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ABSTRACT

A SOFTWARE FOR ANALYSIS OF PERMANENT MAGNET AC MOTORS

Bulgan, Deniz
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. H. Biilent ERTAN

February 2014, 155 pages

Nowadays permanent magnet motors became very popular in almost every area of
industry such as automotive, aerospace and automation due to having higher
efficiency, better torque-speed characteristics, longer life, higher dynamic response,
higher torque per volume when compared to brushed DC and induction motors.
These advantages made PM motors very essential and the need of design and
analysis of PM motors became more important with the need of specialized

applications.

In this thesis, a previously developed MATLAB based analysis approach will be
improved to obtain an analysis tool for analysis of permanent magnet AC motors.

The software will be tested with experimental data.

As a result of this study, a software for analyzing surface mount permanent magnet

motors is developed. By using the developed software user can obtain the solution of



electrical and magnetic circuit solutions of the motor, see performance characteristics
from graphics and see the lamination drawing from the machine dimensions and
electrical limitations. The results of the software is compared with the experiment

results of a manufactured motor and differences between results are explained.

Keywords: permanent magnet motors, brushless dc, surface-mounted magnet motors,
analysis software, software development, determination of motor parameters,

performance calculation
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0z

SABIT MIKNATISLI AC MOTORLARIN ANALIZI ICIN BIR YAZILIM

Bulgan, Deniz
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. H. Bilent ERTAN

Subat 2014, 155 sayfa

Guniimiizde sabit miknatisli motorlar, firgali DA motoru ve asenkron motorlarla
kiyaslandiginda daha yiiksek verim, daha 1yi tork-hiz karakteristigi, daha uzun omiir,
daha yiiksek dinamik tepki ve birim hacime diisen torkun daha yiiksek olmasindan
dolay1, otomotiv, uzay ve otomasyon gibi neredeyse endiistrinin her alaninda popiiler
olmuslardir. Bu avantajlar sabit miknatisli motorlar1 daha 6zel yapmis ve de spesifik

uygulamalar i¢in tasarim ve analizini daha dnemli kilmistir.

Bu tezde, daha onceden gelistirilen MATLAB tabanli bir analiz yaklasimi, sabit
miknatisli motorlarin analizini yapan bir analiz aracina donistiirmek {izere

gelistirilecektir. Yazilim sonuglar1 deneysel veriler ile karsilastirilacaktir.

Bu calismanin sonucunda, sabit miknatisli motorlarin analizini yapan bir yazilim
gelistirilmistir.  Kullanict gelistirilen yazilimi kullanarak, makine boyutlar1 ve
elektriksel limitlerden, motorun elektriksel ve manyetik esdeger devre ¢oziimlerini

elde edebilir, grafiklerden performans karakteristiklerini gorebilir ve laminasyon

vii



¢izimini gorebilir. Yazilim sonuglart iiretilmis bir motorun deneysel sonuclari ile

karsilastirilmis ve aradaki farklar yorumlanmustir.

Anahtar Kelimeler: sabit miknatisli motorlar, fir¢asiz dc, yiizey miknatisli motorlar,
analiz yazilimi, yazilim gelistirilmesi, motor parametrelerinin belirlenmesi,

performans hesab1
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CHAPTER 1

INTRODUCTION

Nowadays, electric motors are used to drive a variety of loads in almost every
industrial process. There exist billions electric motors all over the world used in
various applications which requires power at different ratings. While large powered
ones are being used for heavier applications, small fractional HP motors are used in

household appliances.

In this thesis, permanent magnet AC (PMAC) motors are studied because they are
rapidly gaining popularity with the wide area of usage in industries such as
appliances, aerospace, automotive, medical, instrumental automation equipment,
consumer and instrumentation. The reason why permanent magnet motors have a
rising trend is the advantages they have like high efficiency, high dynamic response,
long operating time, better torque-speed characteristics, noiseless operation and

higher speed ranges and higher torque per volume.

Use of electric motors started with the invention of wound field DC motor in 1832
by the British scientist William Sturgeon [26]. DC motors were very popular because
of their speed control capability. After the AC (induction) motors are practically
invented in 1885 by Galileo Ferraris and also by Nikola Tesla in 1887 [27], DC

motors loose the popularity.

PMAC motors have many advantages over AC and DC motors. When they are
compared to brushed DC motors, since lack of brushed commutation maintenance is
less required, life is longer and efficiency is higher because there is no voltage drop



across the brushes. Since there is no mechanical limitations due to brushes and
commutators, speed range is higher. Torque speed characteristic is flat which allows
operation at all speeds with rated load. Same output power can be obtained from a
smaller PM motor compared to brushed dc motors due to higher thermal
characteristics. Rotor inertia is lower which gives better dynamic response.

PM motors are advantageous when they are compared to AC motor in terms of lower
rotor inertia, higher output power per frame and better torque-speed characteristics.
Also PM motors are advantageous since they have no slip and lower starting current.

There are two main disadvantage of PM motors. First one is the need of a control
which required a controller which increase the price and second one is due to the
magnets which also increase the price. But these disadvantages may be overcame

with the requirements of the application [25].

The types of PM motors are discussed in the following section. Basically they are
trapezoidal and sinusoidal flux motors. In sinusoidal flux motors, back EMF and
input current and so the output torque have sinusoidal waveforms. To obtain a
waveform which is much closed to sinusoidal, a distributed winding is needed which
requires extra winding interconnections. This increase the use of copper which is a
disadvantage in term of weight, price and efficiency. In trapezoidal flux motors,

back-emf and input current have square waveforms.

In rotor, magnets are used to create magnetic field. Number of poles is determined
by number of magnets and the number is generally between two and eight. Proper

magnetic material is chosen according to the required magnetic field density.

Generally ferrite magnets are used but as the technology advances alloys of rare
earth magnets are gaining popularity like Neodymium (Nd), Samarium Cobalt
(SmCo) and Neodymium-Ferrite-Boron (NdFeB). The ferrite magnets are cheaper
but they have lower flux density whereas alloy magnets have higher magnetic
density per volume with higher price. But the most important advantage of alloy
magnets are that they can give higher torque for same size motor using ferrite

magnets.



1.1 Classification of PM Motors

PM motors can be classified into two groups according to flux density distribution
and the shape of the current excitation. The first group is permanent magnet
synchronous motors (PMSM) with sinusoidal flux density and other group is
permanent magnet brushless motors (BLDC) with rectangular shaped flux density.

The properties of these types of PM motors are given in Table 1.1 below.

Table 1.1: Classification of PM motors based on their excitation and back EMF

waveforms [7]

PMSM BLDC
Phase current excitation Sinusoidal Square
Flux density Sinusoidal Trapeziodal
Phase back EMF Sinusoidal Square
Power and torque Constant Constant

/’\ Fhase A{B

e an = 1z0 60 120

(a) {b)

Figure 1.1: Sinusoidal (a) and square wave (b) supply voltages of a PM motor [7]




The supply voltage waveforms for three phases of a motor can be seen in Figure 1.1
in detail for two different excitations mentioned above. The back EMF waveforms
are sinusoidal and trapezoidal for these motors respectively. The supply current has

the same waveform shape for these two type of motors.

The stator of conventional PM motor has the same construction with an AC motor.
The core is laminated and slotted. Poly phase windings are placed into the slots. The
rotor consists of magnets and rotor steel which is usually laminated. PM motors can
also be classified into groups according to the position of magnets in the rotor;
surface mounted PM motors and buried PM motors. The cross sections of PM

motors for different magnet structure is given in Figure 1.2.

Q0 “;“\
IATAY
**44%
Q ﬁ
T_T_?

|b]

Figure 1.2: Surface mounted PM (a), buried PM (b) and interior (spoke) type PM (c)
motor types [7]

In surface mounted PM motors, magnets are glued on the rotor surface. More PM
material per pole is used in this type of motors and while torque production of motor
increases the volume and the cost of the motor increases too. In buried PM motors,
flux concentration principle is used where magnet flux concentrated in rotor core
before passing the air gap. This causes reluctance torque due to the position
dependent inductance which is a result of flux concentration in the rotor core. The
comparison of surface mounted PM motors and buried PM motors are simply given

in Table 1.2 where wy, is the rated speed of the motor.



Table 1.2: Basic comparison of surface magnet and buried magnet motors [7]

Surface Mounted PM

Motors

Buried/Interior PM

Motors

Flux distribution

Trapezoidal or Sinusoidal

Usually Sinusoidal

Complexity of rotor Simple Complex
Speed limit ~1.2 X wg ~3 X wg
High speed capability Difficult Possible

Control

Relatively easy

More complex

The surface mounted PM motors have simpler rotor construction with fairly small
speed limits. On the other hand, buried or interior PM motors have wider speed
ranges with more complex rotor structure. The buried PM motors can reach very
high speeds although they are more complex to control unlike surface mount PM

motors.

1.2 Typical PMAC Applications

PMAC motors have a wide range of usage in the market due the advantages
discussed above. These applications can be classified into three main categories

according to the required control,

e Constant loads
e Varying loads

e Positioning applications

For constant loads, keeping the speed at a constant level is less important than
variable speed. Also there is no dynamics changes in acceleration and deceleration
rates. Load is directly coupled to rotor (shaft). Funs, pumps, blowers are the
examples of constant load applications. These type of loads generally operates in

open-loop which makes the cost of controller cheap.

In this type of applications, motor load varies within a speed range. Since speed in
changing, an accurate high-speed control and good dynamic responses may be

required. The speed control can be done by speed feedback devices running in semi-
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closed loop or total closed loop. There may be used advanced control algorithms

which complicates the controller and increases the price of the complete system.

Most of the industrial and automation application are under this category. Dynamic
response of speed and reversal of rotation direction may be required for these
applications. Also load may vary during operation which makes the control more
complex which are usually operates in closed loop. Torque, speed and control can be
controlled in different closed loops, which means there could be three different
closed loop control at the same time [25].

1.3 Literature Review

In literature there many analysis approaches for different type of motors. In our
department, a tool for single phase induction motor design [8] and a software for
analysis and design optimization of switched reluctance motor [9] was studied.
Analysis of conventional type of permanent magnet synchronous motors are mostly
studied in 1990s, studies of A. Consoli are the most known examples for the PM
motor analysis; a detailed representation of buried PMSM for steady-state operating
conditions with equivalent circuit which includes the effect of saliency of rotor and
core loss [10] and interior type PMSM is studied with an equivalent circuit to predict
steady-state core loss for different operating conditions such as under demagnetizing
or magnetizing armature reaction or saturation [11]. But recent ones are generally for
new type of constructions which are not included in this study like axial flux PM
motors with dual air gap such that the motor have twin stators and double-side single
rotor sandwiched between these two stators and this motor is compared with an
induction motor with same structure by C. Zhang [12], H.C. Jong theoretically and
geometrically calculated the mimimum cogging torque of an axial flux PM motor
without FE analysis [13] and A. Cavagnino compared the axial flux PMSM with
conventional radial flux PMSM in terms of delivered electromechanical torque for
different dimensions and pole numbers and figured out that axial flux motors with
short stack length and high number of poles are an alternative for conventional radial
flux motors[14], a surface mounted non-slotted disc type PM motor is analyzed by a
FEA software and results are compared with a slotted disc type PM motor in terms of

torque quality which is obtained with minimum cogging torque and ripple torque by
6



T.A. Lipo [15], an interior type PM motor with two magnet layers delivering 50 kW
constant power is designed and experimentally verified by W. Soong [16], C.C.
Hwang presented a magnetic circuit model which gives the machine parameters of
an interior PMSM [17]and Y.C. Jang investigated cogging torque, torque ripple, d
and q axis inductances, THD of back-EMF for a conventional internal PM motor for
different number of slots[18] or dual-rotor radial flux surface mounted PM machines
studied and figured out that with this structure machine torque density and efficiency

can be improved by T. A. Lipo [19].

Also there are many studies for improving the PM motors like minimizing the
cogging torque, lowering the noise and smoothening the torque. In 2009, Z. Wu and
D. Depernet made a design of a surface-mounted PMSM with high electromagnetic
torque for hybrid heavy-duty electrical powertrain [20]. G. R. Slemon derived the
expressions for maximum acceleration and torque limits of a surface-mounted PM
motor and showed the range of a PM motor acceleration capability [21]. Bianchi
compared the classical and innovative techniques for minimizing the cogging torque
for surface-mounted PM motors [22].

Additionally design improvements are also done by optimizing the design
dimensions and position of magnets. In 2013, Wang and Yuan made a design
optimization of surface-mounted PM motors depending on the machine key
parameters like slot-pole number combination, axial length and etc. for electric

vehicle applications [23].

Apart from these studies, there are similar software which are being used
commercially in the industry. One of the most widely used analysis software is
RMxprt presented by ANSYS. In RMxprt, user chooses one of the defined machine
models like PMSM or induction motor or etc. and enters the dimensions and
electrical limits like voltage and current. User can select slot type, magnet type,

winding type and whether the shaft is magnetic or non-magnetic.



