/slot opening, and in equation
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2.41 the term between square brackets is a very small number and is highly dependent on

the geometric parameters.

2.5.7 End-Winding Leakage Inductance

The three-dimensional character of the end-winding field and the materials that sur-
round it make the calculating end-winding leakage inductance extremely difficult. In fact,
many shapes of winding heads can be implemented, and because of that a unique expres-
sion to characterize this leakage flux is result of bold simplifications and assumptions. An
aproximate expression is given by equation 2.42 [23]:

W2
Lies = 2p10—= - 0.34 - (les — 0.647,051 - T5), (2.42)
b

where [ is the average end-connection length (m).

2.5.8 Referring the Rotor to Stator

BobiSoft 2.0 does not calculate rotor parameters because of the difficulty or even im-
possibility the user might face to obtain information of the rotor slots geometry and other
data. Instead, if the user knows the rotor parameters referred to stator from the original
project, or the motor’s designing class, the software will be able to calculate and adapt them
to the new project.

Bearing in mind that the real and the rotor resistance reffered to stator have the same

conduction losses, the following relationship is obtained, equation 2.43 [23]:

mR.I'"? = m, R, 1,2, (2.43)

The same is applied to the rotor leakage reactance. Thus, from the leakage field energy

conservation is obtained equation 2.44:

/ L
m 2’ I? = mr%m. (2.44)
Consequently,
Ry= R L= L (2.45)
where

K. — [7/~ o merlrWr
o [r B mslesWs

is the current reduction factor [23].
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From expression 2.45 the impedance correction from the old to the new project may

be deduced (eq. 2.46):

m KutroWinew \
Z/ — / . new . Wlnew Snew ) 246
e ot Mold ( KW1OZdWSold ) ( )

2.6 Machine Parameters and Torque-Slip Curve

In this section, the machine’s torque slip curve computation is explained. The analysis
of this curve can be an efficient way to evaluate the machine’s performance at different
operating points. In order to be more accurate in this analysis, the interference of parasitic
torques is included in the torque-slip curve. The parasitic torques, caused by spatial MMF
harmonics, are undesirable and unavoidable, as they exist due to the slotted structure of
the stator. The associated negative effects manifest on the motor starting, the machine’s
efficiency, durability, acoustic noise, and vibration [30].

In figure 2.9, the influence of spatial harmonics on the developed electromagnetic torque
is represented?, proving the motor starting negative impact. Effectively, it can be observed
that the torque produced by the 7*" spatial harmonic, conjugated with a certain load level,
may cause the machine to crawl at a speed of approximately 1/7 of the synchronous speed.
In addition, the resultant torque is reduced due to the parasitic torques, which, at the motor
rated operating point, are negative (braking effect), causing a slight increase of the motor

slip and additional heating.

4// \
- P —— b —————

\
Ty LA
A Ta
1
,gf‘

.

Figure 2.9: Torque-slip curve, with the 5™ and 7*® parasitic torques [30].

Since the conventional per-phase circuit of the polyphase machine was presented in

figure 2.6, this schematic only includes the fundamental parameters that create a pure elec-

2The exaggerated amplitude of parasitic torques serve to emphasizes their effect on the resultant torque.
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tromagnetic torque-slip curve. But the effect of the spatial harmonics can be modeled into
the schematics of figure 2.10, resulting in the induction machine complete equivalent circuit.

This complete equivalent circuit is quite similar to what is conventional, but were added
branches connected in series corresponding to each MMF spatial harmonic order. This is
because the same stator current originates both the stator MMF fundamental and higher

order harmonics [23].

R, joL,
AN Y YA
Zs .
JWL;
Jor,
R!
Ay
JOL;,
JjorL,,
R,
1+5(1-5)
7
JoLi,

JjoL,,
R,

1-7(1-5s)

Figure 2.10: Complete per-phase equivalent circuit including MMF spatial harmonic [23][31].

The analysis starts with the definition of the synchronous speed of the n'* spatial

harmonic (eq. 2.47) [23]:

_27T'f‘0d1
= oo .

Then, the slip of the n** harmonic in relation to the fundamental torque is given by

Q, (2.47)

equation 2.48, where for the three-phase machine, n = —5,+7, —11,+13, ..., generally 6n+1

(n € ZT). The sign corresponds to the order sequence, negative or positive.

Sp=1-—n(l-2s) (2.48)
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The slip for the n'® harmonic synchronism is calculated as Ssyne, = 1 — % Therefore,
the 5" and 7" harmonic slip are Sgne; = 1 — 1/(=5) = 6/5 and sgyne, = 1 — 1/7 = 6/7,

respectively. The slip of all the other harmonics is comprised in
S5 > S, > S7,

which means that the effect of all parasitic torques will be more visible within this interval.
The next step is to compute the parameters of the complete equivalent circuit. Starting
with the magnetizing reactances X,,, (equations 2.49 or 2.50), whether the machine has a

three- or two-phase winding, respectively [23][31][32]:

6,&07—pl3i KwnWs 2
Xy = W1 - : 9.49
w1 ™p-g - K n ( )
ool [ KonWs >
Xon = . P . 2.50
w1 71'2]9 ] g, ) Ks ( n ) ( )

Then, the rotor resistance for the n'* harmonic can be calculated with equation 2.51
[31][32]:
K2
Koy

R, =R, (2.51)

Finally, the rotor leakage reactance for the n'* harmonic is calculated through equation
2.51 [31][32]:

2

K
—w L, = (2.52)

X/ —=
K3,

lrn

In case the rotor parameters are unknown, the program estimates their values. The
rotor leakage reactance can be estimated from the standardized leakage reactances distri-
butions of the design classes, defined in NEMA MG-1-2003 (table 2.2). Then, the rotor

resistance is estimated through the shaft rated power at the rated slip.

Table 2.2: Machine’s leakage reactances proportion of different motor classes [24].

Motor class Description Proportion (X;/X5)
A Normal starting torque, normal starting current 1

B Normal starting torque, low starting current 2/3

C High starting torque, low starting current 3/7

D High starting torque, high slip 1

Wound Rotor Performance varies with the rotor resistance 1

IEEE Standard 112.
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Now, the analysis of the complete equivalent circuit can be done, so that the torque
at the s slip may be extracted. First, the impedance of the n'" branch is given by equation

2.53:

— Sn lrni|
Zn = - . (2.53)

92X [R;n +3X]

Next, the impedance seen by the rotor parameters of each branch, when the voltage supply

is short-circuited, is calculated through equation 2.54:

ijn : (?9 + 7na +7nb + .. +?nk)

77L: — — - -
' Jan+Zs+Zna+an++an

(2.54)

where the impedances Z,,, Z., ..., Z,. are the impedances of all other branches of the
k-harmonics considered.

Then, applying the Thévenin’s Theorem to each branch in order to calculate the current
of the n'® harmonic (I’,), the following expressions are used:

I X mn
Uihn = |=—="=
Zs+Zna+an+]an

S

Ripn = §Re {Ztn} )
Xithn = Sm {Ztn} .

At last, the electromagnetic torque of the n* harmonic, at s slip, is calculated with

equation 2.55:
Qn *Snp

Tem, (8n) = (2.55)

/

5 .
<Rthn + R:f) + (Xﬁm + Xl/rn)2

S

Finally, the resultant electromagnetic torque is obtained by summing the torques of all

harmonics and all phases (equation 2.56):
To(sn) =m- Y Tem,(sn) (2.56)
n=1

The program calculates, for the three-phase machine, the torques of the 5" and 7!
harmonics, besides the fundamental torque. For the two-phase machine are considered the

torques of the 3" and 5™ harmonics.



Chapter 3

Routines and Algorithms

In this chapter, the BobiSoft’s most relevant algorithms and routines are presented.

3.1 Automatic winding design

The automatic winding pattern design is the most important and fundamental func-
tionality of BobiSoft. Currently, 9 winding designs can be automatically generated (fig.
3.1), 5 being eccentric/imbricated and 4 being concentric patterns. This variety of designs
is meant to cover almost all possible arrangements. Obviously, some configurations may be
better, leading to savings of the conductor material, while others may be easier to assemble.
The decision of the winding pattern to use is of the user’s responsibility.

The algorithm used designs only integer and symmetric windings. It is known from the
electric machine theory that an AC distributed winding has m windings shifted spatially by
27 /mp, mechanical degrees (two-phase winding by 7/2p,). Each winding occupies 1/m of
the number of stator slots. According to this theory, the basis of this algorithm is a vector
Zeonn With Z elements, which attributes the phase and the coil side of the conductors inside
a layer (1) of the k-slot. Therefore, the Z.y,, vector of the [-layer is defined mathematically

as.

Zconnu’myl = [Ssl *MNs1, Ss2° Ns2y +.o ,SsZ nsZ] s

where

sin (g (k- 05+ 00)>
sin (§ (k—0.5+ ao)> ’

Ssk =

Y

is the coil side attribution to the k conductor, 1 as the incoming and -1 as the outgoing coil

side. And

nst = 1+ [(k + 0,)mod ¢] mod m,
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as the phase correspondence. For example, for a three-phase winding (m = 3) ng can

assume the values 1, 2 or 3.

14 13 12 14 13 12
6 15 1o, ) 6 15 1o,

Concentric, 2-tier, single-layer Concentric. 3-tier, single-layer Concentric. 3-tier, double-layer

Figure 3.1: BobiSoft’s 9 automatic winding designs.