& Ansoft Maxwell Beta Release - ws-1 - ws-1 - Torque Quick Report. =10 x|
Fle Edt Wiew Project ReportZD Riget Took Help
Iosd s xaxZz2va |22BRE |AmMhwmnw Ay
2w |8 ss|es
lmgaioe eelea
|Project Manager - x|
=0 we1” |
= @& ws-1 [Brushless Pemanent Magnst DC M
= [8 Machine
@ Crcuit
w i Stator
& 4 Rotor
3= Shalt

JRSTE [ 1 s Coi vt Gk et o)
Ansoft Corporation Cooil Voltage Quick Report ws-1
£00.00

600.00 4

400,00
2 S Analysis
S Senpl
(B Optimetrics
=7 Renits
=B Torque Quick Report
4 OutputTorgue
= B CodlVohage Quick Repart
i OneConductodVolage
i OneTuriolage
= B3 Cunent Quick Report
i PhaseCunentla
7/ PhaseCunent1b
i PhaseCunentlc

20000 4

Curve Info
—— OneConductorvoliage
Setup - Performance
—— OneTumvaltage
Setup1  Performance

: -800.00
i PhaseCunentld _ 000 5000 100.00 150.00 200.00 250.00 300.00 350.00 400.00
i SourceCurent Main Disgiam | _winding Editor | ElectricalDegree [deg]
oy & s - JRTETE] [ s -1 - oraue cuick Report —10/x]
B Ansoft C i Current Quick Report1 ws-1 || Ansoft Corporation  Torque Quick Report ws-1
8.0 Gurve Info 45.00
TProperties - x| —— PhaseCurrentia
Setup1 : Performance 40.00 Curveinfo
—— PhaseGurentib —— OutputTorque
Setup : Performance 35.004 Setwp1 ; Perlormance
— pnasecurentic | || 5
Setup1 : Performance g 30.004
—— PhaseCurrentid £
Setup : Performance F 2500
= —— SourceCurrent 4
= Setup1 : Performance gzo 00
I :
15.00 4
L £
N =]
\ 10.00
5.00
-6.00 1 - - . ' ' T 0.00 r T 1 T
000 5000 10000 15000 200.00 25000 30000 350.00 400.00 000 500.00 100000 150000 200000  2500.00
ElectricalDegree [deg] RSpeed [pm]

Figure 1.3: RMxprt Screen View

Then program automatically does the analysis for the given voltage, current and
power values. User can see torque-speed characteristics, voltage and current
waveforms and etc. A screenshot of the program is given in Figure 1.3. If required
program can create 2D and 3D models for Maxwell program presented by ANSYS
and these models are used in electromagnetic transient analysis [28].

SPEED is the other well known design and analysis program used in the market. The
program include many machine model like RMxprt and user chooses which type of
machine will be analyzed. Geometrical dimensions are entered by the user and

machine is sized easily [29].

The analysis method for surface mount PM motors and the developed software is

somewhat similar to the software described above.
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Figure 1.4: SPEED Screen View

1.4 Conclusion

The comparison of PMAC motors to other conventional motor like DC and induction
are discussed above. Due to the advantages PMAC motors are used in various
applications nowadays. Also the new drive and control techniques make the
popularity of these motors higher.

In this thesis, a PMAC analysis software is developed. For this purpose a previously
obtained MATLAB based model is used and modifications are made to have a more

accurate model.

In Chapter 2, magnetic and electrical equivalent circuits of the motor is given. The
parameters in these circuits are calculated. These calculations are used in the
program to find the design outputs of the motor. The program is designed by
following the steps given in the flow charts which are described in Chapter 3. The
steps of calculations are done with the equations derived in Chapter 2. In Chapter 4,
the implementation of the software in Microsoft Visual Studio program are
described. In Chapter 5 a simplified user guide is given which basically explains how
to run the analysis in the software. In Chapter 6, results of the software program is
compared with test results of two manufactured motors data and the differences

between results are explained.
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CHAPTER 2

PMAC MOTOR PARAMETERS AND PERFORMANCE CALCULATIONS

In this chapter, magnetic and electric model of a surface mount PM motor are going
to be discussed in detail. For this purpose mathematical equations are going to be
derived to solve the magnetic and electrical equivalent circuits. Main objective is to
obtain a mathematical model of a radial flux inset magnet motor which gives the

chance to perform analytical performance analysis.

Inputs of the model are going to be main machine dimensions such as air gap length,
slot dimensions and axial length of the motor. The outputs are going to be machine
parameters such as equivalent circuit resistances and inductances. Also output
power-speed, electromechanical torque-speed graphs are going to be obtained as
outputs of the model.

This model is going to be used in the design program in Chapter 3 and the results are

going to be compared with a manufactured motor.

In Figure 2.1, main dimensions of the motor are shown which are used in most of the
equations. The dimensions of stator slot and back-core are zoomed out for being seen
clearly.
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Figure 2.1: Main dimensions of the motor

2.1 Calculation of Magnetic Circuit Parameters

Magnetic model is given in Figure 2.2. Equations for calculation of air gap, magnet,
stator tooth and back core reluctances and flux densities are going to be derived.
Each magnet is presented by a Norton equivalent circuit where @.. is flux source and
R,,o is internal reluctance of magnet. The reluctance seen by air gap flux passing
from magnets to stator side is modelled with R,, Ry, and R, represents equivalent
reluctances of tooth and back-core path respectively. The leakage fluxes between
magnets are modelled with R,; and rotor side reluctance with R,.. The symbols used

in the circuit is described in Table 2.1.
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Figure 2.2: Magnetic equivalent circuit

Table 2.1: Description of Symbols in the Magnetic Equivalent Circuit

Symbol | Description

@ Air gap flux (passing from air gap to stator)
B Rotor leakage flux between rotor poles
Bm Magnet flux (passing from magnet to air gap)
@, Flux generated by the magnet
Ry Reluctance of stator back-core
Rin Reluctance of stator tooth
Ry Reluctance of air gap
R, Reluctance of rotor leakage

Rinmag | Reluctance of internal leakage of the magnet
R, Reluctance of rotor yoke
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In the circuit, a Norton model is used for magnet; flux source @, in parallel with
internal permeance P,,, called magnet leakage permeance. @ ,. is called as remanent
flux which describes how much flux remains in the magnet after it has been

magnetized.

A magnetic circuit is in fact analogous to an electric circuit where Flux - MMF -
Reluctance that are present instead of Current - Voltage - Resistance respectively.
Magnetic circuits can be solved like an electrical circuit and representations like

Thevenin or Norton can be applied to both.
2.1.1 Air Gap Reluctance

In this section, air gap reluctance is going to be calculated in terms of equivalent air
gap length, air gap area. Air gap reluctance is going to be used in the solution of the

magnetic circuit to find the air gap flux density.

Most of the magnet flux crosses the air gap via air gap reluctance. It is known that
for calculation of a reluctance, flux path length and area that flux passes has to be
calculated. At calculation of air gap reluctance, flux path is the equivalent air gap
length which is figured out by the Carter’s coefficient k. and the area that flux

passes is the area of air gap Agqp-

g X ke
=—— 2.1
g Uo X Agap ( )
The air gap length does not remain constant through the magnet surface. This length
slightly changes, the effect of this change is very small on air gap reluctance and this

effect is neglected during calculations.

The parameters required to calculate air gap reluctance are described below and the

calculations are explained with the help of figures and equations.
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2.1.1.1 Air Gap Area

The air gap area is the area through which the flux passes as it crosses the air gap.
While air gap area A,q, is being calculated, the surface of magnet is considered as
the width on the radial side, where axial length of the motor L is taken as the length

on axial side.
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Figure 2.3: Fringing flux in the air gap[5]

Due to the existence of air gap in the flux path, fringing flux is inevitable. Fringing
flux is only added for radial direction shown in Figure 2.3 because flux paths are
only on the radial axis of the motor. If stator and rotor stack lengths were different,
then fringing flux has to be considered in axial direction. Also it is difficult to
calculate the shape of fringing flux, instead of this calculations, approximations are
used. Width of the fringing flux is approximately taken as same with air gap length
g.- In other words, magnet surface is expanded with approximately an air gap length

at both sides to include the effect of fringing flux.
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1
Agap = (E X Dpps X Qg + 2 X g) X L (2.2)

Magnet surface is assumed as circular with a diameter D,,;. The mechanical angle

span of magnet span in radians is represented as a,,,, Which can be calculated in

equation 2.3 where W44 is the width of the magnet.

Wm“g) (2.3)

Umag = 2 X sin™! (
ms

2.1.1.2 Equivalent Air Gap Length

In stator, semi closed slots are chosen for ease of placing stator winding. But, due to
this slot openings, there exists a non-uniform air gap which causes an increase in the
reluctance of the air gap. Carter has found a coefficient to model this increase in the

analytical calculations.

If motor has slot opening only on stator, Carter’s coefficient is calculated for stator.
But motor may have slots (or saliency) both on stator and rotor, for this case Carter’s
coefficient must be calculated separately for stator and rotor. Total Carter’s

coefficient is calculated from multiplication of coefficients of stator and rotor.

Carter’s coefficient depends on a ratio of slot opening to air gap length. Calculation

on stator Carter’s coefficient is shown in Equation 2.4 [3].

k.= URe Dsi/Nslot
cs —

wé (2.4)

X Dsi/Nstot = 35 5% g

In Equation 2.4, X Dg; /Ny, is the slot pitch where Dy; inner diameter of stator
and Ny, is the number of slots, g is the air gap length and w, is the opening width

of stator slot.
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After calculation of Carter’s coefficient for stator equivalent air gap length can be

found from Equation 2.5 given below.

g =9 Xk (2.5)

2.1.2 Magnet Reluctance

In this section, magnet parameters are going to be calculated such as magnet area and
magnet reluctance. This parameters are going to be used in the solution of the

equivalent magnetic circuit for calculating the magnet operating point.

Magnet reluctance R,,,4 is shown in magnetic equivalent circuit given in Figure 2.2.
Magnet reluctance R, is modelled with R, 0 magnet internal reluctance and R,

rotor leakage reluctance as shown in equivalent magnetic circuit.

If rectangular magnets are used in the motor the equation will be as given in equation

2.6, where hy,q, is the magnet height in the direction of magnetization, A,q4 is

magnet area in normal direction of magnetization.

hmag
Hr X o X Apag

Rmag = (26)

For getting better results magnet is divided into 5 regions which is described before.
As a result, magnet reluctance is calculated as reluctance of five parallel branches
(rectangular magnet regions with equal magnet width given in Figure 2.4). Flux path
is the parallel branch of the magnet heights and the area that flux passes is one fifth
of magnet area. The magnet internal leakage reluctance equation becomes as shown
in Equation 2.7.

1

R X ( 2 + 2 + ! >_1
0= 2.7
mag Uy X [y X Argag hmagl hmagz hmag3 ( )
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Rotor leakage reluctance represents the paths of magnet flux components that fail to
cross the air gap and this leakage is difficult to estimate. Rotor leakage reluctance is
assumed to be ten times magnet reluctance [1].

Overall magnet reluctance become the parallel of magnet reluctance and rotor

leakage reluctance as described above.

-1
1 1
mag <Rmago er>

The parameters required to calculate magnet reluctance is magnet height and magnet

area of which calculations are described below.
2.1.2.1 Magnet Area

In the equation, A, is the cross sectional area of magnet. Magnet area is assumed
rectangular of which short edge is magnet width W,,,, shown in Figure 2.1 and long

edge is axial length of the motor.
Amag = Wingg X L (2.10)

2.1.2.2 Magnet Height

The magnet used in the motor does not have same height through magnet width. That
is why magnet height needed to be calculated for different regions to get better
results in the calculations. The magnet is modeled as 5 rectangular pieces which are
connected in parallel. These heights are going to be used in reluctance calculation to

find a closer solution to the real reluctance value.
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Figure 2.4: Magnet heights

Magnet region is divided by 5 with same widths, the heights of the regions are
himagt — hmagz — Pmags — magz — Rmaga fOr regions 1-5 shown in Figure 2.4.
hinag1 is the height of region 1 and 5, hy,,g4, is the height of region 2 and 4 and
himagsis the height of region 3 and which is also the maximum magnet height as

shown in Figure 2.4.

Each height is taken as the height in the middle of that corresponding rectangular
region which is used for modeling the magnet. If magnet is divided into more regions
this means better approximate magnet model. But for ease of calculation 5 regions

are enough for the model.

Magnet height calculations are given in equations 2.11-13 where D, is the
diameter of the magnet surface and D, is the diameter of magnet base and @, is

the angle span of the magnet shown in Figure 2.5(a;,4 is shown as teta).

2
himags = 0.5 X | Dyus X cos (g amag> - Dmb] 2.11)
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1
Rimaga = 0.5 X [ Dyys X cos (E amag> - Dmb] (2.12)

0
hmags = 0.5 X [Dms X cos (§ amag) — D | = 0.5 %X (Dpys — D) (2.13)

The equations above are derived geometrically from Figure 2.5 where point O is the

center of the motor.

20



2.1.3 Stator Tooth and Back-core Reluctance

The stator teeth and back core can be often assumed to be infinitely permeable and
their reluctance may be neglected. However, for high field density motors such as
servo applications, motor volume is forced to be minimized by pushing flux densities
to saturation level. In such cases there can be considerable amount of MMF drop on
tooth and back core path, so reluctances for these paths should be included in

magnetic field calculations.

hslot
Ry = Spi 2.14
th Usteel X Ho X Ath/ piech ( )

_ T X (Dso - hbc)
Usteet X Uo X Apc

bc

/p (2.15)

In Equation 2.14, hg,, is length of path from tooth tip to slot dip equals to slot
height, Ay, is the area of stator tooth and Sy, is the slot pitch. The path for back
core reluctance is assumed to be in the middle of back core depth. Therefore the
diameter of the path is taken as Dy, — h;, (in the middle of stator yoke), and A, is

the back-core area and p is number of poles.

hbc

hslot

Whth

Figure 2.6: Abbreviations for stator steel dimensions



Tooth area is calculated from tooth width W, as given in Equation 2.16 and back-
core area is calculated from back-core heigth h,. which is shown in Equation 2.17

where L is the stack length.

AbC ES h’bC X L (217)

2.1.4 Solution of the Magnetic Circuit

The reluctances shown in the equivalent magnetic circuit given in Figure 2.2 are

derived in previous sections. In this section flux densities are going to be calculated.

It is said before that the magnetic circuits can be solved like electric circuits. The
magnetic circuit is solved from the information that the MMF drop in the magnetic
circuit is equal to the MMF created by the magnet. The MMF drop on stator tooth
and back core reluctances are to small according to drop on air gap reluctance, so
that the effect of back core and tooth reluctance is omitted. The MMF equation

becomes as shown in Equation 2.18.
®y X Ry = (@, — Py) X (Ripag + Rr1) (2.18)

Air gap flux density is calculated from the Equation 2.19, where B, is remanent flux

density which is given by the magnet manufacturer and it changes with temperature.

Amag
Ag

By=——F"—XB, (2.19)
1+ g/R
mag

Mean and peak values of air gap flux density is presented in Figure 2.6. Mean value
is calculated from the ratio of air gap area to pole area.
A

__ ‘'gap
= B, (2.20)

&
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Where A4, is the pole area of which calculation is given below.

Apole =nX (Dsi _g) X L/p
Equation 2.22 is the simplified version of equation 2.20.

— 05X DysXameg+2Xg B
= X
7 mx (D5 —g)/p 7

Peak value of air gap flux density is given in equation 2.23.;

— h
B mag

9" Rpag + 9 X Uy

(2.21)

(2.22)

(2.23)

This value can also be found via Fourier transformation of the rectangular waveform

of air gap flux density where f(8) is the function of air gap flux density waveform

which is given in Figure 2.7 with blue color. It is known that since the waveform is

symmetric, the integral is multiplied by two and since the waveform is accepted as

rectangular (the distortion due to fringing flux is omitted) only bandwidth of the

waveform is considered in integral. In other words, f(8) is zero in the region out of

the magnet angle span and in integral region f(6) is constant at B,which can be seen

from Figure 2.7.

180

1 360 2
—f f(H)XSinHXdé?:—f f(@) xsinf x do
TJo TJo

7 180+amag
2
= f f(6) xsinf x do

o 1T J180—amag
2

(2.24)

Magnet operating flux density is calculated from Equation 2.25 given below. The

reluctance of rotor leakage, airgap and magnet is given in the previous section.

Rmag

(2.25)
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Figure 2.7: Air gap flux density waveform

The back core and tooth flux densities are very important for the designer because it

shows whether the magnetic material saturated or not.

Peak value of stator tooth flux density:

hmag % T X (Dsi)/Nslot

B,, =
th hmag + g X Uy Wth

X B, (2.26)

It is known that the flux of back core is half of the air gap flux. So:

By == X b (2.27)
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1
By X Ape = 5 X By X Ag (2.38)

Peak value of back-core flux density is derived by the simplification of equation
2.29.

1 —
—ngxAg

2 (2.29)
hpe X L

Bpe =

2.2 Electrical Parameters

The permanent magnet motors operates similar to synchronous motors. Both have
three phase windings on stator. Instead of field winding on rotor of synchronous
motors, magnets creates the field in the rotor of pm motors. Due to placement of
magnets two different axis occurs, d and q, like salient pole rotors. The pm motors
can be modelled with two electrical circuits due to these d and q axis. The circuits
consist of resistances to model copper and core loss, an inductance and a voltage
source to model back EMF. This model is sufficient for a pm motor working in
linear operation region as in synchronous motors case.

In this two-axis model, following assumptions are accepted which are given below:

» Rotor and stator winding only excite spatial sinusoidal voltage and current.
» Magnetic materials are isotropic.

» There is no saturation (linear magnetic equations).

First assumptions declares that there are no winding factors of harmonic and only
fundamental component of current and voltage linkages are considered. In second
assumption, it is meant that permeability “p” and the permittivity “€” of the motor
core are uniform in all directions. The third assumption says that the magnetic

saturation of the core is neglected.
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Figure 2.8: Equivalent electrical circuit

To solve the equivalent electrical circuits in Figure in 2.8, Equations 2.30-31 must be

solved.

dl
Vd=RS><id+Ld><d—0td—w><quiq (2.30)
. dIOq .
Vq=RSqu+LqXW+a)XLXmd+wXLPM (2.31)

The phase resistance is shown with R, the current flowing on this resistance is given
with symbols iy and iy, the inductances areL, and L, the current flowing on these
inductances are Ioq and I, for d and q axis respectively. ¥y, is the magnet flux and

w IS the electrical speed of shaft in rad/sec.
2.2.1 Calculation of Phase Resistance

Phase resistance calculation is very important because it affects the current flowing
through the winding and also the copper loss on that winding which cause heating in
the stator. The calculation is done from the resistivity of copper, total wire length and
wire area. But the known calculation given in Equation 2.32 is valid for room

temperature value which is 25°C.
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R = Pew % (Ncoil X Lwire + Lcon) (2.32)

Awire

In Equation 2.32, p, is resistivity of copper, N,,;; is number of coils per phase and
Lire 1S conductor length in one coil, L.,, is conductor used for connection of coils

and A, is the area of the conductor.

Resistance value changes with the change of temperature. For steady state operation,
resistance should be calculated at working temperature of the motor. This working
condition temperature is obtained where motor no longer heats up at rated conditions
around 150°C.

o 2345 4T
x —_—
234.5 + 257 _150ec

!

(2.33)

This resistance value calculated from Equation 2.33 is more important for the
designer, because it affects the nominal values of the motor.

For calculating phase resistance, equations of slot area, wire diameter, total wire

length have to be derived. These derivations are explained below in detail.
2.2.1.1 Wire Cross Section Area

While calculating the wire area fill factor kg;; is very important. This factor gives
the ratio of total wire (copper) area to slot area. Fill factor is given by the
manufacturer. Then with wire diameter can easily be calculated which is critical for
choosing the copper from manufacturer sheets. N ., iS the number of turns per

coil.

1 Agor X krin
Ayire = E X

(2.34)

N turn
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Stator slot dimensions are shown in Figure 2.9. Top part is a half circle and the lower
part is a trapezoidal. Slot type used in the motor is a semi-closed slot which is

connected to air gap with slot opening. Slot area is calculated geometrically.

Figure 2.9: Stator Slot Dimensions

Slot area is calculated for to be used in wire cross sectional area and then in phase

resistance.

1 1 s\’
Agior = 2 X (wy +wy) X hy + > X 1T X (3) (2.35)

2.2.1.2 Conductor Length

For calculation of total conductor length, winding is divided into two parts. First one
is the length of conductor in one coil and the second one is the conductor used for

connection of coils.

e Conductor Length in One Coil

Conductor length in one coil is needed for calculating total conductor length so the
phase resistance. During this calculation, conductors are assumed to be placed in the
middle of the slot.
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Spitch
Lyire = 2 X Ngygn X |L + Loy + N X (Dsi + hslot) X1 (2.36)

slot

where Ny, IS the number of turns per coil and N, is the number of slots, L is the
stack length and L., is the external length in the radial axis of the motor. S,;;cp, is

the stator slot pitch.

Figure 2.10: Illlustration of conductor parts

The black part shows the conductor in stator core of which length is equal to stack
length, the blue part is the external conductor of which value is taken as

approximation and the red part is the conductor between two sides of a coil.

e Conductor Length for Series Connection of Coils

Conductor length for series connection of coils is calculated similar to the
calculations done above. The lengths are calculated with the help of stator steel

dimensions.
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The conductor is assumed to be going from one slot to other slot (according to

winding scheme) at a diameter Dy, — hgot-

Nepip X Syp;
Lcon = w X (Dso - hslot) X1+ 2X Ncoil X Lext (2-37)
slot

2.2.2 Calculation of Phase Inductance

In the calculation of phase inductance, three components of inductance is considered
which are slot leakage inductance, end winding leakage inductance and magnetizing

inductance.

Total inductance is the sum of slot, end winding and magnetizing inductance as
shown in Equations 2.39-40. Due to the difference in d and g-axis magnetizing

inductances, total inductances are not equal in d and g-axis.

Lg = Lsior + Lena + Lima (2-38)

Lq = Lsiot + Lena + Ling (2.39)

2.2.2.1 Slot Leakage

Specific slot permeances are related to magnetic structure on leakage flux paths.

These flux paths differs in single and double layer winding.

For single layer windings, slot leakage permeance coefficient py;,; is calculated from

the Equation 2.40 given below [2].

- x(h0+2>< Mk x hz) 2.40
Psiot = Ho Wo Wy + w, t 3 X wy (2.40)

Where k; is a constant coming from slot geometry which is found from Equation
2.41.

30



(4t2 —t*x 3—4xIn(t) — 1))
(t2—-1)2x(t—-1)

In Equation 2.41, t is the ratio of width of slot top to width of slot bottom (w,/w;).
After calculation of slot leakage permeance, the leakage inductance can be obtained

with Equation 2.42.

3XN? XL

slot =
Nslot

X Psiot (2-42)

For double layer windings, the leakage flux due to top layer conductor travels a
different path than leakage flux due to bottom layer conductor. Also there is a mutual

flux path due to interaction of top and bottom layer winding

Top layer

Bottom layer

Figure 2.11: Contours showing slot leakage paths[5]

Leakage permeances are calculated as pT for top conductor, pB for bottom

conductor and pT B for the interaction of coils [4].

=1y x(0623+h°>+1x ><h3 2.43
P—z Ho . We 3110 W, (2.43)

ho ho — s ) (2.44)

B = x<—+2><
p Ho Wy wy + w,
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M) (2.45)

TB = iy X (h" +
p — Ho Wo Wi+ w,
Self-component of slot leakage for all three phase is calculated as given in Equation

2.46. This component will be maximum when coil pitch is unity.

_3xN2><L

sis =~ X (pT + pB + 2 X pTB X (3 X Cpircn — 2)) (2.46)
slot

Mutual-coupling between three phases due to slot flux is found with the equation

given below. This term will be zero when coil pitch is unity.

_3><N2><L

sim = ————XPTB X3 X (1= Cpircn) (2.47)
Nslot

Slot leakage inductance of a single slot is sum of self-component and mutual
components calculated above.

Lot = Lsis + Lsim (2-48)

2.2.2.2 End Winding Inductance

There exists a leakage on end-winding which is the part out motor lamination. To
calculate the end winding leakage inductance, total length of end-winding has to be
calculated. Here w,, is the length of the distance that end winding is located on the

radial axis out of the motor’s axial axis. Lq, IS the total end winding length [2].

S .
Wep =T X (Dsi + hslot) X ]\l;ltCh (2-49)

slot

In the Equation 2.49, it is assumed that the end winding turns out from a diameter

which is Dg; + hg,.. Total end winding length is given in Equation 2.50.
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Lle = 2 X Lext + WCl (250)

End winding leakage permeance equation is estimated on the basis of experiments.
Equation 2.51 is used for double-layer, low voltage, small and medium power
motors. After calculation end winding leakage permeance, the leakage inductance

due to end-winding is calculated as given in Equation 2.52.

Dena = 0.34 X o X

Nslot x ( 2 Wcl) (2.51)

— X |1 —=X
phase X pole T Ly,

(Ngoir X Neyrn X k)?
=2 x —= urr}VSlOtW X Pena X (2 X Loxe + We1) (2.52)

pole
/2 X phase X pole

Lew

2.2.2.3 Magnetizing Inductance

Magnetizing inductance is calculated as given in Equation 2.53 where A4,,,. is pole

area given in Equation 2.17.

1 X A
><—><(NS><kW)2><M

Ly ==X
m pole

= (2.53)

3 4

T[ !/
Due to the saliency of rotor (placement of magnets), two different axes occur. First
one is the direct axis which passes through the magnet directly. The other one is the
quadratic axis which flux passes through the rotor steel. The representation of d and

g axis is shown in Figure 2.12.

The presence of a permanent magnet across the air gap from the slotted structure
changes the computation of Carter’s coefficient. In this case, the air gap length g
must be replaced by g + L,,,/u,-, Where L,,, is the magnet length and ,. is the magnet
relative recoil permeability. g + [,,/u, value is used for calculating the d-axis
equivalent air gap in Equation 2.54 which is used for d-axis magnetizing inductance
calculated from Equation 2.57. This value is only used for d-axis calculations

because there is no magnet on g-axis of the motor (Z,,, = 0).
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Figure 2.12: The representation of d and g axis

While calculating magnetizing inductance, equivalent air gap length g’ must be
calculated for d and g axis. Equivalent air gap will be different for d and g axis and

this will result in difference in magnetizing inductance of d and q axis.