In single-layer or full-pitched windings, the short-pitch variable o, is equal to zero.
Double-layer windings are represented with two Z..,, vectors, where the vector correspon-
dent to the upper layer Z,,,,, always defines o, = 0, and the vector of the lower layer Z ..,

defines the short-pitch variable as:

Z

Oo = — —Teps Tep <

=N

where 7, is the effective coil pitch.
For the sake of a better understanding of this algorithm, figure 3.2 illustrates an ex-

ample of a double-layer winding with an effective coil pitch of 5 slots (the machine has the
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characteristics Z = 12, p = 2, and m = 3). In this example, the phase numbers 1, 2, and 3

were replaced by the letters a, b, and c, respectively, by virtue of clarity.

Slot 1 2 3 4 5 6 7 g 9 10 11 12
Zeconng |+a |+a|-b |-b J+c|+c|-a |-a |+h|+Dh | c | -C
Zeonnp |+a | -b |-b|+c|+c|-a|-a|+b|+b | -c | -Cc | +a

0 2m/3 T 4m/3
< = >

Figure 3.2: Slot attribution array example (Z = 12, p = 2 and m = 3). Double-layer winding

with a coil pitch of 7, = 5.

At this point, the winding is partially completed, the last step is to connect the con-

ductors of a phase in series and then split it into the desired number of parallel poles (n,,).

In this step, the coils are defined by the belonging phase, the incoming coil side (sloty),

the outgoing coil side (sloty), their respective layers, the number of turns, and finally the

terminals connection (only if the coil is not connected in series with other two coils). As an

example, the connection algorithm of the eccentric/imbricated double-layer winding type is

presented in figure 3.3.

Increment i.

‘ End

-~ e
- e

r‘r’es_{:' Is Zconn,,(i) < 07 j::—No—l

Save the Zconny(i) into

coil slot2(i).

v

Get the closest - Zconni)
and save it into coil_slot1(1)

Save the Zconny(i) into

coil slot1(i).

v

Get the closest - Zconni)
and save it into coil_slot2(i)

l Save the Zconn,,(i) phase }

into coil.phase(i).

L

Figure 3.3: Flowchart of the eccentric/imbricated double-layer connection algorithm.
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3.2 Main Computational Routine

The software computes the project solution once the Compute Data button is pressed.
This action runs the routine of the flowchart in figure 3.4, which is the main processing

sequence to generate the project solution.

‘ Start ‘
e A r’ l
Validate machine's Validate winding data
sizing data of the new project

,-—{: Is data comrect? ::2:- ,-—:i:: Is data comrect? :I=-
Mo Yes Mo Yes

Generate winding
pattern of the new
project

v '

Validate winding data
of the original project

Y '

Run automatic tools

v

Draw machine's
cross section

Calculate results

1—:1:5 Is data correct? ‘::2:-

Mo es Compare results with reference
¥ values
Generate winding
pattern of the original .,1,
project

Show the project

l results and possible

warnings

I ' S

Show the error message of the missing or .
incompatible data Sl s ‘

Figure 3.4: BobiSoft processing main routine (Compute Data).

The routine starts with the validation of the machine’s structural dimensions, which
are the stator core, slot dimensions, and the rotor core dimensions. If this data is physically
compatible, the machine core cross section is drawn. Otherwise, and whenever the routine

is interrupted, a warning message is shown, identifying the cause for its interruption.



CHAPTER 3. ROUTINES AND ALGORITHMS 37

Then, the winding data is prepared for the creation of the original project winding
pattern. Firstly, it is verified if all winding data fields belonging to the original project
are filled up. There is no need to check for invalid data because only preselected options
for the automatic winding design can be entered. Only the number of slots per pole and
phase number is evaluated, respectively ¢ = Z/p/m. If ¢ is an integer number and one
of the 8 automatic winding designs is selected, the software is able to design the winding
pattern, otherwise the routine stops. The software does not yet support the automatic design
of fractional windings. Alternatively, free winding designs can be inserted manually in the
winding editor. If the free winding type option is selected, the software validates the inserted

pattern generating the winding if the data is compatible. Otherwise, the routine is halted.

The previous step is repeated for the new project winding data. At this point, the
program has gathered all necessary information to calculate the quantities referred to in the

chapter 2 and proceeds with their calculation.

The next step is to execute automatic tools. If no solution is found, the program keeps
the solution found before the automatic tool was used. Then, the magnetic flux density
and current density results are compared with typical values (see appendix C) and warning
messages show whether these results are outside the reference boundaries. Finally, the results

are shown and the printable reports become available for creation. The routine ends here.

3.3 Automatic Conductors Section Selection

The flowchart of figure 3.5 describes the algorithm which automatically selects the
section and number of parallel conductors of the winding. This tool is only available for the

new project.

The input parameters are the maximum section per wire and the maximum slot fill fac-
tor desirable (max Krs). The first parameter is responsible for the creation of the n-parallel
conductors, which will all have the maximum section inserted, except the last conductor,
which will have sufficient section to satisfy the maximum slot fill factor condition. If no
solution satisfies the mentioned conditions and the current density reference, the program

will use the values inserted in the proper fields.
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Start
Seti=0andn=1.

v

Aftribute to the n-conductor the wire section of the

€«— Increment i. [€————

medric table i-element.
_—T& the (n.i-1) current density—_.___—Ts the (n,j) solution Ksff >~
value acceptable? max Ksff?
Yes Mo Mo
Increment n
= Is i = table elements? _=—Yes—»{ (add another parallel conductor) —»
and make i=-1.
Mo
-~ lsn-conductor section > .
Discard the (n,i-1) T~ Maxsedion?
solution.
Mo
Y J
h > Use the (n,i-1)
solution. =1

Figure 3.5: Automatic selection of conductors section algorithm.

3.4 Automatic Magnetic Flux Adaptation

During the rewinding project, there are various characteristics of the winding which
may affect the magnetizing flux. It is desired that the magnetic flux keep constant, thus the
rated torque and saturation level may still be equal to the original project.

Going back to the magnetic flux expression (equation 2.19, chapter 2) it is clear that
the magnetic flux does not depend only on the winding configuration. Therefore, if any or
all winding characteristics (number of parallel groups, winding factor, supply voltage and
frequency) are modified the magnetic flux will not be kept the same. So, the last variable
left, the number of turns W, is adapted to obtain an approximate magnetic flux to the
original project.

Equalizing the flux equations of both projects, the number of turns of the new project

can be extracted (eq. 3.1):

E'wnew : npgnew : fsom'g : Kﬂ]lom’g

(3.1)

Wp = th

hnew orig

Worig = npgom'g ’ f5new ’ lenew
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3.5 Induction Motor Downsizing

In the European Union (EU), the average of electric motors’ load factor ((joeq =
Pihast/ Pratea) 1s estimated to be less than 60%, in both industrial and tertiary sectors, for a
wide power range of motors as is shown in figure 3.6 [33]. However, the average load factor
per power range in some sectors can be as low as 25%. Motor oversizing is mainly due to
poor motor system designs or gross overestimations of the mechanical power required by
the load. The only advantage of having oversized motors is their longer lifetime, but at the
cost of more power consumption. With this low load factor, both the motor’s efficiency and

power factor are low as well [34].

In [33], a strategy of motor downsizing in order to improve the motor’s efficiency
and power factor up to their maximum peaks, is proposed. This is achieved by means of
magnetizing flux reduction. Frequently, the power factor improvement is underestimated,
but the savings brought by the reduction of the upstream electrical installation losses, as
a consequence of a higher power factor, can be quite significant. Consequently, the motor
downsize has not only a local benefit on its efficiency, but also benefits the surrounding

installation.
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Figure 3.6: Average load factor by power range for electric motors in the EU, in the year

2000 [34][33].

For this purpose, the motor downsizing interface was created (fig. 3.7). In order to
use this tool, the load type and the measured slip are required, while the remaining data
serves to refine the optimization. The output is the new desired magnetic flux, which forces
the actual machine’s efficiency to reach its peak. Consequently, the new project number of

turns per phase is calculated, thus the desired magnetizing flux is matched.
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Motor Downsizing Oplimization

Load Type Constant Power

Slip Measurement

-
Measured slip I:l
]

Slip at maximum efficiency

[] voltage Measurement

vleasured voltage

|:| Power Measurement

Figure 3.7: Motor downsizing menu.

The analysis starts with the study of the machine’s steady-state operation point im-
posed by the load. In [33], three load types are approached (constant, linear, and quadratic
torque loads). In this tool, the constant power load type was added, whose development will
be presented next. In figure 3.8 the machine’s torque-slip curve and the constant power load

curve are represented.

Torque
[N.m]
Original torque-slip
curve
N
T, -
N
Load curve
Tmea
1) ' H —_
Smea Sr 1 'Sllp

Figure 3.8: Constant power load type (torque-slip curve).

The system’s steady-state operating point is defined by (Smeq; Tmeq) and the rated
efficiency operating point is defined as (s,; 7T.), which, in most cases, corresponds to the
machine’s efficiency peak. Thus, the first step is to find the general equation that defines

the load curve of figure 3.3:
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where a = Tpeq - (1 — Smea), S0 this generic curve may be particularized to the motor’s
effective load. Then, the constant power load curve (T oc w™!) is defined by equation 3.2:

Tmea : (1 - Smea)

/-rload(s) - 1—s

(3.2)

Now, considering that the machine electromagnetic torque follows a linear proportion
in the interval [0;s,], the machine torque-slip curve, within this interval, can be obtained

through equation 3.3.