In the calculation of d-axis equivalent air gap, the magnet height is considered which

is added to air gap length of air gap length.

hmag,mean

gag =9 X kes + (2-54)

Hy

In Equation 2.54, mean magnet height is considered due to the direct axis which is
passing through magnet.

The g-axis equivalent air gap is calculated by the multiplication of stator and rotor

Carter’s coefficients (k. is the Carter’s coefficient of stator and k., is the Carter’s
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coefficient of rotor). Calculation of stator Carter's coefficient is explained in previous
chapter. In the calculation of rotors Carter's coefficient, the rotor slot pitch needs to
be calculated. In PM motors, there is no slot on rotor, so instead of slots the area
where magnets are placed is used. D,,;, is the diameter of magnet base used as the

base of the area mentioned before.

T X Dy /poOle

ke =
2
Wmag

T X Dy /pole — (2.55)

D. —D
Wmag+5x<g+—"‘q 5 m”)

(Dsi = Ding) (2.56)
g'q =%xkcsxkcr

After finding the equivalent air gap lengths for d and g axis, magnetizing inductance
can be found by modifying Equation 2.53 with related axis equivalent air gap

lengths.
3 4 1 fg X A
Lmdzixgxgx(Nska)zxog—,pow (2.57)
d
3 4 1 1ty X A
Lquzx;xgx(zvska)u"g—,’”’e (2.58)
q

2.2.3 Emfand Torque Constants

The emf constant k., is the gain which tells the amount of voltage which will be
induced per unit speed as calculated in Equation 2.60. And similarly, torque constant
k, is the gain of the motor showing the amount of torque which is produced per unit

current which is shown in Equation 2.59.

ole
k, = V3 x pT X Ny X By X Apore X Ky, X kgt (2.59)
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pole
ke =3 X —=X Ns X By X Apoe X ky, X kgt (2.60)

V2
These constants are very important for the user, because these values are directly
related to the system requirements. The user chooses which motor is appropriate for
the application that the motor will be used in, by looking these coefficients.

2.2.4 Losses

Calculation of losses is one of the key issues that must be involved in a design
process. If optimization is going to be carried out this prediction or calculation
becomes more important. For PM machines, it is known that the higher torque
density for smaller design means lower the efficiency due to the increasing loss. It is
difficult to find an optimum design without modelling the losses. The losses are

classified into four groups which are copper, core, magnet and mechanical loss.
2.2.4.1 Copper Loss

The copper loss calculated from the phase resistance R which is calculated in Section
2.2.1.5 and from the rms armature current /. The total winding loss is calculated

according to the equation 2.61.
P, =3X%XI*XR (2.61)

It must be noted that per phase resistance value has to be modified by Equation 2.34
if copper loss is to be calculated at high or low temperatures different than room

temperature.
2.2.4.2 Core Loss

Best estimations can be obtained by using FE numerical computations. But an
approximate equation is given below for analytical calculations. This equation

separates core loss in two parts which are eddy and hysteresis losses with the help of
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constants k, and k, respectively. f is operating electrical frequency, B is peak of

flux density and M is total weight of the medium where loss is calculated.
Poss = (kn X f x B2 + k. X f2x B2)x M (2.62)

Friction and windage losses are assumed to be very small and do not effect total loss
result. And since magnets creates a constant magnetic field, the loss in rotor core
assumed to be negligible. Equation 2.62 needs to be solved for tooth and back-core

regions separately as follows.

Pioss = Preetn + Poack—core (263)

The total mass of teeth and back-core can be calculated from Equations 2.64-65

respectively.

Win = Ng X hgjor X W, X L X My (2.64)

Wye = (Dgp — hpe) X T X hye X L X My (2.65)

In the equations above, wy, is tooth width, Dy, is stator outer diameter, h;, is stator
back core depth behind slot dip, L is axial length, p is pole number and m, is weight
density of steel core which is read from catalogues. Calculation of total core loss can
be derived as in Equation 2.66 which is obtained by rewriting Equation 2.63 which

the sum of losses in teeth and back core of stator.

Peore = (kn X f X §,?\,l) X Wy, + (kp X f X EZC) X Wy, (2.66)

In the above equation B, and B,. are peak values of tooth and back core flux
densities, W, and W, are total mass of teeth and back core material respectively.
After calculation of core loss, the core loss resistance can be found from the

resistance calculation given in Equation 2.67.

_ (Vq _Iq XRS)Z

RCOT‘E -

(2.67)

Pcore
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2.2.4.3 Magnet Losses, Friction and Windage Losses

In this thesis models of magnet, windage and friction losses are not studied. Since
magnets coercivity and resistivity is very high, it is assumed that no eddy current
induced in the magnets. Friction and windage losses known to be slightly smaller
than output power and since the output power is small, friction and windage loss is
small which can be neglected. There are available equations to model these friction

and windage losses which can be included in future studies.

--= Maxtorque T,

E
£ .-~ Rated torque T,
v 4
3
4
L2
Constant Constant
T Torque : Power
Region ' Region
T
i .+ Maxspeed w,,,,
Rated speed w, =~ —>Speed [rpm]

Figure 2.13: Torque-Speed Characteristics of a PM Motor[7]

2.3 Calculation of Torque

Typical torque-speed characteristics of a PM motor is given in Figure 2.13. There are
two regions in the graph which are determined by maximum torque T,,,, rated
torque T, and two speed points rated speed w, and maximum speed wy,,,. The

region up to w;. is called as “constant torque region” and the region between w,. and

Wax 18 called as “constant power region.”

The calculation of developed electromechanical torque is done under vector control

operation where d-axis current I; = 0. Electrical equivalent circuits of a permanent
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magnet motor is given in Figure 2.7. When I; = 0, the phase diagram becomes

simplified which is given in Figure 2.14 below.

q—qxis
*Xa |

lg*Rs
Vt

A Eo

Figure 2.14: Electrical Phase Diagram of PM Machine in Vector Control

The equation of terminal voltage V; is given in Equation 2.68. In this equation E, is
the induced emf calculated from frequency and emf constant, R is phase resistance
calculated from geometry of the stator, X,is g-axis reactance calculated from

inductance and frequency, I, and I, are g and d-axis currents respectively.

V, = J(Iq X Ry + Eo)” + (I x Xg) (2.68)

The only unknown value is I,. After the I, is found, then multiplied by torque

constant and developed torque is calculated. The calculation process is described in

detail below.

Since the speed changes from zero to maximum value, induced emf and g-axis

reactance values are changing. Also it is known that current value is between zero

39



and maximum input current which is limited by the inverter ratings. To carry out the
calculations, matrix operations are used. In this matrices, rows represent the current
values which does not change in same row and increase 0.05A in each row; columns
represent the speed values. The number of rows and columns of the matrices used in

the following equations are given in Table 2.2.

Table 2.2: Number of Rows and Columns of Matrices

Description Symbol Number of Rows | Number of Columns
Terminal Voltage V; n m
Input Current I n m
Maximum Input Current Lnax 1 m
Rated Input Current Lrated 1 m
Speed in rpm w 1 n
Electrical Frequency fe 1 n
g-Axis Reactance Xq 1 n
Phase Resistance R, 1 1
Induced Emf E, n m

In Table 2.2, n is number of rows which is equal to I,,,,, X 20, as mentioned above
current is increasing 0.05A in each row. In columns, m represents the speed, but it is
known that the speed value is higher than thousands so it is preferred to increase
speed 100 rpm in each column for shortening the calculation time.

First speed matrix, w should be defined which is shown in Equation 2.69.
w=[0 100 200 - Wpmaxl (2.69)

After the speed matrix is defined, parameters like electrical frequency f,, g-axis
reactance X, and induced emf E, can be calculated as given in Equations 2.70-72.

fomwx2D (2.70)

p/2
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Xqg=2XmXf,XLg (2.71)

2XT
60

Ey=w X X Kems (2.72)

In the equations above, p is number of poles, L, is g-axis inductance and k., is

emf constant. Since all the unknowns in Equation 2.68 is calculated, terminal voltage

V; can be found. The terminal voltage and input current matrices are shown below.

[Vt1,1 Vt1,2 Vf1,m]

v, =| 2 Veea a Vtg,mi (2.73)
thn,l th,z h th_mJ
[ 0 O “ee O 'l
[0.05 0.05 - 0.05]

=101 01 .. 01] (2.74)
[Imax Imax o ImaxJ

Then terminal voltage matrix is checked and the values which are negative and
higher than bus voltage is eliminated. Then, same elements in the current matrix are
became equal to zero. Maximum of each column in current matrix is assigned to a

new matrix called I,,,,, given below.
Inax = [Imax “ Imax  Imax —0.05 Iy —01 -+ 0.1 0.05 0] (2.75)

A similar procedure is repeated to determine rated input current I,,:.q Which has
same dimensions with I,,,,. Maximum torque and rated torque are found from

multiplication of maximum input current matrix and torque constant k.

Tmax = Imax X k¢ (2-76)

Tratea = Iratea X Kt (2.77)
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Mechanical output power is calculated from multiplication of torque and speed as

shown in Equation 2.78.

2XTm

= (2.78)

Pout = Tnax X W X

These matrices are used for drawing graphics in analysis menu. For example, i
element of the torque matrix is the torque value for i element of the speed matrix.
When the points (i"" element) are connected to next point (i+1") via lines the
complete torque speed graphic is drawn. The other graphics are drawn with same

method.
2.4 Conclusion

In Chapter 2, a previously obtained pm motor model is improved. All equations used
in the model are verified and upgraded if needed. New features are added to the new

model too. All these changes are going to be explained in Chapter 3.

The main objective of this software is to develop a user friendly interface. This can
be done by simplifying the inputs. Also user has to be able to change key parameters
whenever a change is wanted. For this purpose slot parameters are entered by user in
the software, but in the previous model slot dimensions are calculated in by the
program. With this change, user has the freedom to change slot dimensions to see

how output parameters are changing with these dimensions.

For the design software, new slot types are added to the model which brings variety
to the software and also to the user, and slot leakage inductance and resistance
calculations are derived for these new slot types. Also a new magnet type is added to

the software.

While magnet reluctance is being calculated, the effect of rotor leakage reluctance
was omitted. In the new model, rotor leakage reluctance is included in the calculation

of the magnet reluctance.

In the calculation of inductances, number of turns used in the equations are replaced

with effective number of turns. So, results got closer to the real values.
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For calculation of end-winding leakage inductance, a newly derived equation is used

to have better estimations on the inductance.

Also in new model stacking factor which effects the active length of the stator steel

pack is considered in calculations to have better results.

New results are going to be compared with previous model results in Chapter 5.
Moreover, new results are going to be compared with manufacturer data and the

error in the results are going to be calculated and discussed.
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CHAPTER 3

FLOW CHART OF PM ANALYSIS SOFTWARE

In this chapter, the developed software is modelled with flow charts and main flow
chat of the program and sub flow charts under the main flow chart are going to be
described with the help of the calculations in Chapter 2. Each flowchart step named

with numbers and these steps are going to be explained one by one.

The model described in Chapter 2 is transformed into a user friendly interface with
the programming language C#. Main objective of the program is to take inputs from
user such as dimensions, B-H curves and core loss curves. Then the electrical and
magnetic parameters are calculated and these results used in the graphical analysis
which are torque-speed, input current-speed and output power-speed curves. Also
user is able to see the lamination drawn from the dimension inputs. The outputs like
machine parameters, graphics and lamination can be saved and printed which are

described in the following sections.

The main body of the software is given in Figure 3.1. Once the program is opened,
the user have to choose whether a new analysis is going to be made or a previously
analyzed motor is going to be analyzed again. If the inputs are known they can be
easily entered to the program. But if the inputs are not known a predesign is needed.
This predesign can be done from starting from power rating [8]. After the analysis
user can choose to print the results or save the results. Finally, after the results are

saved or printed user can choose to close the program or start a new analysis.
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Load Motor Data Enter New Motor
DEYE]

(1.1) (2.1)
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to a New File
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Show Results
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(5.2)

Save Results
(5.1)

y

New Design YES
©

Figure 3.1 : Main Flow Chart of the Software
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e Box1.1

In Box 1.1, user chooses to load a previously analyzed motor. First, user chooses

"Open” from "File™ menu and then locates where the analyzed motor file is.
e Box1.2

In Box 1.2, program checks whether any changes are made. If one or more parameter
have been changed, then user must save this new analysis to a file (Box 2.3). If

parameters are kept same, then user can analyze the motor (Box 3).
e Box2.1

In Box 2.1, user chooses to make a new motor analysis. User chooses "New" from
"File" menu and an empty form opens. In this form, user have to fill all required

information for analysis of the new motor.
e Box22

In Box 2.2, program checks whether all required data are filled or not. If all data is
filled, then user have to save this new analysis to a file before starting analysis. If

there is one or more missing data, program asks user to fill the missing parts.
e Box23

In Box 2.3, program ask user to save the analysis and user locates where to save the

analysis. Saved analysis can be later as described in Box 1.1.
e Box3

In Box 3, the outputs of the program are calculated. This calculation process is given
in the flowchart in Figure 3.2 more detailed. The list of outputs are given in Table
3.2.

e Box4

In Box 4, user chooses what type of analysis are going to be made. This analysis are
made with the results of the calculations which is going to be described in

"calc_outputs" in Chapter 3.1.
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e Box4.l

In Box 4.1, graphical analysis are made. These graphs are torque-speed, output

power-speed and current-speed graphs.
e Box4.2

In Box 3.2, calculation of machine parameters are made. These machine parameters

are resistance, inductance, volume etc.
e Box5

In Box 4, the results of the analysis are going to be shown.
e Box5.1

In Box 4.1, user can save results. If graphical analysis are made, results can be saved

as image file or if machine parameters are calculated results can be saved to a file.
e Box5.2

In Box 4.2, user can print the results by choosing a printer connected to computer or

by choosing pdf writer.
e Box6

In Box 5, after the results are shown user can close the program or start a new
analysis. If user wants to start a new analysis, program goes to the first step of the

flow chart.
3.1 Calculation of Outputs

The calculation of the outputs which is needed in Box 4.1 and 4.2, is described by a
general flow chart given in Figure 3.2. The process of this flow chart is named as
"calc_outputs”. There are sub processes under this calculation of outputs process and

these sub processes are going to be described below in details.
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e Box1l

In Box 1, user enters the inputs to the analysis software and save these inputs to a file
before starting analysis of opens a previous valid analysis. These inputs are checked
in the software. All the inputs must be entered to the related text boxes, all the inputs
must be numeric and all decimal numbers must be written with comma. The program
does not save the inputs if the requirements stated above are not satisfied. The list of
the inputs are given in Table 3.1. The B-H and core loss curves can be uploaded to

the software in taking the inputs step.

Take Inputs from
User

(1)

Calculate

Dimensions calc_elcp
(@)
Calculate Electrical cale ma
Parameters -magp
3)
Calculate
Magnetic calc_perf

Para (El)eters

Calculate
Performance

O

Figure 3.2 : Calculation of the Outputs
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Table 3.1: Inputs of the Analysis Program.

Tab Name of the Parameter Symbol Unit
Line Voltage Viine \%
Maximum Current Imax A
Main Phase phase -
Pole Number pole -
Slot Number N0t -
Axial Length Lsta mm
Air Gap Length g mm
Back-Core Depth hpe mm
Tooth Width Wi, mm
Stator Coil Extension Loyt mm
Turns per Coil Newrn -
Coils per Phase Neoir -
Stacking Factor kstack -
Fill Factor ke -
Magnet Remanent Flux Density B, T
Diameter at Magnet Base Dinp mm
Rotor Magnet Pitch/Pole Pitch alfa Radian
Magnet Height hinag
Rotor Leakage Factor Dri -
Slot Opening Width Wy mm
Width of Bottom Part Wy mm
Width of Top Part wy mm
Slot Slot Opening Height ho mm
Height of Bottom Part hq mm
Height of Mid-Part h, mm
Height of Top-Part hs mm
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e Box2
In Box 2, calculation of dimensions are made. This process is named as "calc_dim".
e Box3

In Box 3, calculation of electrical parameters are made. This process is named as

"calc_elcp".
e Box4

In Box 4, calculation of magnetic parameters are made. This process is named as

"calc_magp".

e Box5
In Box 5, calculation of performance of the motor are made. This process is named
as "calc_perf".

3.1.2 Calculation of Dimensions

In this part, some of the machine dimensions are going to be calculated. The flow
chart of the calculation process is given in Figure 3.3. First dimensions of stator and
rotor laminations are going to be calculated. These dimensions are used in whole
analysis process. Then areas of pole, air gap and stator tooth and back-core are going
to be calculated. These areas are used in reluctance and flux density calculations.
Finally, total mass of stator and rotor lamination is going to be calculated which is

needed in core loss calculations.
e Box1

In Box 1, stator inner and outer diameter and rotor diameter at magnet base and at g-

axis are going to be calculated.

Dsi = Dmb + 2 X hmag + 2 X g (31)

Do = D + 2 X hgor + 2 X hyc (3.2)
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Dms = D‘mb + 2 X% hmag (33)

Ding = Dimp + 2 X hypgg — 2 % 0.001 (3.4)

Dy is diameter of magnet base, hpq, is magnet height (in the middle of the

magnet) and hg;,; is total height of stator slot which are entered by the user.

Calculate Dsi, Dso,
Dmg, Dms
(1

Calculate Ag,

Apole, Amag, Abc,

Ath )

Calculate Mtotal
(3)

Figure 3.3 : Flow Chart of calc_dim

e Box2
In Box 2, air gap, pole magnet, stator tooth and back core areas are calculated.

= Air gap area is described in section 2.1.1.1 and calculated from Equation
2.2.

= Pole area is explained in section 2.1.4 and Equation 2.21 is used to

calculate the pole area.
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= Magnet area is mentioned in section 2.1.2.1 and calculation of magnet
area is done from Equation 2.10.
= Stator tooth and back-core areas are described in section 2.1.3, and
calculated from Equations 2.16-17.
e Box3

In Box 3, total mass of stator and rotor lamination are calculated.

= Mass of stator tooth is explained in section 2.2.4.2 and calculated from
Equation 2.64.
=  Mass of stator back-core is described in section 2.2.4.2 calculations are

done from Equation 2.65.
3.1.2 Calculation of Electrical Parameters

In this section, electrical parameters of the motor is going to be calculated. These
electrical parameters are phase resistance and d and g-axis inductances. The flow

chart of this calculation process is given in Figure 3.4.
e Boxl1
In Box 1, Cpjecp, (coil pitch) is calculated as given below.

Spitch

_ 3.5
Nslot/p()le ( )

Cpitch =

Where Spi¢cn Is slot pitch, Ng,. is number of slots and pole is number of poles
which are entered to program by the user.

e Box?2

In Box 2, calculation of N,,;; (number of coils) is given in Equation 3.6.
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Figure 3.4 : Flow Chart of calc_elcp
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_ Nslot
Neoir = phase (36)

Where phase is number of phases determined by the user.
e Box3

In Box 3, q; (slor per phase per pole) is figured out as given Equation 3.7.

Nslot

- phase X pole 3.7)

q1

e Box4.l

In Box 4.1, calculation of Carter's coefficient (k) for stator is done. This coefficient
is described in section 2.1.1.2 and Equation 2.4 is used to find the result. To find the
Carter's coefficient; stator input diameter, number of slots, air gap length and slot

opening width values are needed.
e Box4.2

In Box 4.2, wire area (4,,;-.) is calculated. This calculation is explained in section
2.2.1.1 and calculated from Equation 2.34. For this calculation; diameter at magnet
surface, angle span of the magnet, air gap length and stack length of the motor are

used as the inputs.
e Box4.3

In Box 4.3, conductor length in one coil (L) is found. Description of this
calculation is done in section 2.2.1.2 and the length is calculated from Equation 2.36.
To find the conductor length, number of turns per coil, number of slots stack length,
external length, slot pitch, stator inner diameter, slot height must be entered

correctly.
e Box44

In Box 4.4, conductor length for series connection of coils (L.,,) is found out. This

length is mentioned in section 2.2.1.2 and equation 2.37 is used. Calculation of this
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length can be done if number of coils per phase, slot pitch, number of slots, stator

outer diameter, slot height and external length are known.
e Box4.5

In Box 4.5, phase resistance at room temperature (R,) is calculated. For this
calculation, outputs of the boxes mentioned above are used as inputs. The calculation

of phase resistance is described in section 2.2.1 and calculated from Equation 2.32.
e Box4.6

In Box 4.6, phase resistance at nominal conditions (R;) is calculated. This value is
used in equivalent circuit instead of the resistance value calculated in Box 4.5,
because at steady state working condition conductor heats up. The resistance value is
calculated at 1500C which is accepted as nominal temperature of motor. This

calculation is described in section 2.2.1 and calculated from Equation 2.33.
e Box5.1

In Box 5.1, effective number of turns (N) is calculated as given below

Ng = Neojg X Niyrn X (3.8)
Where N_,;; is number of coils per phase, N, is number of turns per coil and k,, is
the winding factor.

e PBox5.1.1

In Box 5.1.1, slot leakage permeance coefficients (pg,:) are calculated. This
calculation is described in section 2.2.2.1 and calculated from Equations 2.43-45. To
calculate the specific slot permeances, slot dimensions should be entered to the

program carefully.
e Box5.1.2

In Box 5.1.2, slot leakage inductance (L) is calculated from the coefficients found

in Box 5.1.1. This calculation is explained under section 2.2.2.1 and Equation 2.48 is
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used to find the result. For the calculation of slot leakage, effective number of turns,
number of slots, stack length, coil pitch and specific slot leakage permeances are

needed.
e Box5.2.1

In Box 5.2.1, calculation of end winding leakage permeance (p.nq) coefficient is
done. This permeance is calculated as described in section 2.2.2.2 and from the
Equation 2.51. Number of slots, phase number, pole number and end winding

dimensions are needed to be known to calculate the permeance.
e Box5.2.2

In Box 5.2.2, end winding leakage inductance (L.,q) is calculated from the
coefficient found in Box 5.2.1. Description of this calculation is done in section
2.2.2.2 and calculation is done from Equation 2.52. To find the end winding
inductance, effective number of turns and slot per pole per phase values are
calculated first. Then these values are used with end winding leakage permeance and

end winding dimensions for calculating the inductance.
e Box5.3.1

In Box 5.3.1, rotor's Carter Coefficient (k.,.) is found. This coefficient calculation is
similar with the one calculated for stator, how the coefficient is found is explained in
section 2.2.2.3 and equation 2.55 is used. Inputs of this equation are width of
magnet, number of poles, diameter of magnet base, diameter of g-aixs of rotor and

diameter of magnet surface.
e Bo0x5.3.2

In Box 5.3.2, equivalent d-axis air gap length (g.4) is calculated. Explanation of this
calculation is done in section 2.2.2.3 and result is found from Equation 2.54. Air gap
length, stator Carter's coefficient, magnet height and magnet permeability is used as

the inputs of the Equation 2.54.
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e Bo0x5.3.3

In Box 5.3.3, d-axis magnetizing inductance (L,,4) is found. This inductance is
calculated from the d-axis equivalent air gap length which is found in Box 5.3.3.
Calculation of the inductance is explained in section 2.2.2.3 and Equation 2.57 is
derived to find the result. Pole area, d-axis equivalent air gap length and effective

number of turns are used in this box which are previously calculated.
e Box5.34

In Box 5.3.4, calculation of equivalent g-axis air gap length (g.,) is done with
Equation 2.56. This calculation is described in section 2.2.2.3. Stator inner diameter,
diameter of rotor in g-axis and Carter's coefficients (both for stator and rotor) are

needed to find the length.
e Box5.35

In Box 5.3.5, g-axis magnetizing inductance (L,,,) is calculated. This inductance is
calculated from the d-axis equivalent air gap length which is found in Box 5.3.4.
Description of this calculation is done in section 2.2.2.3 and Equation 2.58 is used to
find the results. Inputs of this equation is same with Box 5.3.3 except for d-axis
equivalent air gap length, instead of this, g-axis equivalent air gap length is used.

e Box5.4.1

In Box 5.4.1, total d-axis inductance (Ly) is calculated from the sum of the
inductances found in Boxes 5.1.2, 5.2.2 and 5.3.3.This calculation is explained in
section 2.2.2 with Equation 2.38.

e Box54.2

In Box 5.4.2, total g-axis inductance (L) is found from the sum of the inductances
found in Boxes 5.1.2, 5.2.2 and 5.3.5.Description of this calculation is done in

section 2.2.2 by using the Equation 2.39.

58



3.1.3 Calculation of Magnetic Parameters

In this section, magnetic parameters are going to be calculated such as reluctances
and flux densities. This calculations process is described with the help of a flow chart

given in Figure 3.5.
e Box1l1l

In Box 1.1, calculation of magnet internal leakage reluctance (R,,,) is done which is
described in section 2.1.2 .The Equation 2.7 is derived to find the result of which
inputs are magnet width, stack length, space air permeability, and magnet relative

permeability and magnet heights of different regions.