T.
Tem(s) = 3_

.S (3.3)

Finally, inserting equation 3.3 with s = s,,¢, in equation 3.2 and knowing the relation-
ship between electromagnetic torque and the magnetic flux T,,, o< ¢?, the flux adaptation

expression for the constant power load type is obtained through:

Smea 11— Smea
(I)new ~ (I)orig : ' ’
Sp 1-— Snew

where s, is the slip at maximum efficiency, which normally corresponds to the rated slip;

and ®,,.,, and ®,,;, are the desired and the original magnetizing fluxes, respectively.
In the above expression, the term s,,.,/s, is identified in [33] as the approximated load
factor, which can be approximated through equation 3.4:

Pshaft Smea — 52 Umea ? Smea Umea ?
oad = ~ el ~ . . 3.4
Ctoad P. Sy — 82 U, Sy U, (3-4)

The magnetizing flux reduction, caused by the voltage drop in the electric installation,
is compensated by the factor U,,../U,, where the measurement of the actual voltage at the
machine terminals is needed.

The final equation for the flux adaptation of constant power loads becomes equation

3.5:
1 - Smea
q)new ~ (I)om'g "V Cload : - - (35)

I — Snew
In the cases where the machine’s efficiency peak does not match the rated efficiency,
the load factor can be estimated differently through equation 3.6 [33]. In this case, the actual
(Pshase) and maximum (P,.¢) input power must be known, as well as the slip at maximum
efficiency (s,@)).

Pshaft Smea — 37277,5a Umea 2 Smea Umea 2
7 (1) Sr@) — Sr(@) r T

For the other load types, the equations in table 3.1 can be used for the magnetizing

flux adaptation [33].
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Table 3.1: Flux adjustment equations as function of the load type [33].

Load Type (T = f(w)) | Magnetizing Flux (¢)
Constant Power (T oc w™?) Prew = Porig - V/Coad * t‘;%
Constant Torque (T = const.) | Prew = Porig - VCioad

Linear Torque (T oc w) Prew = Porig -/ Cload * 4 /}__zﬁ
Quadratic Torque (7T oc w?) DPrew = Porig -/ Coad * tiﬁ

3.6 Winding Optimization Tool

It is well-known that the winding pattern of an electric machine affects the MMF
distribution and its performance. In fact, due to the slotted structure of the machine stator
and rotor cores, MMF spatial harmonics are unavoidable. Therefore, an optimized winding
design is necessary to mitigate the effects of the harmonic content, since many applications
rely on smooth torque production, and attain the efficiency benefit [35].

The design of an induction motor, for example, can be summarized in usual procedures
followed by designers. It all starts with the rating power and speed requirements, which
automatically impose the machine’s dimensions (stator, air-gap, and rotor dimensioning).
For economic reasons, these dimensions are usually the smallest possible, so the material
costs are reduced. The next decision to make is the choice of the stator slot number, which
may be the lowest possible, because of the limited space available. Then, the winding layout
can be finally designed, although many options have already been discarded by the low ¢
(¢ = Z/p/m), due to the requirements for the number of poles and phases. Commonly, few
attention is given to the winding design, with designers usually consulting tables of patterns
to choose the solution that is, apparently, most suitable. For most standard machines this
procedure is well-proven and works satisfactorily, but finding the best solution for a specific
application is, inevitably, not a simple task |6].

In order to ensure the most suitable winding design, some sort of search algorithm is
indispensable. The algorithm used must be extremely fast and efficient, because the space
of winding layouts combinations may be very large, for machines with a large number of
slots [6]. BobiSoft already had the basic winding data structures that may support such
algorithm. Therefore, its creation was inherent to the software’s new version.

Hereafter, winding optimization is defined as the reduction of the MMF spatial har-
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monics in the air-gap field. In order to achieve the optimal MMF spatial THD reduction for

a winding pattern, the algorithm presented in this section was added to BobiSoft.

3.6.1 Formulation of the Winding Optimization Problematics

The minimization of the spatial harmonic content of the air-gap magnetomotive force

is the main goal of the winding optimizing algorithm (eq. 3.7):

00 (Zfﬁl chCOS(nGk))Zﬁ-(Zk}zl chsin(nek)>2
2 n=2 2W; n)?
THD = ; - : (3.7)
\/(foi’l chcos(ék)) +(Zf§1 chsin(ek))
2Ws

In this equation it can be seen that the amplitude of the harmonics may be affected by
the number of turns and the slot position of the k-conductors. Consequently, there are only
two possibilities available to optimize the winding pattern, from the MMF spatial harmonics
perspective: changing the coil pitch and/or the number of turns per coil.

As the most simple of two optimizing possibilities, the coil pitch may only be changed
in double-layer windings, since for single-layer windings the position of the coil conductors
is fixed. The optimization is made by simply shortening the coil pitch slot by slot until the
effective coil pitch is shortened by ¢ slots. It was verified, after exhaustive simulations, that
the THD is commonly minimized at a coil pitch shorten by floor(q/2) slots.

Figure 3.9 presents an example of coil pitch optimization, where the shortening of the
coil pitch by one slot reduced the MMF THD by 12%".

The combination of different number of turns per coil for winding optimization is quite
complex. Many candidates of the space of solutions may lead to an asymmetric winding
layout. The following considerations must be taken into account for the sake of winding
symmetry. Firstly, all phases must share the same combination of coils with different number
of turns. Secondly, two consecutive slopes of the MMF waveform, ascendant and descendant,
must mutually respect an even symmetry to a vertical axis placed at the slopes intersection
point (figure 3.10 - even symmetry axis). Finally, every MMF slope must respect an odd
symmetry to an axis placed at the intersection of the MMF curve with the x-axis (figure
3.10 - odd symmetry axis). The imbricated winding fails the last two conditions whenever

the winding is double-layer and short pitched [4].

!The winding in figure 3.9a with an effective coil pitch of 16 slots has a MMF THD of 4,953%. The
winding in figure 3.9b with an effective coil pitch of 15 slots has a MMF THD of 4,355%.
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Figure 3.9: Coil pitch shortening optimization.

Therefore, this optimization is only valid for concentric winding and imbricated single-
layer winding types.
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Figure 3.10: MMF symmetries.

Under these circumstances, the remaining solutions for this optimization approach are
generalized in figure 3.11: the symmetry of the number of conductors inside each slot is
from the center of the pole to its extremities, where two slots mutually distant for the pole’s

center may share the same number of conductors.

Ny N Ne N N

L el el EIEN L

Q@ I

e
=

Pole conductors Stator

Figure 3.11: Pole conductors symmetry. Number of turns attribution (No, Ny, ... , Ny) [4].

At this point, all possibilities for the winding pattern optimization have been discussed.
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It seems easily understandable that the best solution found may produce an undesirable
magnetic flux and the total amount of wire needed may not be economically and physically
viable. Thus, these two design limitations must be taken into account when choosing the

best solution.

3.6.2 Proposed Algorithm

As mentioned before in this section, the function to be minimized is the one that
calculates the air-gap MMEF THD (eq. 3.7). It was necessary to choose a method to solve
this minimization problem. Two options were available, the nonlinear programming method
and an iterative method. The chosen method was the iterative method, because of two main
reasons: first, the finite space of solutions and the computational power available nowadays,
which validates the use of an iterative method; second, nonlinear problems are extremely
difficult to solve. Furthermore, it was not clear if this specific problem could have more than
one feasible regions, and inside each region more than one valley may exist, possibly leading
to false minimums. Therefore, the development a nonlinear programming method was not
considered worth of the required work, due to time limitations.

The developed iterative method investigates all the space of solutions and the most
adequate is imperatively chosen. Figure 3.12 presents the algorithm behind the winding
optimization. Here, the two possibilities for the winding optimization may run alone or
simultaneously. The user defines whether only the coils with different number of turns
optimization (CDNTO) or the coil pitch optimization (CPO) should be used, respectively,
by unchecking the coil pitch search check-box or checking it and making the turns search
range (t,,4) equal to zero. If the two options are running simultaneously the CDNTO runs
inside each iteration of the CPO. Inside the CPO, and whenever the CDNTO is executed
alone, the procedures are exactly the same.

It all starts with the pre-processing routine, which prepares the data needed by the
CDNTO to be executed efficiently. Its first procedure is to identify and group different coils
of a phase, so the conditions for this optimization are fulfilled, in other words all poles of
conductors follow the characteristics of figure 3.11. At the end of this procedure, the total

number of groups of coils (IV,.), which effectively change their number of turns, is given by

Q+ Z — Tg
Nye = ceil (%) ,

where 7., is the effective coil pitch for double-layer windings. In case of single-layer or

full-pitched windings 7., = Z/p.
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Figure 3.12: Winding optimization algorithm flowchart.

The next procedure is to calculate the maximum number of iterations, which is calcu-

lated through

Nite = <2Nc : trng)NgC .

Finally, the last procedure of the pre-processing routine is the calculations of the wire
length limit (L., ) and the flux lower and upper limits (¢; and ¢, respectively). Each limit
is set by the user. The wire length limit goes from a percentage of 70% to 130% of the new
project’s phase wire length. As for the magnetic flux, lower and upper limits can assume
values from 95% to 100% and from 100% to 103% of the magnetic flux of the new project,
respectively.

At this point the CDNTO may finally be executed. Figure 3.13 presents the CDNTO
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algorithm. Here, the minimal MMF THD is found through the variation of the number of
turns of the Ny, coils. Each variation is the result of the iteration number represented in a

numeral system with radix equal to 2V, - t,,,4, where the least significant digit is the Ny coil.
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Figure 3.13: Flowchart of the minimum MMF THD search algorithm (through the CDNTO).

They all start with the same initial number of turns (N;,;;) equal to:

Nim’t = Nc : trnga
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and finish with the same number of turns too (Ne,q) equal to:

Nepg = N - (1 + trng)'

Then, the wire length (L,;), winding factors (K,,;), and magnetic flux (¢;) of the i*®

iteration are calculated by equations 2.7, 2.30, and 2.19, respectively (chapter 2).