Calculate Rm0

(1.1)

Calculate Rrl
(1.2)

Calculate Rmag
)

Calculate Rg
)

Calculate Bm
2.1

Calculate Bg (peak,
mean)
(2.2)

Calculate Bbc
(2.3)

Calculate Bth
(2.4)

Figure 3.5 : Flow Chart of calc_magp



e Box1.2

In Box 1.2, rotor leakage reluctance (R,;) is calculated. The description of this
calculation is done in section 2.1.2 and Equation 2.8 is used for calculation. This
reluctance is assumed to be couple of times of magnet internal reluctance. User is
defining the coefficient between rotor leakage reluctance and magnet internal

leakage reluctance.
e Box1.3

In Box 1.3, total magnet leakage reluctance (R,,qq4) is found. This calculation is

explained in section 2.1.2 and calculated from Equation 2.9. For finding the overall
magnet reluctance, magnet internal leakage reluctance (Box 1.1) and rotor leakage
reluctance (Box 1.2) have to be calculated.

e Box14

In Box 1.4, calculation of air gap reluctance (R,) is done with the Equation 2.1. This

calculation is described in 2.1.1. First air gap area and equivalent air gap length is

calculated to find the air gap reluctance.
e Box21

In Box 2.1, magnet operating flux density (B,,) is found. Explanation of this
calculation is done in section 2.1.4. For calculation, Equation 2.25 is used with the

inputs: air gap reluctance, rotor leakage reluctance and magnet reluctance.
e Box22

In Box 2.2, air gap flux density (B,), mean air gap flux density (B_g) and peak flux
density (Eg) are calculated as described in section 2.1.4 and results are found from
Equations 2.19, 2.22 and 2.23.In the calculation of air gap flux density, magnet area,
air gap area, magnet reluctance and air gap reluctance are used as inputs. For mean
air gap flux density, the ratio of air gap area to pole are needed and for peak air gap
flux density magnet height, air gap length and magnet permeability are required for

calculation.
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e Box2.3

In Box 2.3, stator back-core flux density (Bj.) is found as the result of Equation
2.29. This calculation is described in section 2.1.4. To calculate the back-core flux

density air gap area, back core area and air gap flux density is needed.
e Box24

In Box 2.4, stator tooth flux density (B;) is calculated. This calculation is described
in section 2.1.4 and calculated from Equation 2.26. Stator inner diameter, number of

slots and tooth width vales has to be entered correctly to find the tooth flux density.
3.1.4 Calculation of Performance

This section is the most important part of the program after calculating the
parameters. All the performance analysis are done under this section which is the
first thing that a designer is looking for. A program without showing the
performance results has nothing special than a calculator. After the calculations are
finished, the graphics can be seen on the display of the program and user can read the
values of the point by clicking on the graph. The specialties of the analysis program
are explained in detail below.

« Box1

In Box 1, the speed matrix is defined. The maximum speed is entered by the user. As
described in Chapter 2.3, calculations are needed to be solved for every speed. To
shorten the analysis time, calculations are done for every 100" rpm. So number of

equations to be solved increased from wy, g, X Lngx X 20 10 Wyax X Inax/5.
« Box2

In Box 2, electrical frequency, f, which corresponds to that relevant rotor speed is
calculated in Equation 2.70. Since speed is defined as matrix, f, is a matrix which

has same column number with speed matrix.
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Figure 3.6 : Flow Chart of Performance Calculations
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« Box3

In Box 3, g-axis reactance X, is calculated from Equation 2.71 which is
multiplication of g-axis inductance L, which is calculated in Equation 2.39 and

electrical frequency f, calculated above. Like speed and electrical frequency, g-axis

reactance is a matrix with same dimensions.
« Box4

In Box 4, induced emf E|, for every speed needs to be calculated to find the terminal
voltage V;. As can be seen from Equation 2.72, induced emf is found via emf
constant k., . Since this is a multiplication of a matrix and a constant, emf matrix

has same dimensions with speed matrix.
« Box5

In Box 5, terminal voltage V; is calculated for the given speed range (0 to maximum)
and for the current range (0 to maximum). As mentioned before, for this calculation
matrix operations are used. Terminal voltage matrix has (1,4 X 20) X (Wp,0,/100)
dimensions which is shown in Equation 2.73. This matrix is going to be eliminated

in Box 7.
« Box6

In Box 6, current matrix I, is defined such that current will be constant for every
speed in each row and in each row current is increased 0.05 A to find out the

maximum and rated current more precisely as given in Equation 2.74.
e Box7

In Box 7, calculated terminal voltage matrix V; in Box 5 is filtered whether if the
elements are positive and less than the line voltage. For example if line voltage is

21V, the matrix elements must be less or equal to 8.57V.
* Box7.1

In Box 7.1, if the controlled voltage matrix element is within limits then it is kept

without any change.
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e Box7.2

In Box 7.2, if the controlled voltage matrix element is not within limits then the
value of the element is changed to zero.

« Box8.1

In Box 8.1, if the controlled voltage matrix element is within limits then relevant

current matrix element is kept without any change too.
« Box8.2

In Box 8.2, if the controlled voltage matrix element is not within limits then relevant

current matrix element’s value is changed to zero as made in Box 7.2.
+ Box9

In Box 9, friction and windage torque T,,;,,4 IS calculated. This torque is very small
and can be omitted for the cases where loss constants are not known. This matrix has

1 X (Wpax/100) dimensions.
+ Box10.1

In Box 10.1, the maximum element of each column of I; is assigned to a new matrix
Lnare- Here it should be noted that I, matrix has (I,gx X 20) X (Wpq,/100)

elements while I,,,,, has 1 X (w,,,4,/100) elements as shown in Equation 2.75.
 Box10.2

In Box 10.2, input current matrix I, elements are checked and the elements greater
than the current value at reference speed are made zero. After this elimination
maximum of each column are assigned to a new matrix I,.,;.4 like the process done

in Box 10.1.1,.4:.4 has same dimensions with I,,, .
* Box11l.1

In Box 11.1, maximum developed torque T,,,, is calculated from Equation 2.76.
Torque constant kg IS known and maximum input current is multiplied by this
constant and friction and windage torque is subtracted since it is on opposite

direction.
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« Box11.2

In Box 11.2, rated torque T,q4¢eq, IS Calculated from rated current I,,.0q. Same

equation in Box 11.1 is used for this calculation.
« Box121

In Box 12.1, maximum output power P, . is easily calculated from Equation

2.78.
» Box12.2

In Box 12.1, rated output power P, is found similarly to maximum output

Utrated

power.
« Box 13

In Box 13, torque, input current and output power versus speed graphics are drawn.
The parameters required to draw these graphs are calculated above. Every i
parameter of the torque, current and power matrices are corresponds to the it
parameter of the speed matrix. So for all elements of speed matrix there is an
element in relevant matrix and graphics are drawn according to these points. The

procedure that is followed to draw graphs are explained in detailed in Chapter 4.
3.2 Showing Outputs

Outputs are shown in the final tab of the program named “Outputs”. Outputs are

classified into three groups: which are

e Dimensions
e Electrical parameters

e Magnetic parameters.

Details of these classes are given in Table 3.2. These outputs can be saved to an html
file with inputs and also these analysis outputs can be printed out. Sample analysis

outputs report is given in Appendix B and C.
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Table 3.2: Outputs of the Analysis Program

Output Tab Description Symbol | Unit
Stator inner diameter Dy; mm
Stator outer diameter Dy, mm
Magnet surface diameter Dyys mm
Magnet base diameter Dy | MM
Rotor g-axis diameter Dypg | MM
Air gap length g mm
Dimensions Magnet width Winag | Mm
Magnet height hmag | MM
Magnet area Amag | MM?
Pole area Apore | Mm?
Air gap area Agap | MM?
Stator back-core area Ape mm?
Stator tooth area A | mMm?
Wire diameter Dyire | MM
Phase resistance R, Q
d-axis inductance Lg mH
Electrical Parameters g-axis inductance L prr
Torque constant kiorq | NM/Arms
EMF constant kems | Vpkirad/s
Magnet internal leakage reluctance Rino AT/Wb
Rotor leakage reluctance R, AT/Wb
Magnet reluctance R, AT/Wb
_ Air gap reluctance Ry AT/Wb
Magnetic Parameters
Magnet operating flux density B, T
Air gap flux density B, T
Stator tooth flux density B T
Stator back-core flux density By T
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Moreover, user is able to see the lamination of the analyzed motor with a scale for
both quarter lamination and full lamination drawings. User can access this new form
page from “Lamination” in Menu Bar. Lamination drawing can be send to a CAD
program, can be saved as an image file or can be printed out. Sample lamination

drawings are given in Appendix B and C.

User, also have the chance to see the graphical performance analysis results. There
are two ways to do graphical analysis. First way is to enter all the required data in the
main program and after calculating outputs, user chooses ‘“Analysis from
Dimensions” from “Analysis” in Menu Bar. Second way is to enter the required
machine parameters like inductance, resistance, voltage and current values and run
the analysis. “Analysis from Machine Parameters” is chosen from “Analysis” in

Menu Bar.

After the analysis are done, user can see the torque, input current and output power
characteristics of the analyzed motor and also user can save and print these graphics.
User can also read values from graphics by clicking on the graph, these part is

explained in detail in Section 4.5.
3.3 Conclusion

In this chapter, main body diagram of the analysis program is given with a flow chart
at first. Then each step is described more detailed with the help of new flow charts.
Every box used in the flow charts are described and how the calculations are carried
out in the program are referred to Chapter 2. The inputs and outputs of the analysis
program are given in tables with the symbols used in the equations followed in the
analysis program. Each step is explained with the help of the equations given in
Chapter 2. Also these flow charts are used in the implementation of the analysis

program which are discussed in detail in Chapter 4.
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CHAPTER 4

IMPLEMENTATION OF THE PMAC ANALYSIS SOFTWARE

4.1 Introduction

In previous chapters, basic calculations required to analyze a PMAC motor and the
flow charts explaining the sequence of these calculations are described. An interface
Is required for getting the inputs from the user and making these calculations in a
software. This software is developed in Microsoft Visual Studio with the

programming language C#.

In this chapter, how the software is implemented is explained. Details of how the
interface is created, types of toolboxes used, how calculations are done and how

graphs and laminations are drawn are declared.

General concept of the developed program is to input the main information like line
voltage, maximum current and number of poles and basic dimensions like diameter
of rotor from the user and give outputs like machine parameters (phase resistance,
inductance), graphical performance (torque-speed characteristic) and scaled
lamination. Also software gives user the chance to save or print the outputs and open

a previous analysis.

In the following sections, the developed software will be explained in detail with the
help of the flowcharts described in previous chapter, the features of the interface will

be explained for every tab in the software.
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4.2 Technical Features

PMAC Motor Analysis Software is a windows application software developed for
analyzing surface-mount permanent magnet AC motors. Features of the software are

listed below.

e Performance analysis of permanent magnet AC motor according to user
defined motor such as geometry and materials used data
o Torque versus Speed
o Current versus Speed
o Output power versus Speed
e Machine parameters calculation from geometry
e Detailed analysis information such as flux density and reluctance values in
various sections of the magnetic circuit
e Drawing lamination of the motor
e Analyzing the performance of the motor from parameters

e Print option for the calculation results and lamination

PMAC Analysis Software has a user friendly user interface besides satisfying these
features. This interface is created with object oriented programming language called
C#, with Microsoft Visual Studio (v2012) program. With the help of this program,
required windows forms, text boxes, labels, buttons, tab pages and etc. are used to
create the interface. C# is preferred because it is intended to be a simple, modern,

general-purpose, object-oriented programming language.

The program has a setup file which installs the software with the required folders and
examples. While the software is being installed, the setup file creates a shortcut at
desktop, a folder in C:\Program Files named PMCAD with sample input file to run
the analysis from machine dimensions, motor parameters file to run the analysis from
machine parameters, BH Data folder with sample B-H curve data, Core Loss folder
with sample core loss curve data and also creates a Results folder in PMCAD folder
to save the analysis reports. It should be noted that to run the software, Microsoft

NET Framework (version 3.5 or higher) should be installed on the computer.

70



1.

Do Start Page - Microsoft Visual Studio
FILE EDIT VIEW DEBUG TEAM SQOL TOOLS

- i - @ o - - P Attach..
Start Page +
P Recent

4 |nstalled

1210(dx3 1amag

Ulti

4 Templates
Visual Basic
Visual C#
Visual C++
Visual F#
SCOL Server
JavaScript
LightSwitch

¥0Q|oo |

TEST  ARCHITECTURE  AMALYZE  WINDOW  HELP
- A

.NET Framework 4.5 ~ Sortby: Default

Windows Forms Application
WPF Application

Conscle Application

ASP.NET Web Forms Application

Class Library

Other Project Types

Extensibility

Portable Class Library

Setup and Deployment

Visual Studio Solutions

Blank App (XAML)

Meodeling Projects

Samples

P Online

MName:

Location:
Output

Solution name:
Show output from:

Error List | Output

ASP.NET MVC 3 Web Application

ASP.NET MVC 4 Web Application

Grid App (XAML)
WindowsFormsApplication

chusers\deniz\documentsivisual studio 2012\Projects

WindowsFormsApplication

Visual C#
Visual C#
Visual C#
Visual C#
Visual C#
Visual C#
Visual C#
Visual C#
Visual C#

Visual C#

Quick Launch [Ctrl+ Q) P = @ X

Search Installed Templates (Ctrl+E)

s

Type: Visual C#

A project for creating an application with a
Windows Forms user interface

Browse...

Create directory for solution
[] Add to source control

er | Team Explorer Class View

ow I

Figure 4.1 : The Screen Shot of Microsof Visual Studio



4.3 Creating a Form in Visual Studio

Once the program is opened, New is selected from File menu and Project is selected
from New menu. Visual C# is selected under Templates seen on the left hand side of
the window which is given in Figure 4.1. Then Windows Form Application is
selected. Program automatically creates the WindowsFormApplicationl project and

Form1 windows form.