The output of this algorithm is a structure of two variables, which saves the minimum
THD found and the respective iteration number. This structure in the algorithm of the

flowchart in figure 3.12 is defined as nSol.

3.6.3 Iterative Method Limitations

The unique limitation of the proposed iterative method is the computation time, which
may increase proportionally with the number of iterations, in a worst case. The number of
iterations is dependent of ¢, effective coil pitch, and the coils’ number of turns. BobiSoft
allows up to 2000 millions of iterations. As an extreme example, a CDNTO of 6 turns range
of a three-phase machine with 180 slots, 2 poles, and a concentric double-layer winding short-
pitched of 5 slots has 1839 million iterations to run. Thus, the machine in this example most
likely does not exist. Nevertheless, the software should be able to use every available resource

of the computer, so the algorithm may run within an acceptable time window.

The first strategy to speedup the algorithm was to optimize the code. In fact, at the
current point of optimization the code runs approximately 200 times faster than the first
attempt. Despite that, the huge speedup improvement will not be considered in the cumu-
lative speedup, because it is independent of the machine resources. The strategy has mainly
gone through the identification and replacement of the repeated calculations with variables
containing the calculated value, which are determined before the algorithm is executed. An-
other strategy was the interruption of the current iteration if the wire length and magnetic

flux limits were not exceeded.

After the code optimization, further speedups were only possible by means of hardware
resources. Therefore, the first resource to use was the CPU, splitting the algorithm through
all its cores (fig. 3.14). This was possible using the OpenMP API to solve this reduction

problem. The speedup is approximately proportional to the number of CPU cores.
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Figure 3.14: Parallelization of the CDNTO algorithm on the CPU cores.

The last available resource is the computer’s graphic-card, which provides extreme
parallel power due to the huge amount of processing cores used in the typical architecture.
The algorithm was developed to run on Nvidia graphic-cards with CUDA cores. A separated
program was created to handle the parallelization on the GPU. The speedup from an Intel
core 13-5005U (with two cores 2GHz) for a NVIDIA GeForce 920M (with 384 CUDA cores
954 MHz) was about 12 times, however on the Nvidia GTX Titan X (with 3072 CUDA cores
1000 MHz) of the IT’s NVIDIA research center (IT-Instituto de Telecomunicagoes, University
of Coimbra) the speedup was about 150 times, running the 2000 millions of iterations in less

than 15 seconds.
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Figure 3.15: Parallelization of the CDNTO algorithm on the GPU cores.

Note that the code cannot be executed simultaneously on the CPU and the GPU. The
user decides the platform to use. To conclude, after this speedup achievement the maximum
number of iterations can perfectly be 10, 100, or even 1000 times higher. It can be increased

if necessary.
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3.6.4 Comparative Study

The example presented below establishes a comparative analysis between the CPO
and CDNTQO. For this example it was used a three-phase induction machine with 48 slots,
4 poles, and double layer winding (¢ = 4). The study consisted of varying the effective coil
pitch of the winding and in each iteration was applied the CDNTO (limits defined: magnetic
flux [98; 100|% and wire length bellow 100%). The air-gap MMF THD was calculated and

the results are shown in the bar chart of figure 3.16:
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Figure 3.16: CPO and CDNTO comparative performances.

For each iteration the values of the air-gap induction peak, wire weight, and slot fill

factor were registered on the table 3.2:

Table 3.2: Winding characteristics.

Quantities Effective Coil Pitch: 9 10 11 12

CDNTO 0,587 0,590 0,590 0,594
By (T)

CPO 0,569 0,590 0,574 0,594

CDNTO 852 837 828 848
Mwire (kg)

CPO 897 838 848 848

CDNTO 53,48 53,48 57,59 49,36
Kyin (%)

CPO 53,47 49,36 49,36 49,36

From the above results, the CDNTO’s best solution led to a reduction of the air-gap
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MMF THD by 26,5%, a reduction of air-gap induction peak by 1,2%, an increase of 0,47%
of the total wire weight, and an increase of the slot fill factor by 8,34%, comparatively to
the original project (full pitch case). On the other hand, the CPO’s best solution led to an
air-gap MMF THD’s reduction of 21,8%, a reduction of air-gap induction peak by 0,67%,
and a reduction of 1,18% of the total wire weight.

In short, the CDNTO always improved the air-gap MMF distribution beyond the CPO
used alone, as expected; except for the full pitch case, where was not found a solution within
the specified boundaries. The greatest reduction of the air-gap MMF THD was achieved
with the CDNTO for an effective coil pitch of 9 slots, despite the insignificant increase of
the conductors’ weight and the increase of the slot fill factor (which helps with the heating
dissipation). This example proves the effectiveness of this algorithm and the additional jump
in the winding’s efficiency that can be achieved.

Additional examples can be found in [4].



Chapter 4

User’s Interface

In this chapter, the program’s interface is reviewed as well as the inherent routines
used to design the projects’ diagrams. In figure 4.1 the comparison between the old and new
versions of BobiSoft is shown. Some modifications were done to the new version, so the user

may find the software more intuitive and user friendly.

4.1 Data Input Interface

In the previous version, a dedicated multi-tabbed page was used as the interface for the
data input. This way the data boxes were roughly packed into the tabs and disorganized.
In order to make the interface less confusing and time consuming, two main changes were
implemented. The first was to reorganize the data into families of the various machine
parts, and the second was to create separated windows for these families. Therefore, the
input windows of the nameplate, stator, winding, rotor, cooling, and mechanical data were
created. These windows are permanently accessible through the dock area and each of them
has two tabs, the original and new project pages, excluding the rotor data window. The
winding data window has a third tab for the winding automatic tools setup. There is also a
button that copies the data of the original project into the respective data boxes of the new

project, which could accelerate the data insertion task.

In this version, the floating point of the numeric data is defined with the dot symbol,
regardless of the user’s region. The inserted data is validated at the beginning of the main
computational routine. If invalid data is detected, a warning message is displayed locating

the error.
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Figure 4.1: Interface comparison between BobiSoft versions

4.1.1 Winding Editing Tool Interface

The new version of BobiSoft allows the user to design its own winding pattern. For

this purpose, the interface of figure 4.2a was created. With this tool the user is able to create

any type of winding, including fractional windings, as long as it is symmetric. The number

of turns of each coil can also be defined. In addition, this window can be opened next to a

circular scheme of the winding, so it may guide the user.

To use the winding editor the user just has to unlock the winding. Then, the winding

can be fully editable, following simple rules: the slot layering must respect the order of figure

4.2b, the phase attribution is defined with the letters A B, and C, and the winding terminals
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are defined with T1 and T2.
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Figure 4.2: (a) Winding editor menu. (b) Slot layering, U-upper, M-middle, and L-lower.

4.2 Output Data Interface - Project Results

In the software’s new version, dedicated tabs are used to display the project results.
The Data Analysis tab is used to show diagrams and schemes of the projects’ windings, as
well as the air-gap MMF wave and harmonics bar-charts. The Project Results tab shows
the results carefully described in chapter 2, which may be used to evaluate the computed
solution. The results of original and new projects are placed side-by-side, so the comparative
analysis may be more efficient. Also, in this tab, the machine parameters and its torque-slip

curve are displayed.

4.2.1 Machine Cross Section Diagram

The machine cross section diagram is displayed in the first tab of BobiSoft’s main
window (fig. 4.1b). This diagram may be extremely useful for the user to validate the stator
and rotor geometric data, so the calculated solution is true to the real dimensions of the

machine.

The following algorithm (fig. 4.3a) is used to generate the cross section diagram:
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: oW
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End
Show the machine cross section }
) X
(a) Machine cross section drawing algorithm. (b) Curve between points P1 and P2.

Figure 4.3: Machine cross section drawing procedures.

The slot drawing is based on the peripheral geometry subdivision. Thus, two geometric
entities are identified, lines and curves. Lines are simply defined with two points; in this
case, by the extreme points of the line. Curves are traced through trigonometric functions;
for the example of figure 4.3b the n points of the curved are calculated with the following

expressions:

PXn:P1X+w—w-COS(%~n)

Py, =Piy + h-sin (ﬁn)

Pu(z,y)

4.2.2 Winding Pattern Schemes

Understanding the winding pattern is not, in most cases, a quick and easy task. Mis-
takes can be easily made, so the representation of the winding pattern may be the simplest
and containing the most information. The software offers several schemes to help the user

quickly and fully understand each winding pattern.

The circular scheme (schemes represented in figure 3.1 of chapter 3) is probably the
simplest and preferable scheme to quickly get the big picture of the winding pattern. In fact,
the new version added the representation of the current direction in the slot for the going in

current with ®, and, for the going out current with ©®, which identify the coil-sides.

The algorithm used to draw the circular scheme of the winding pattern is presented in

figure 4.4.
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‘ Start

Seti=0.
End N -
Show circular scheme. °

Draw the i-coil heads, with the respective
current signs (going in or out of the slot).

s there any terminal ™
nnected to i-coil

Increment i.

A

S—N

Draw the i-coil terminal.

Figure 4.4: Winding pattern circular scheme drawing algorithm.

Another layout available is the planar scheme (fig. 4.5). Its understanding is more
complex than the circular scheme, but it adds the inter-coils connection representation,
making it the most complete scheme for the rewinder’s guidance. In this version, the planar
layout is fully represented, including the winding connection to the machine’s terminals,
being very similar to the planar scheme used by the WEG manufacturer. In fact, it was one

of the requirements to obtain the WEG-Portugal official approval.

u1

Vi

wi

u2

v2

w2

Figure 4.5: Winding pattern planar scheme.

The planar winding pattern layout is generated through the algorithm of figure 4.6.
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Seti=0.

Show Dlair;? scheme. oL = 0=Erlnrmie > Increment i. I

Yes

‘ Start

Draw the i-coil placement in the upper side
of the planar scheme.

.

Connect the incoming side of the i S~ Connect the outgoing side of the
i-coil to the respective (i -1) - coil § _~ Incoming side of the ™. -~ Oulgoing side ofthe ™. _ i-coil to the respective (i+1) - coil »
outgoing side, on the lower side of [« coil “~_icoil is connected fo “~_icoil is connected fo~ a coil—¥| incoming side, on the lower side of
the planar scheme. . ) the planar scheme.
a terminal a terminal
Connect the incoming side of the Connect the outgoing side of the
i-coil to the respective terminal, on i-coil to the respective terminal, on
the lower side of the planar scheme the lower side of the planar scheme

| |

Figure 4.6: Winding pattern planar scheme drawing algorithm.

The software also provides textual forms of representing the winding layout, by the use

of tables and lists (fig. 4.2a).

4.2.3 MMF Air-gap Waveform Graph

The MMF air-gap waveform graph is provided as an important project evaluation key
(fig. 4.7). In the software’s new version the amplitude of the waveform is given in A.turn/m.
The fundamental MMF wave is also shown for the quick perception of the harmonic content

improvement or degradation.

Because a snapshot of the MMF waveform is not sufficient to verify the correctness
of the winding design, a new functionality was added to simulate the translation carried
out by the MMF wave along the air-gap periphery. The options of phases’ swap, phase
current inversion, and phase shift of electrical 180°are included in the analysis, making the
correct adaptions to the resultant MMF equation 2.29 (chapter 2). Therefore, the phases’
swap changes the sequence order of the m phases of the winding, and for the phase current
inversion and phase shift of electrical 180°it is enough to add the angle of 180°in the time

and spatial terms of equation 2.29, respectively.
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Figure 4.7: MMF waveform graph.

4.2.4 Machine Parameters and Torque-Slip Curve Interface

Many software for the designing of rotational electric machines output, among other
results, the projected machine parameters and its torque-slip curve. These two results were
perfectly possible to obtain with the data given by the user. So, a new interface was added

to BobiSoft (fig. 4.8).

Motor Section and Windings ~ Data AnalysisT  ProjectResults  CorelossTest  Client/Service Data

Original Motor MNew Motar

Stator Resistance i Stator Resistance @l
Stator Leakage Inductance H Stator Leakage Inductance M
Magnetization Inductance H Magnetization Inductance H
Rotor Leakage Inductane H Rotor Leakage Inductane H
Rotor Resistance 3] Rotor Resistance [

Stator Differential Leakage Inductance M Stator Differential Leakage Inductance M
Stator Slots Leakage Inductance H Stator Slots Leakage Inductance H
Stator ZigZag Leakage Inductance H Stator ZigZag Leakage Inductance H
Stator End-Winding Leakage Inductance H Stator End-Winding Leakage Inductance H

Maximum Torque

Maximum Torque

Warami

Maximum Slip

Torque [M.m]
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[] same scale

_General Results /\_Electrical Results f\_Motor Parameters /\_MMF Drawing /

Figure 4.8: Machine parameters and torque-slip curve interface.

This interface gives the user the induction machine parameters of the equivalent circuit.
One direct and important result that can be extracted from these parameters is the machine’s

torque-slip curve. In chapter 2, the theory behind the complete equivalent circuit, including
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the interference of spatial harmonics, is explained, making the calculated curve a decisive

result of the evaluation of the machine’s performance at different points of operation.

Many other interesting results can be found from the machine’s parameters, such as

the efficiency maps (if the iron resistance (Ry.) is known).

4.3 Alternative Air-gap MMF Calculation

In BobiSoft 2.0, a new method to determine the winding factors from the air-gap MMF
waveform was introduced. This procedure is purely didactic, since it calculates a result which

has been previously calculated by the BobiSoft’s main computational routine.

The air-gap MMF is firstly drawn through the slot’s conductors positioning, the slot
opening creates the transition slope between teeth (whenever the slot’s opening is neglected
this transition is a vertical line), thus creating the characteristic stepped waveform of the
MMF distribution. This procedure is made to all phases, and finally all pulsating MMF
waveforms are summed, resulting in the air-gap MMF waveform for a specific time. Finally,
a FFT is applied to this waveform and the winding factors are retrieved. In figure 4.9 a
comparison between the calculated and the retrieved winding factors is shown. The winding
factors, calculated through this alternative method, are very close to those of the classic

theory.

Motor Section and Windings Data Analysis I Project Results Core Loss Test Client/Service Data

Harmonic content calculation to MMF waveform | ‘

Mumber O I P t  MNewP t (A
umber Original Projec ew Project 400
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13 0.12608 0.00159
-200
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19 0.20533 aon21 -400 L L L I 1 1 L
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Figure 4.9: Alternative air-gap MMF calculation interface.
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4.4 Core Loss Test Interface

The main cause of the electric motors’ efficiency reduction, after the rewinding service,
is the damage caused by the winding extraction process, which in most times is impossible
to do without heating the stator. This has a negative impact on the stator core losses, since
the insulation between the ferromagnetic sheets may be damaged.

The quality of stator core after the extraction can be evaluated with the core loss test,

which has a specific interface in BobiSoft to help the user to perform the test (fig. 4.10).

voltage Source

Voltage [V] 230 Test Coil Turns
Freuny e
Measuremen ts

Stator Core Temperature

Room Start End Period

Before Extration [22 | [22 | 50 | [1s |

After Extration |22 |2 | [s2 [ [15 |

Voltage  Cument  Power

Befare Extration 230 |2 | [200 |

After Extration 238 IE | 310 |

Evaluate

Report:

~Temperature Rise Before [°Cl: 28 ~

~Temperature Rise After [°Cl: 31

-Power/weight Before [W/kgl: 17.2493
-Power/weight After [W/kgl: 17.318

Evaluation
Health index [Bower]: 0.387742
Heslth index [Temperature]:_ 0.3032Z¢

Final Evaluatien: Approved v

Figure 4.10: Core loss test interface.

In this tab the user can quickly perform all calculations related to the Electrical Ap-
paratus Service (EASA) guideline (EASA Tech. Note No. 17), in order to evaluate the
stator core losses. This test is based on the variation of the stator core temperature and its
losses under certain conditions before and after the winding extraction. For this test, the
voltage source must be alternated and the amplitude the lowest as possible, in a way that
the number of turns needed by the test coil is minimized. The minimum period of time
necessary for each test is 15 minutes.

The test coil turn’s number is automatically calculated by the software, as specified
by the guidelines. Tt is not mandatory to fill up the values of voltage and current applied
to the test winding, since their values are merely indicative. The final evaluation is merely
qualitative, thus it helps the rewinder to decide whether the stator core is still acceptable

for rewinding. The core loss test report can be printed.
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4.5 Client Data Interface

The program has a dedicated menu for the registration of the client and service data.
In this new version the user can upload images into the project file, such as the photos of
the machine status before and after the repair is concluded. All this data can be printed

and attached to other reports.

4.6 Summary of BobiSoft 2.0 New Features

The development of the new version of BobiSoft implicated the review of all calculations

and algorithms. The following list summarizes the new main features added to BobiSoft:

- New Interface;

- Machine’s cross section drawing;

- Improved circular and planar winding schemes;

- Free winding editor;

- Crossed winding heads avoidance tool;

- Eccentric groups of concentric windings creation tool;

- Automatic wire section selection tool;

- Automatic winding optimization tool;

- Automatic downsizing tool;

- Magnetic saturation effect;

- Machine parameters calculator (rotor parameters estimation);

- Stepped MMF waveform to winding factors calculator (academic interest only);

- Service photographic data registration;

- Wire material conversion calculator, in miscellaneous calculators;

- Option to export the project data to an EXCEL sheet (*CSV file creation);

- New automatic printable reports.

Additional and detailed information about the software interface can be found in the

BobiSoft user’s manual.
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Experimental Validation

This chapter presents the experiments performed to validate the software results.

A last version of BobiSoft 2.0 is being commercialized since May 2017 and several
comments and suggestions have been given by the users. Therefore, so far, the software
has been constantly updated and improved. In addition, new features have been created to

satisfy BobiSoft’s users.

The software’s version 2.0 has been sold to universities, rewinding shops, and mo-
tor manufacturers across the world, such as: the Universidad Auténoma de Occidente,
Cali, Colombia; the French research institute LAPLACE (Laboratoire Plasma et Conversion
d’Energie - Institut National Polytechnique de Toulouse); the EMS group (rewinding and
maintenance), Australia; Universal Motors (motor manufacturer), Portugal; JJ Loughran

(electric motors), Ireland.!

Every day BobiSoft is being tested and used by hundreds of users all over the world,
including those using the first versions. Consequently, constant attention is being paid to
every feedback. During the development of the second version, the results of each calculation
process have been compared to those of the original version, as a reference of validation.
The final version of BobiSoft 2.0 has received the WEG-Portugal recommendation, after an
internal technical evaluation. Many features had to be added and reviewed, so the software

could pass their tests.

The above facts demonstrate the software’s usefulness and quality. Nevertheless, some
experimental tests have been carried out to confirm the effectiveness of some of the new
tools added to this second version. It has also been conducted a supervision of the software’s

usage by a rewinder from the SindelTech company, based in Gafanha da Encarnacao, Aveiro,

!The Ph.D. student Victor Aguiar from the Federal University of Ceara, Fortaleza, Brazil, is currently
using BobiSoft 2.0 for the development of his thesis (rewinding strategy as a solution to increase efficiency

of industrial motors).
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Portugal (July 2017). During this supervision two motors have been rewound following the

project directives of the software.