Forml.cs [Design]* + X

as

1210(d¥g J2M5

Form1

label1

(=[5 =)

Toolbox

Search Toolbox

ﬁu
=y

BindingMavigatar
Binding5ource
Button

vnx

CheckBox
CheckedListBox
() radioButton 1 ColorDialog
ComboBox
ContextMenuStrip
DataGridView
DataSet

DateTimePicker

0

4k

] buttonl 0O

DirectorySearcher

DomainUpDown
ErrorProvider
EventLog
FileSystemWatcher

FlowLayeoutPanel

1M EHOMN AL EEMANED

FolderBrowserDialog

T T e e

Figure 4.2 : Sample Form and Toolbox Window

In Figure 4.2, a sample form is given and toolboxes are placed with drag and drop
method. The toolboxes in the Forml from top to bottom are Label, TextBox,
RadioButon, NumericUpDown, ComboBox and Button. These are the most
commonly used toolboxes in the software. In addition to them TabControl, Panel and

PictureBox toolboxes are wused. For menu structure, OpenFileDialog,
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SaveFileDialog,and PrintDialog toolboxes are used and the menu is created by

MenusStrip. The used toolboxes are given in Table 4.1.

Table 4. 1: List of the Toolboxes Used in the Software

Toolbox Description

Panel Panels are placed in forms, Their visibility can be changed by codes
and toolboxes can be placed in panels.

TabControl Tab control is used to classify inputs and outputs. By using tabs,
interface becomes easier to use.

PictureBox Image files are placed and graphics are drawn in picture boxes.

Label Labels are used for giving description and units.

RadioButton

Radio buttons are used to make selections like slot type and magnet

type.

ComboBox

Combo boxes are used where the selection is made from a known

collection of inputs.

NumericUpDown

Numeric up and down is used for numerical inputs which increase

and decrease arbitrarily.

TextBox Text boxes are used to get inputs from the user.
Button Buttons are used to save the inputs in the text boxes to the memory.
Timer Timer function is used in the drawing function.

OpenFileDialog

Open file dialogs opens the standard file open interface used in every
program. The folders that where the file is going to be opened is

selected.

SaveFileDialog

Save file dialogs opens the standard save open interface. The folder

where the file is going to be saved is selected and file name is

entered.

PrintDialog Print dialogs opens the standard print file interface where user can
access printing options.

MenusStrip Menu strip is used to create the menu bar.

73




In the software there are buttons in each tab. When user clicks on the button, all the
textboxes, combo boxes, radio buttons, numeric up and downs are checked whether
the inputs are entered and if all of them entered, the inputs are checked whether they
are in correct format or not. The correct format for an input should consist of only
numeric values, if a floating number is needed to be entered comma must be used
between numbers. The program warns the user with a message box to enter all the
required data and enter the values in the correct format. All textboxes input must be
numeric and floating numbers must be entered with comma so that the program
accepts it correct. User can pass to the next tab if all the inputs are correct. This

procedure is repeated for every tab that user enters the inputs.

After all the required inputs are entered and saved each input to a parameter with the
same symbol used in the equations, the program runs the calculation process with the
help of the flowcharts described in Chapter 3.

When the calculation process is over, the results are written to the labels in outputs
tab, so that the user cannot change the value of the result by clicking on it like being
able to do in inputs. The outputs are classified into three tabs; dimensions, electrical
parameters and magnetic parameters At the end of the outputs tab, there is a button
named save results which saves the outputs and inputs to a table in a html file and
when this html file automatically opens just after the save process. User can click on
the print button in the opened html page. This report automatically saved into Results

folder with file DesignReport-day.month.year-hour.minute.htlm
After the calculation of outputs, user can see the graphical performance analysis and
lamination drawing which are described in detail in the following section.

4.4 Analysis Menu

Analysis is the most important part of the program. In this menu, user can see the
performance characteristics of the motor which is analyzed by the data that user
entered. The list of inputs is given in Table 3.1. Each input is kept in the memory of

each form of the program with the same symbols used in the equations. The main
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program form page is different than the form page of Analysis. At the beginning of
the analysis form, the inputs are taken from main form and loaded to the new form
which is created for graphical analysis. In the analysis form, picture boxes are used
to draw graphics, labels are used for x and y axis labels and detailed slot and magnet
dimensions, buttons are used to save graphics.

These characteristics are shown graphically on a new form. User is able to see torque
versus speed, input current versus speed and output power versus speed
characteristics on different graphs in this form. Also user can print these graphics or
save to an image file. The calculation of performance outputs is described in
previous chapters. How the graphs are drawn is explained in the following section in
detail.

Graphical analysis can be done in two different ways. First one is to do analysis from
geometrical dimensions entered by the user. By these dimensions, machine
parameters required to run the analysis are found and performance calculations are
done. The analysis from geometry window is shown in Figure 4.3. To run analysis
from geometry, user have to fill all the required data into the main form and calculate
the outputs. After this step required parameters are transferred to new form which
does the calculations of terminal voltage, input current, torque and output power and

draws the graphs for rated and maximum operation conditions.

The algorithm followed to draw the graphics is shown in Figure 3.6. In analysis
program, there are three graphics which are drawn on different picture boxes. Picture
boxes are added to the form from toolboxes menu and dimensions can be adjusted as
desired. When one of the graphs is chosen by clicking one of the buttons placed on
the top of the form, corresponding picture box made visible and other two picture
boxes made invisible. User also can read the values from graph by clicking on the

graph in if-else loops.
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Figure 4.3 : Torque vs Speed Graph

The second way is getting required parameters from the user directly and doing the
graphical analysis. These required machine parameters are phase resistance, d and g
axis inductances, torque and emf constants, line voltage and maximum input current
which is limited due to inverter ratings. The analysis from machine parameters
window is given in Figure 4.4. The parameters entered in text boxes are saved to
memory with the names used in the torque calculation when “Analyze” button is
clicked. Then torque calculation function is called and the graphs are drawn
according to the outputs of this function which is described in detail in the following

section.

4.41 Torque-Speed Graph

As mentioned above, three graphical analysis are done in the analysis program for

both analysis from geometry and analysis from machine parameters.

To draw the torque versus speed graph, first maximum torque is calculated for every
element of speed matrix. Speed matrix are created such that the values are starting
from 0 and increasing 100 rpm in every step until maximum speed like given in

Equation 2.70, so the calculation time is decreased in the drawing process.
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Figure 4.4 : Torque-Speed Graph from Machine Parameters




Every calculation results is saved to the elements of maximum torque matrix. Then
while drawing graphics these matrix elements turns into coordinates of operation
points such that x-coordinate of point i comes from the i" element of speed matrix

and y-coordinate of point i comes from the i element of maximum torque matrix

The elements of torque matrix is in Nm and speed matrix in rpm. These values are
multiplied by conversion constants to obtain values in pixels. Then coordinates of
every point is known in terms of pixels on the picture box on which graph is drawn.
Lines are drawn between points i and i+1, where i starts from the first element of
speed matrix and ends at the last element of speed matrix by using DrawLine
functions in Graphics library. So the complete maximum torque versus speed graph
Is drawn on the corresponding picture box which has dimensions 350x550 pixels. To
draw the rated torque versus speed graph same method is used and rated torque
versus speed graph is drawn on the same picture box with maximum torque versus
graph. To show the difference maximum torque line is drawn with a pen with 3 pixel

width and rated line is drawn with a pen with 2 pixel width.

Labels of x and y axis are calculated from the maximum values of each graph value.
For example, in torque versus speed curve, maximum torque value is used for x axis
labeling. Assume a maximum torque value 3.4Nm. First the value is rounded such
that there will be one significant digit; for 3.4Nm rounded value is 3. Secondly, this
rounded value is compared with the original value. If the rounded value is bigger
than the real value then the maximum value in x-axis will be the rounded value. But
if the rounded value is smaller than the real value then the maximum value in x-axis
becomes rounded value +1 which is 4 in this example. Then the graphs are scaled
such that the maximum value of y-label is going to be equal to the height of the
picture box which is 350 pixel and maximum of x-label is going to be equal to the

width of picture box which is 550 pixel.

User can read the values on the graph by clicking on the graph so on picture box. For
this purpose, MouseClick event of picture box is used which returns X and Y as the
coordinates. The main parameter for this process is x-coordinate of mouse in pixels
on the picture box which gives the speed value with the help of the conversion
constant mentioned above. Then the y-coordinate value is calculated for that speed.

78



The calculated values are printed to the textboxes in the right hand side of the
program. Also cursor lines are drawn parallel to the x and y axis where the cursor
intersects the graph. Two cursor lines are drawn for calculated maximum and rated
torque values which are parallel to x-axis and speed cursor line is drawn from the x-
coordinate of the mouse which is parallel to the y-axis. These cursor lines are drawn
with grey color and 3 pixel width. Also to show the intersections of these cursor
lines where the maximum and rated torque are found, a red square is drawn around
each intersection point, and each border of the square has 5 pixel length. For each
click on the picture box, cursor lines are redrawn for the new speed value and user

can read the outputs for this new speed value.

After the graphs are drawn, the calculated maximum and rated torque and speed
value which is found from the mouse coordinates are written to the textboxes placed
on the right hand side of the form. Also, input current and output power calculated
for rated and maximum conditions are calculated and shown to the user in the

textboxes.

When user clicks on other buttons, these values are kept in the textboxes for the last
clicked speed value. Speed cursor line is redrawn for last speed value and new cursor

lines are drawn for current or output power values.

4.4.2 Current-Speed Graph

Current versus speed graph is drawn similar to the torque versus speed graph. Input
current values are calculated for each element of speed matrix and kept in the
memory as elements of maximum current matrix given in Equation 2.76. Similarly,
coordinates of each point in the graph are found from the elements of these matrixes
where current values corresponds to y-coordinates and speed values corresponds to
x-coordinates. Again lines are drawn between points and complete graph is obtained.
Same procedure is followed for rated input current. The maximum and rated input
current versus speed graphs are drawn on a different picture box with the same

dimensions used in the torque versus speed graph.

Speed label (x-label) does not change for all graphs. Current label values are
calculated according to the maximum value of current. For example, for the given
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motor maximum current is 35A. These value have two digits and when the logic
used in the torque labels is applied to the current label, the maximum value of
current label is found as 40A. Then the conversion constant is calculated such as 40A

is equal to the height of the picture box which is 350 pixel.

To read the values from graph, same procedure is followed. The cursor lines are

drawn and calculated results are shown in the textboxes similarly.
4.4.3 Output Power-Speed Graph

Output power versus speed graph is drawn in the same way with torque graph which
is described in detail above. The same procedure is followed to find the conversion
constant, read the coordinates of mouse, and draw cursor lines and printing results to

the textboxes.

Also last coordinates of last click of mouse is kept in memory for current versus
speed and output power versus speed graphs and when user clicks on a different
button to see other graphs, speed cursor line redrawn again and other two cursor lines

which are parallel to x-axis are drawn for calculations done from the last coordinates.
4.5 Lamination Menu

Lamination menu opens a new form which contains a picture box for lamination
drawing, a picture box to see which slot type is chosen and a picture box to see

which magnet type is chosen. Also slot and magnet dimensions are shown in labels.

In the following section, the drawing of lamination for one quadrant of radial cross
section of motor is described. Full lamination drawing is done similarly to this

procedure.
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Figure 4.5 : Sample Lamination Drawing

The lamination is plotted with a scale such that height of the picture box in pixels is
equal to the half of the stator outer diameter. Only one quadrant on radial is plotted,
because the motor is symmetric. Coordinates of stator slots and rotor magnet is
calculated according to the base point of motor lamination, but in the program the
drawing is plotted according to point O (x-coordinate is O pixel and y-coordinate is 0

pixel), which are shown in Figure 4.5.

4.6.1 Creation of Repeating Stator Portion

The program gives user the chance to choose one of the three slots given in Figure

4.6. These slot drawings are repeating itself by stator slot number.
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Figure 4.6 : Stator Slot Types

Sample stator slot pitch symmetry element is given in Figure 4.7.The slot
dimensions is given in Figure 2.10. The drawing is plotted step by step between
named points (A, B, C...) which is given in the sample stator slot drawing. The

calculations of coordinates of these points are described below [6].

Figure 4.7 : Symmetricaal Element of Stator Lamination
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Figure 4.8 : Sample Lamination Drawing Form
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First, outer diameter of stator is drawn with Draw Arc function which draws arc in a
rectangular region between given angles and then the slots are drawn from the
coordinates of the points shown in Figure 4.7. To calculate the coordinates of the
points, stator tooth width angle should be calculated which is shown in Figure 4.9.
The calculation of stator tooth pitch is given in Equations 4.1 and 4.2, where 74, is
stator tooth pitch, Dg; is stator inner diameter, Ng,;,; is number of slots, w,,, is stator

tooth width and wy, is stator slot opening width.

o, = X Dsi (4.1)
st Nslot .
Win = Tst — Wo (4.2)

Stator tooth width angle,alfa is calculated in radians found from Equation 4.3. The
trigonometric functions used in the program takes inputs in radians, so all angles

calculated in radians.