5.1 Machine Equivalent Circuit Parameters Test

In this section, the machine’s stator parameters, calculated by BobiSoft, are experi-
mentally tested (rotor parameters are excluded from this test, because the program does not
calculate them).

In [36], four induction machines are fully parameterized, following the IEEE 112 stan-
dards. The tested machines have the same rated power but different efficiency classes. The
manufacturer provided the design detailed information, making it possible to simulate these

machines in the software. In table 5.1, the measured and simulated parameters are compared.

Table 5.1: Comparison between measured and simulated stator equivalent circuit parameters

of IE1-4 induction machines.

Motor Class | Parameter ({2) | Measured | Simulated | Error (%)
R, 2,20 2,20 +0,00
IE1 X, 4,10 4,59 11,28
Xm 99,06 96,66 +2,45
R, 2,90 2.20 +0,00
IE2 Xis 4,21 3,91 +11,82
X 117,42 118,87 —1,23
R, 1,61 1,61 10,00
E3 X 3.72 3,97 112,88
X 113,38 111,43 +1,73
R, 1,25 1,25 10,00
E4 X, 3.20 9.84 111,92
Xm 94,01 97,13 —3,26

Note: the wires materials’ resistivity were adapted to the temperature of 40°C.

The results of table 5.1 show a fair accuracy of the simulated machines’ parameters.

The windings’ resitance was intentionally forced to be approximate to the measured values,
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so the winding heads’ length could match those of the real winding?. The simulated mag-
netizing reactance is extremely accurate to the measured values. On the other hand, the
simulated stator leakage reactances’ accuracy is not that accurate, but still quite satisfac-
tory. Therefore, it is important to note that these parameters are highly dependent on the
machine’s geometry, and slight constructive deviations may affect them significantly. Other
important aspect to be considered is the impossibility to separate, with this test, the stator
from the rotor leakage inductances. Their values are obtained through standardized tables
of the leakage indunctances’ distribution (table 2.2, chapter 2), which in reality may not

correspond exactly as listed.

5.2 Coil Pitch Optimization Test

The test presented in this section has the purpose of validating the shortening pitch

winding optimization.

For this test was assembled the experimental setup of figure 5.1. A three-phase induc-
tion machine was used (Z = 36 and p = 4, thus ¢ = 3), with configurable coils assembled
in an eccentric configuration (fig. 5.1-a). This machine has incorporated three test coils
equally distanced (fig. 5.1-b). Electric measurements were obtained with the YOKOGAWA
WT1800 power analyzer (fig. 5.1-c). The power source used was the PACIFIC 3300 AFX
(30 kVA), which generates a free of harmonics, perfectly balanced three-phase voltage system
(fig. 5.1-d). A data acquisition device of National Instruments (fig. 5.1-¢) is used to acquire
the mechanical vibrations signal measured with an accelerometer. Finally, to process the
signal in real time, a Signal Express environment was developed (fig. 5.1-f), which outputs

the mechanical vibration signal’s FFT.

In BobiSoft, the machine’s winding was reproduced. Three windings were created: full
pitch, short pitch (one slot), and short pitch (two slots). The characteristics of these windings
are shown in table 5.2. For each configuration, the magnetizing flux was kept constant, thus

the supply voltage was adapted for each case.

2 Additional head lengths used in the simulation: 21%, 23%, 18%, and 17%, for IE1-4, respectively.
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Table 5.2: BobiSoft projected windings’ characteristics.

Winding Type

Supply Voltage (V)

Winding Factor MMF THD (%)

Full Pitch

400,0

Short Pitch (1 slot)  393,9
Short Pitch (2 slots) 375,9

0,9598
0,9452
0,9019

10,67
0,48
9,26

Figure 5.1: Coil pitch optimization experimental setup.

The experimental results are presented in table 5.3. The magnetizing flux was kept

practically constant, despite the slight deviation in the full pitch case, therefore the flux

adaptation equation is validated (eq. 3.1, chapter 3).

Table 5.3: Coil pitch winding optimization experimental results.

Measurment | Full Pitch | Shortened Pitch (1 slot) | Shortened Pitch (2 slots)
Us (V) 400,08 393,92 375,90
I, (A) 0,874 0,896 0,936
PF 0,111 0,108 0,111
Itap (%) 0,332 0,298 0,259
Test Coil (V) | 1,351 1,319 1,320
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The reduction of the air-gap MMF THD could not be measured, however its effects are
observed as expected in the line current, as its THD tends to be smaller when the winding
is increasingly short-pitched. The rms value of these currents increases with the shortened
pitch due to the reduction of the supply voltage. Regarding the vibration level (fig. 5.2),
an attenuation with the shortened pitch was observed, as expected. For the full pitch case
(fig. 5.2a) the vibration component of the 100 Hz was slightly lower than the two slots
short-pitched winding case, but the remaining harmonic content is significantly higher. In
fact, the vibration reduction was perceptible by the motor’s acoustic noise. To conclude the

CPO was verified, since the air-gap MMF THD, vibration, and acoustic noise were reduced.
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Figure 5.2: Frequency spectrum of the measured mechanical vibrations.

5.3 In-field Test

The purpose of the in-field test was to identify possible errors and validate the effec-
tiveness of the interface and results. The test was conducted at the SindelTech company,

whose rewinder never had a previous contact with BobiSoft.
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Two machines were available for rewinding. The supervisors asked for the first test to
maintain the original winding layout, so they could confirm that the software was working
properly and the results were the expected. Thus, BobiSoft was only used for the project’s
record and documentation. In this case, the machine to rewind was a pump of the sewage
system of SIMRIA’s water company, powered by an induction machine. The main charac-
teristics of this machine and the project results are presented in table 5.4. The full process

of this rewinding is documented in appendix D.

Table 5.4: SIMRIA rewinding project results.

Machine’s Caracheristics | Original/New Project

Number of Slots 36
Slot Useful Section (mm?) 82

Stator Bore Diameter (mm) | 120
Stator Length (mm) 167
Air-gap (mm) 1
Slot Fill Factor (%) 52

Wire Weight (kg)
Winding Type

4,92 (4,73 extracted)

Concenctric, single-layer

Wires’ Section (mm?) 2x0,33 + 0,28
Number of Turns 45

Number of Poles 2

Number of Parallel Groups 2

Air-gap MMF THD (%) 6,36

Air-gap Induction (T) 0,62
Magnetizing Current (A /ph) | 3,53

Winding Resistance (€2/ph)

0,86 (0.91 measured)

This induction machine was not tested, apart from the measurement of the winding
resistance, since its rotor could not be removed out of the sewage pipe.

In the second rewinding, the supervisors agreed to implement an optimized winding
projected by the software. The machine’s owner was aware of the situation and became very
interested in the optimization, asking for the project’s documentation, which was provided.

This rewinding case was a vacuum system, powered by an induction machine (rated voltage:
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400 V, rated current: 12,3 A, rated power: 5,5 kW, and rated speed: 720 rpm). The opti-
mization consisted on the replacement of the damaged single-layer imbricated winding with
a double-layer imbricated winding with an effective coil pitch of 5 slots. The characteristics

of the machine and the project results are described in table 5.5.

Table 5.5: Uni-Motors rewinding project results.

Machine’s Caracheristics | Original Project | New Project | Measurement
Number of Slots 48

Slot Useful Section (mm?) 92

Stator Bore Diameter (mm) | 200

Stator Length (mm) 143

Air-gap (mm) 0,6

Slot Fill Factor (%) 52 54

Wire Weight (kg) 6,1 5,8 6,2 / 5,8
Wires’ Section (mm?) 2x0,33 + 0,28 0,57 + 0,50

Number of Turns 44 23

Number of Poles 8 8

Number of Parallel Groups 1 1

Air-gap MMF THD (%) 15,6 13,9

Air-gap Induction (T) 0,77 0,76

Magnetizing Current (A/ph) | 3,70 3,63 4,33
Winding Resistance (£2/ph) | 3,33 3,16 3,42 / 3,18

The machine’s magnetizing current differs quite significantly from the simulated result,
because the vacuum gum was coupled to the machine’s shaft, which created much friction
while spinning. The motor was surprisingly quiet, which made necessary to double check
the supply voltage. The significant reduction of the winding weight was possible due to
the rewinder’s dexterity in reducing the head’s length. The rewinder had some difficulty
to assemble the winding, since the slot fill factor was increased by two percentage points.
Nonetheless, the rewinding was performed within the usual timing. The rewinder suggested
the use of more parallel wires of reduced section, so the winding could have been easier to
assemble.

In figure 5.3 this machine’s parameters and the torque-slip curve of both projects are
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presented. The reduction of the air-gap MMF THD was beneficial to the stator leakage
reluctance (it was reduced by 32%). Consequently, the maximum torque was increased and
the nominal slip was reduced. In the torque-slip curve of the new project the practical

parasitic torques’ elimination can be observed.
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Figure 5.3: Uni-Motors motor parameters and torque-slip curve of the original and new

projects.

5.3.1 Conclusions of the In-field Test

BobiSoft fulfilled all the expectations for this test. The rewinder was surprised by
the quick output of solutions and the theoretical support that the software provides. For
example, the determination of winding’s number of turns per coil was a mystery to him. He
uses an empirical formula given to him by his mentor which is not totally correct.

In the rewinder’s opinion, the interface was very clear and intuitive, although many
results were beyond his comprehension, and, therefore, useless to the rewinding task. The two
results that the rewinder found extremely interesting were the air-gap induction (machine’s
saturation) and current density (machine’s heating), for which BobiSoft emits a warning
if their values be outside the typical/acceptable boundaries. Thus, the rewinder realized
the material savings he could achieve if he pushed the machines to their limit during the
rewinding process.

To conclude, the winding’s circular scheme was, in the rewinder’s opinion, the best

representation for winding pattern’s. Due to his experience he needed only a few seconds
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to understand the winding pattern (different winding patterns were presented to him and
were quickly recognized or understood). The only aspect he would change is the one-phase
circular scheme representation, since for more complex windings the representation of other

phases may make it more confusing.
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Conclusions and Future Work

BobiSoft’s new version was successfully created during the development of this master’s
thesis. The software was completely rewritten, the interface was renewed, and new important

features with practical and academic interest were developed.

Firstly, a copy of BobiSoft’s previous version was programmed. All results have been
exhaustively compared, in order to validate not only their correctness but also the robustness

of the software’s structures.

Secondly, all winding schemes were improved. The winding editor was added to this
new version allowing the design of fractional and any other type of symmetric windings.
Then, there was a need to make the software capable to handle two-phase induction machines
as well. Thus, all calculation processes and routines were reviewed and generalized to support
two- and three-phase induction machines (some of these calculations are already generalized

to any phase number, as seen in chapter 2).

Thirdly, the development of more relevant features brought a higher notoriety to Bo-
biSoft. The most relevant one is the automatic winding optimizing tool, which a unique
search algorithm that finds the combination of different turns per coil conjugated with short-
ened pitch which minimizes the air-gap MMF harmonic content. This algorithm uses the
fastest available resources of the user’s computer to determine the best solution, dividing
the computational efforts into the available CPU or GPU units, providing to the users an
additional opportunity to design less noisy and more efficient machines (this last benefit is
expected, but not tested yet). Another important feature is the automatic downsizing tool
that allows the user to increase the efficiency of oversized induction motors, adapting only
the winding’s number of turns. Lastly, the analytical calculation of the machine’s equivalent
circuit parameters gives the possibility to evaluate the machine’s performance, such as the

torque-slip curve.

Finally, the experimental tests performed showed good results, validating almost all
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BobiSoft 2.0 functionalities. In addition, the in-field test endorsed the quality and applicabil-
ity of this unique software, proving, as well, its easy to use interface, the expedite winding’s
creation, and the easy communicability of complex technical information.

To conclude, since May 2017 BobiSoft 2.0 is being commercialized and universities,
research centers, motor manufacturers, and motor maintenance companies have acquired
this version. This demonstrates interest from many sectors of the electric motor industry for
this software.

BobiSoft can still be much more developed. The list bellow presents work that can be

developed:

e Conducting experimental tests to validate or rebuff the efficiency benefits expected

from the CDNTO;

e Investigation of a nonlinear programming method to solve the CDNTO’s problematics

(alternative to the iterative method);
e Expand and generalize the program to handle windings with m-phases and n-layers;

e Expand and generalize the program to design windings of single-phase induction ma-

chines;
e Development of fractional winding automatic design tool;
e Add efficiency maps to project outputs;
e Creation of new project’s nameplate output interface;

e Creation of a BobiSoft’s expansion pack for the full design of rotational electric ma-

chines with distributed windings, including the rotor design and analysis;

e Integration of FEA in the program, in order to solve magnetic and thermal field prob-

lems.
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Appendix A

Experimental Magnetizing Curve

The experimental procedures to obtain the magnetizing curve, as function of the air-
gap magnetic flux density, are explained in this appendix. Four different classes of motors
were tested (IE1 to IE4), in order to verify if there was an accentuated variation between
their magnetizing curves.

Initially, it was performed a no-load test on each motor, at different voltages, below and
above their rated voltages, and the line current was measured [36]. This way, the magnetizing

curves were obtained (fig. A.1).

Magnetizing Curve (IE1-IE4)
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Figure A.1: Magnetizing curves of the 4 motors with different types of classes.

It seems evident that the higher the motor class, the lower is the degree of saturation at

the motor’s rated voltage. In addition, the magnetizing curves are quite similar, particularly

76
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in the linear region, despite the different saturation degrees, and core steel sheets material
and thickness (IE1: 1100-60SP, 0.6 mm of thickness; IE2-4: 550-50SP, 0.5 mm of thickness).
The TE4 curve is slightly shifted to the right because of its mechanical friction and ventilation
losses are the highest of all tested motors, thus, in this case, more current is absorbed by
the rotor.

Next, the magnetizing curve to be chosen should better reflect the effective magne-
tization current. In other words, the current driven by the rotor and the iron equivalent
resistance must be minimal. Therefore, the IE3 motor was chosen, which has the less me-
chanical and iron losses [36].

Now, the magnetizing curve must be transformed into a B-I curve. Thus, the voltage at
the machine’s magnetizing branch needs to be determined, in order to calculate the air-gap

magnetic field density. The magnetization voltage can be calculated through
E'w = ‘Us _Ts '73 )

where Z;, = 4.05 + 33,719 (2)[36]. The field density B was calculated with BobiSoft. The

machine’s dimensions were given by the manufacturer (fig. A.2), with an air-gap of 0.6 mm.

Figure A.2: Stator cross section of the tested motors.

The resultant B-I curve is listed in table A.1. The current can be present in p.u., whose

reference is the no-load current at the rated voltage.
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Table A.1: Magnetizing and B-I curves

Voltage (V) Current (A) E, (V) B (T)

472,2 9,318 450,4081 0,777
439,7 7,403 422,3867 0,729
419,7 6,545 404,3933 0,698
400 5,899 386,2041 0,666
365,8 5,096 353,882 0,611
336,9 4,564 326,2262 0,563
299,8 3,974 290,506 0,501
274,7 3,603 266,2737 0,46
241,3 3,123 233,9963 0,404
213,5 2,743 207,085 0,357
181,4 2,321 175,9719 0,304
153,3 1,953 148,7325 0,257
125,1 1,602 121,3534 0,21
102,4 1,326 09,2089 0,171
82,4 1,094 79,84147 0,138

59,5 0,857 57,49574 0,099




Appendix B

Air-gap Magnetomotive Force Analysis

This appendix discusses a general approach to compute the magnetomotive force in the
machine’s air-gap, valid for any phase number and any type of winding. In this development,
it is considered that the armature has Z slots uniformly distributed along the stator core,
numerated as k = 1,2,...,7Z. The subset of slots containing conductors belonging to a
given phase, p, are noted as {K,}. These conductors are carrying a sinusoidal current
I, = V2Isin(wt).

The analysis is based on the current-sheet concept. In figure B.1 it is represented a slot
with N, conductors belonging to a phase placed at the angle 8, measured from an arbitrary
slot, which is numerated as k;. The angular opening of the slot is 8, which is supposed to

be equal for all slots, and the stator bore radius is defined as R.

The current-sheet of this slot can be defined as follows:

2

0 0 [0, — 5,0, + 5]

Ni, Iv/2sin(wt) 0clp, — B 0 _|_ﬁ
Ai(0,t) = o ’ [k -

The approach starts with the analysis of the classic Fourier sine series for the slot

current-sheet curve (eq. B.1):
1 o0
f(z) = 540 + ; [ancos (%) + bysin (?)] : (B.1)

where
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Figure B.1: Current-sheet produced by N, conductors placed in the slot k.

The Fourier coeflicients are calculated as follows:

21
a, = l/ Ay (6)cos (n_7r9) df = %cos (nfy) sin (ng) ,
0

T T nmw
1 27 2A
b, = —/ Ay (0)sin (n_7r9> df = ZFgin (nby) sin (ng) ,
T Jo T nm
1 [ A
%:—/.@@w:éi.
T Jo T

Now, applying the above coefficients to equation B.1:

Ak(0> = &

(e

B

5t ; Ecos(nek)sm (n2) cos(nd) + ﬁsm(n@k)sm (n) Cos(ne)]

Finally, the simplified generic slot current-sheet expression is obtained (eq. B.2) [27]:

N IV2sin(wt) |1 &
Ap(0,1) = o §+%;Km%@ue—@» : (B.2)
where
K, = iS.in (@)
If the slot’s opening is negligible the K, coefficient tends to 1, the ideal case:
0 2 ng
lim —sin (ﬁ)o = lim nees ( Z ) =1
B0 2 B0 2n

In fact, the effect of slot opening on the produced MMF is considered through this
factor, K. It reflects the reduction of the harmonics amplitude by the slots opening. Thus,
it would be correct to design stator slots with the biggest opening possible, for the purpose

of reducing the harmonic content, but so the fundamental term is reduced.
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The next step is to sum the current-sheet produced by all conductors of phase p,

resulting in the equation B.3.

ZAk (9 t I\/—Sln Wt [ ZNk -+ ZK ZNkCOS (9 Hk)) (B3)

The relationship between the MMF and the current-sheet, produced by a winding
phase, is given by equation B.4 [27].

OF,
=g = HORF, = R/Ap(e) df (B.4)

Applying equation B.3 in the expression above it is obtained the MMF produce by the
phase p (eq. B.5) [27].

) Iﬂs;n(wt)z% -

F,(6,t) = Nesin (n (0 — 6))

n=1 k=1

Iﬁsin(wt) > K, .
F,(0,t) = — ; TCnsm (nf — 0,p) , (B.5)
where
K, 2 K, 2
Crp = (Z chcos(nﬁk)> + (Z chsin(an)> ,
k=1 k=1
and

0,, = arctg Zk 1 Newsin(nf) ,
Sn2y Neweos(nfy)

where 0, = wk - p/Z. The winding factors, K,, of the phase p, are calculated through
equation B.6. Note that (), is the exact vectorial summation of the MMF produced by each

coil of the phase p.

C
Kypn = —2
2W,

(B.6)

Note that if there is more than one parallel path only the slots/phase/path are considered.
The resulting air-gap MMF is then calculated as the vectorial sum of the pulsating MMF of

each phase:

— — = = —
F :FA+FB+FC+...—|—FN
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So, developing the above sum it becomes (eq. B.7):

1
F.(0,t) = AV/2sin wt—HOA Z —C,,sin (nd —0,,) +

]B\/_sm (wt + ¢B) Z 2n e sin(nf — 6,,) +

3

I
cV2sin(wt + po) Z W”Cncsin (n — ) + ...+

v
n=1

]N\/§s1n wt + SON) Z %Cmvsin (n9 - QnN)

™

n=1
The development above is valid even under unbalanced currents. But, assuming a

supply of symmetric currents, I = Iy = Ig = I = ... = I, the resultant air-gap MMF can

be simplified into the following expression (eq. B.8).

F.(0,t) = \/_I [Vlcos(nG wt) + Vasin(nb — wt) +
T n (B.8)

n=1

Wicos(nd + wt) + Wasin(nd + wt)],

where

Vi = %[C’Mcos(nﬁm +@a) + Cpycos(nby, + op) + Crpcos(Nby, + ©c) + ... + Crycos(nbn,, + on)l;
%[CnAsm(nQnA + @) + Cppsin(nb,, + ¢p) + Cposin(nb,, + ¢c) + ... + Chysin(nb,,, + on)];
Wi = —%[Cmcos(’nﬂm —pa) + Chycos(nby,, —op) + Crocos(nby. — po) + ... + Crycos(nb,,, — @n));

= —1[Cp sin(nb,,, — pa) + Cppsin(nby,, — ¢p) + Cresin(nbn, — ¢c) + ... + Cyysin(nby,, — on)].

Equation B.8 can be further simplified with linear combinations of sines and cosines,

resulting in the air-gap MMF expression (eq. B.9) |27]:

F,.(0,t) = \/—] — [Kndsin(nﬁ — wt + @q) + Kpisin(nb + wt + ¢;)] (B.9)
n

™
n=1

Where

= VeV
arct Vi
= ar —_—
©d g V2 9

. w1

; = arctg | —= | .

¥ &\ wo

The factor K,4 (direct) is associated with the pulsating MMF harmonics, which create

a rotating wave that revolves in the same direction as the rotating magnetic field. On the
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other hand, the factor K,,; (revers) is associated with the pulsating MMF harmonics, which

create a rotating wave that revolves in the opposite direction of the rotating magnetic field.

Therefore, considering a three-phase system, the (6n+1) harmonics of the MMF belong to the

K4 factor and the (6n-1) harmonics belong to the K,,; factor. In table B.1 a representative

situation of this fact computed by the program is presented.

Table B.1: Phase winding factors and direct, reverse factors relationship.

Order | Kwd Kwi | Phase A Phase B Phase C
1 0,9577 00,0000 | 0,9577 —0,9577  —0,9577
2 0,0000 0,0000 | 0,0000 0,0000 0,0000
3 0,0000 0,0000 | 0,6533 0,6533 0,6533
4 0,0000 0,0000 | 0,0000 0,0000 0,0000
5 0,0000 0,2053 | 0,2053 0,2053 —0,2053
6 0,0000 0,0000 | 0,0000 0,0000 0,0000
7 0,1575 0,0000 | —0,1575  0,1575 —0, 1575

An interesting characteristic of these factors is that their product verifies whether

the winding pattern is symmetric or not. Thus, if only pure space harmonics exist (case

of symmetric winding) the the product of K,; and K,; is zero (K,q - K,; = 0), for any

harmonic order, [27]. Otherwise, the winding pattern is asymmetrical. This condition is

used to validate the winding pattern introduced manually by the user.



Appendix C

Reference Values

This appendix presents the EFACEC’s typical values for air-gap induction peak and
current density for induction machines. These reference values are used in BobiSoft versions
1.1 and 2.0, and their purpose is to prevent the designing of underrated machines or, in case

of a rewinding, to detect atypical winding designs and avoid their replication.

C.1 Air-gap Induction Peak Reference Values

Table C.1 provides the typical values for the air-gap induction peak. They are function

of the machine’s poles number and rated power (P, in kW).

Table C.1: Air-gap induction peak reference values (EFACEC manufacturer, 2004).

Poles Number Function

0,00001 - P? — 0,0037 - P, + 0,8041
0,000003 - P? — 0,001 - P, + 0,9036
—0,0009 - P, + 1,001

8 —0,0004 - P, +1,1004

V4 D P~ (\]

In [23][37] the average values for the air-gap induction peak are comprised in the interval

[0,65; 0,82](T), which does not deviate much from the listed values.
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C.2 Current Density Reference Values

Table C.1 provides the typical values for the current density. They are function of the

machine’s poles number and rated power (P, in kW).

Table C.2: Current density reference values (EFACEC manufacturer, 2004).

Poles Number Function

2 —0,0362 - P, +8,9149
4 —0,0221 - P, + 7,6481
6 —0,0220 - P, + 11,024
> 8 —0,0157 - P, + 12,017

A correction factor, due to the machine’s cooling type, is then multiplied to the refer-

ence values (table C.3).

Table C.3: Current density correction factors (EFACEC manufacturer, 2004).

Cooling Type Correction Factor
Open without ventilation 0,66
Closed without ventilation 0,66

Open with auto-ventilation 1,33
Closed with auto-ventilation 1,00 (ref)
Open with forced ventilation 2,33
Closed with forced ventilation 2,00




Appendix D

Rewinding Process

In this appendix, the typical procedures of the rewinding process are explained. The

motor here presented is part of a pump in the sewage system of the water company SIMRIA.

The first step of the rewinding process is to verify if the stator’s winding is truly
damaged. In this case, the three-phases were short-circuited (fig. D.1-1). So, the winding
should be removed out of the stator core. Both crowns (winding heads agglomerate) are
cut off (the crown with terminals is saved for the original project winding reference). The
rewinder uses a collection of steel blades with different angulations, and the correct tool is
chosen to minimize the damage to the steel sheets (fig. D.1-2). In this process, one sheet
was damaged and removed (fig. D.1-3). During the rewinding task the effective core length
may be shortened, thus the machine’s performance is slightly affected. Next, the conductors
that remained inside the slots are pushed in by hammering them with a steel rod (fig. D.1-4)
and then pulled out (fig. D.1 - 5). Depending on the wedges used in the previous winding,
the slots may be more or less damaged; in this case were used wooden wedges (fig. D.1-6).
Then, the stator is cleaned with diluent sprayed by a high-pressure washer (fig. D.1-7). Sharp
stator teeth are smoothed in order to prevent the conductors’ insulation to be damaged -
this procedure may increase the slots opening (fig. D.1-8). Finally, the stator is painted -
this procedure is optional (fig. D.1-9).

At this point, the stator can receive the new winding. First, the original project is
extracted from the saved crown, and from it are identified the winding type, the number of
parallel groups and conductors, and the coils’ number of turns (fig. D.1-10). The diameter
of the wire(s) without insulation is measured with the device in figure D.1-11. The slot’s

insulation paper is then inserted (fig. D.1-12)
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Figure D.1: Rewinding process procedures - Part I.

After gathering all data regarding the original project, the new winding project is
made. Due to economic reasons, it is important that a solution is found quickly. This task is

almost impossible to perform without a software such as BobiSoft, which means that many
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projects are actually copies of previous windings and/or gross mistakes tend to be made.
After deciding what winding is going to be assembled, the coils are made and held by
cotton threads (fig. D.2-13). The mold is set with a piece of wire wound with one turn
and adjusted to core’s slots. Then the coils are inserted and the heads are insulated with
a special tape (fig. D.2-14). In double-layer windings the two layers are separated by a
piece of insulation paper. All coils placed, the slots are closed with the wedges (fig. D.2-15).
Next, the heads are compacted by a plastic hammer and the cotton threads are removed.
The heads of the opposite side of the terminals are held with a special synthetic thread (fig.
D.2-16). Now, on the terminals’ side, the coils in series and parallel groups are arranged

properly (fig. D.2-17) and soldered together (fig. D.2-18).

Figure D.2: Rewinding process procedures - Part II.
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Then, the machine’s terminals are added and the winding resistance is measured as a
control test (fig. D.2-19). Finally, a heat resistant varnish is applied, covering the whole
winding, in order to glue the heads together, so they become resistant to mechanical vibra-
tions (fig. D.2-20). The motor is dried inside an oven. The rewinding process finishes at
this point.

Different procedures of winding extraction are used by this company. The fastest and
less damaging one is the mechanical procedure, whereby one crown is cut off and, with a
mechanic press, the conductors are pulled out (fig. D.3a). This process submits the stator
core to extreme axial forces, thus the applied force should be limited, so the stator is not
broken or even pulled out of the frame. If the conductors cannot be mechanically removed,
the stator core is heated in order to break the varnish, so the conductors may be removed
easily (fig. D.3b). This technique should only be used as a last resource, since heat destroys
the laminations’ oxide, and consequently the iron losses are highly increased. The quality of
the stator core can be evaluated through the core loss test, mentioned in the chapter 4.

B L . a\l
LN

s .

(a) (b)

Figure D.3: Different procedures of the winding’s extraction: (a) mechanical procedure, and

(b) heating procedure.
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