L < Wi X 360° 43

a fa N T X DSi ( . )

Coordinates of points A and B are on the stator inner diameter. So the coordinates
are just found with stator tooth width angle and stator inner diameter as given in
Equations 4.4-7 where D, is stator outer diameter. After coordinates of A and B

points are calculated, an arc is drawn between these two points.

Ay = Dy (4.4)

Ay = Dgo — Dy; (4.5)

By = Dg; X sin(alfa) (4.6)
By = Dy, — Dg; X sin(alfa) 4.7)

84



Since coordinates of point B is found above, it is enough to calculate the coordinates
of point C, to draw the line between points B and C with Draw Line comment which
draws line between two points of which coordinates are known in terms of pixels. It
IS known that the distance between points B and C is equal to the slot opening
height h,, and coordinates of point C is calculated via this distance as given in

Equations 4.8 and 4.9.

Cx = (Dg; + hy) X sin(alfa) (4.8)

Cy = Dy, — (Dg; + hy) X sin(alfa) (4.9

To draw the line between points C and D, some trigonometric calculations need to be
done to find out the angles given in Figure 4.9. alfa is stator tooth width angle

which is calculated above. deltal is stator slot opening angle which is calculated

from equation 4.10. In Figure 4.9, deltal/z is shown.

doltal = W0 X 360° 10
eltal = TL'XDSi ( )

Figure 4.9 : Coordinates of Points C and D

To calculate tetal, which is required to find the coordinates of point D, delta

should be calculated geometrically from Equation 4.11.
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Wy
1 2

delta = tan~! | ——2
eta=tan A\ D T hy + 1y

(4.11)

As can be seen from Figure 11, sum of alfa and deltal/z is equal to sum of tetal

and delta. The angle of the point D tetal, is found from this equality as given in
Equation 4.12.

tetal = alfa + deltal/z — delta (4.12)

After calculating tetal, coordinates of point D is found from Equations 4.13-14.
Then, if slot type is 1 or 2, a line is drawn between points C and D. Otherwisg, if slot
type is 3 an arc is drawn between these two points with Draw Arc comment. The
distance between point D and center of motor is calculated as given in Equation 4.13
denoted by Dp.

Figure 4.10 : Coordinates of Point E

After calculating tetal, coordinates of point D is found from Equations 4.14-15.
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Then, if slot type is 1 or 2, a line is drawn between points C and D with Draw Line
comment. Otherwise, if slot type is 3 an arc is drawn between these two points with
Draw Arc comment. The distance between point D and center of motor is calculated

as given in Equation 4.13 denoted by Dj,.

W 2
Dp = j (71) + (Dg; + ho + hy)? (4.13)
Dy = Dp X sin(tetal) (4.14)
Dy = Dy, — Dp X sin(tetal) (4.15)

Calculation of coordinates of point E is very similar to calculation of coordinates of
point D, except for changes in angles tetal and delta. These new angles are

illustrated in Figure 4.10. New calculation of delta is given in Equation 4.16.

w»

= -1 —2
delta = tan Do ¥ hy T, (4.16)

Calculation of tetal was given in Equation 4.12. Also the distance between center
of motor and E point Dy is calculated by Equation 4.17. After tetal and Dy are

found, coordinates of point E can be calculated as shown in Equation 4.18-19.

w 2
DE = \/(72> + (DSi + ho + h1)2 (417)
Ey = Dy, — Dg X sin(tetal) (4.19)
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Calculation of coordinates of point F and G are similar to B and C respectively.
While angle for point B and C are alfa, angle of points F and G are alfa + deltal,
where alfa is stator tooth width angle and deltalis stator slot opening angle. The

coordinates of point F and G are calculated with Equations 4.20-23.

Fy = Dg; X sin(alfa + deltal) (4.20)

Fy = Dy, — Dg; X sin(alfa + deltal) (4.21)

Gy = (Ds; + hy) X sin(alfa + deltal) (4.22)
Gy = Dy, — (Ds; + hy) X sin(alfa + deltal) (4.23)

As left and right sides of stator slot is symmetric, coordinates of point H is calculated
similar to point D. In Figure 4.11, change in the angle tetal can be seen and
calculation is represented in Equation 4.24. delta is calculated as given in Equation
4.11.

tetal = alfa + 4eltal/, 4 gelta (4.24)
D
H

alfa W

tetal

Figure 4.11 : Coordinates of Points G and H
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The distance between point H and center of motor, Dy, is equal to the distance of
point D, Dp, which is found in Equation 4.13. After calculation of D, and tetal,

coordinated of point H is calculated as given in Equations 4.25-26.

Hy = Dy X sin(tetal) (4.25)

Hy = Dy, — Dy X sin(tetal) (4.26)

As mentioned above, if slot type is 1 or 2, a line is drawn between points G and H.

Otherwise, if slot type is 3 an arc is drawn between these two points.

Figure 4.12 : Coordinates of Point |

The coordinates of point I is found like point E. The angle of point I is calculated as
given in Equation 4.24, but delta is changed which can be seen from Figure 14.
Calculation of delta is given in Equation 4.16. The distance between point | and
center of motor, D, is same with the distance between point E and center of motor,
Dg. Since all the parameters of point | are known, the Equations 4.27-28 can be

solved to find out the coordinates of point I.
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Iy = D; X sin(tetal) (4.27)

Iy = D, — D; X sin(tetal) (4.28)

After the coordinates of point H and | are calculated, a line is drawn between these

two points.

If slot type is 1, then an arc is drawn between points E and | of which center is point
X. Else, (slot type is 2 or 3) a line is drawn between points E and 1. Thus, a stator slot

portion drawing is completed. To calculate the next symmetric stator slot portion,

2 ><7T/N is added to alfa until the angle of the slot reaches 2 x m. So, stator
N

lamination portion is completed.
4.6.2 Creation of Repeating Rotor Portion

Drawing the rotor portion is very similar to stator portion. As it is done in stator,
rotor is divided into symmetric parts of which number is equal to number of poles.
One rotor pole portion is given in Figure 4.13.

The angle span of the magnet surface is entered by the user which is assigned to
alf amqg. First, the arc between points A and B is drawn. The coordinates of points

A and B are calculated as given in Equations 4.29-32.

Ay = Dy (4.29)

Ay = Dso — Dins (4.30)

By = D, X sin(alfamag) (4.31)
By = Dy, — Dyys X sin(alfamqy) (4.32)
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Figure 4.13 : Sample Rotor Drawing

After the arc is drawn between points A and B, the line from B to C is drawn. Before
this, coordinates of point C must be calculated. Thus, the distance between center of
motor and point C, D is found from Equation 4.33 where W,,,, is magnet width and
D,,, is diameter at magnet base, and the angle of point C, delta is calculated via

Equation 4.35 below, where omega is the angle that spans the magnet bottom found
from Equation 4.34.

Wmag g Dmb
D, = (4.33)
¢ j( 2 ) +( 2 )
W,
omega = 2 X tan™! (%) (4.34)
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omega + alfamag (4.35)
2

After calculating required parameters, coordinates of point C can be found by using

delta = alfapqy +

Equations 4.36-37. Then, a line is drawn between points B and C.

Cy = D¢ X sin(delta) (4.36)

Cy = Dy, — D¢ X sin(delta) (4.37)

The coordinates of point D is calculated similar to point C. The distance between
center of motor and point D, D, is same with the distance of point C to center of
motor, D.. The angle that spans the magnet bottom, omega is known from Equation
4.34. The difference between angles of point D and C is equal to omega, the

calculation of angle of point D is given in Equation 4.38.

alf amqg — omega

> (4.38)

delta = alfapqy +

Since the parameters of point D is known, coordinates can be calculated from
Equations 4.39-40.

D, = D, X sin(delta) (4.39)

D, = D, — Dp X sin(delta) (4.40)

After coordinates of point D is calculated, lines are drawn between points D and A,

and C and D. So, the magnet drawing is completed.

For the part between two magnets, coordinates of points E and F must be calculated.
Before these calculations, the angle of magnet span at the diameter of rotor at
quadratic axis, Dyq, alf amqgq is calculated in Equation 4.41 and the angle which
spans this parts, gama is found from Equation 4.42, these angles can be seen from
Figure 4.13.

92



w
alfamagq =2 xsin?! < Dmag> (441)

mq

2XT
pole

gama = —alfamagq (4.42)

The coordinates of points E and F can be calculated easily after the angles are found.

The angle of point E is delta of which equation is given below in Equation 4.43.®

alfamagq B alfamag (4 43)

delta = alfapqg + >

The distance between center of motor and point E and point F is equal to D,,,. The

coordinates of points E and F is calculated from equations 4.43-47.

Ex = Dpyq X sin(delta) (4.43)

Ey = Do — Dy % sin(delta) (4.44)

Fy = Dpq X sin(delta + gama) (4.45)
Fy = Dgy — Dipq X sin(delta + gama) (4.46)

For drawing the next symmetric rotor magnet portion, the angle is increased by

2 X m/pole. This part is repeated until angle reaches 2.

After completing the drawing of stator and rotor lamination portions, lamination is
shown in a picture box to the user which has 435x435 pixel dimensions and placed in
the Lamination form . User can save the lamination drawing to an image file with
bitmap extension or drawing can be saved in dwg extension which can be opened by
a CAD program like AutoCAD. Also this drawing can be used in a 2D FEM

analysis.
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4.6 Conclusion

In Chapter 4, implementation of the software is explained. First how to create a
Windows Form Application is described. The toolboxes used in the software are
explained. The structure of the program is mentioned. All the tabs which are created
according to the type of the inputs like stator and rotor tabs, are described with the
help of the flow charts given in Chapter 3. Output tab has some sub-tabs which are
again classified considering the type of the output like dimensions, electrical
parameters or magnetic parameters. After calculating the outputs user save the

analysis report, an example analysis report is given in Appendix B.

As mentioned before, outputs are not only numeric values found by calculations,
user can see the lamination and graphical performance outputs too. How the
lamination is drawn is explained in detail with the help of the geometric equations.
The lamination can be saved or printed if required. Also the calculation of torque and
output power is described in previous chapter, by using this information the torque,
power and current values are calculated for whole speed range and graphs are drawn.

These graphs can be saved and printed too.
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CHAPTER 5

USER GUIDE FOR ANALYSIS SOFTWARE

In this chapter, the steps that user should follow to run the analysis are described in
detail. The structure of the program is given in Chapter 3 and the implementation
part is explained in Chapter 4. First user runs the program from the exe file which is
created by the Microsoft Visual Studio. User should run the program in a computer

with Windows operating system.

File  Analysis Lamination Help

PM Motor Analysis Software

Figure 5.1 : Menu Stucture of Program
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Once the program is run, the form given in Figure 5.1 is opened. The next step is to
choose whether a new analysis is going to be made or a previously saved analysis is

going to be opened from file menu of which structure is explained below.

5.1 File Menu

File menu is used for opening a new analysis or a previously analyzed motor, also
saving the new analysis and printing the analysis data, closing the analysis or closing

the program.

New

Open

Save

File ‘ Save As

Print

Close

PMAC
Analysis Exit
Program

Analysis from | New

Geometry
Analysis Analysis | Open
fromMachine
Lamination Parameters = gave

Close

Figure 5.2 : Main Screen of the Program
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5.1.1 New

This menu opens a new analysis sheet which is empty. This empty form is given in
Figure 5.3. Main dimensions of motor, winding data, voltage-current limitations,

number of poles and etc. are entered to this new form to start an analysis.

File  Analysis  Lamination Help

Main | Stator | Rotorl Slot | Output5|

Line Voltage (V)

Maximum Current (A)

Phase Select One of it «
Pole Number Select One of it «

Slot Number Select One of it «

Figure 5.3 : First Tab of the New Analysis Form

To get the required data from end user, text boxes are used which are controlled after
OK button is pressed. If the entered value is not numeric a message box is shown and
user is warned to enter numeric values. Also if numeric values are entered with dot,
user is warned to enter numeric values with comma via message box. These

textboxes are cleaned out until user enters valid values.

The list of the inputs is given in Table 3.1 and user should pay attention to the units

given in that table. The units are also shown next to the text boxes of corresponding
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input. In Figure 5.3, screen shot of main tab is given and units of voltage and current

are given in parentheses.

In a new form user can enter the data by using keyboard shortcuts such that all
textboxes can be filled respectively by pressing shift button. After all textboxes in a

tab page are filled, user can pass to the next tab page by clicking OK button.
5.1.2 Open

This menu opens a previously saved analysis. User selects the file which is wanted to
be opened. The required data is read from the selected file and written to textboxes.
If user want to make changes in analysis data, it is required to click on the relevant
textbox and refill the data in appropriate form. After clicking OK button on the tab
page new variable is read from changed textbox. User can also use keyboard

shortcuts as previously described.

File  Analysis  Lamination Help

Main | Statorl Rotorl Slot | Outputs|

Line Voltage (V)

Maximum Current (A) 33

Phase

oo e} [
—
£ £

Pole Number

Slot Number 27 v

OK

Figure 5.4 : First Tab of Openned Analysis Form
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5.1.3 Save

This menu saves the analysis data to a file of which name is entered by user. All data
must be filled and data must be valid, otherwise user is warned via message box to
fill all or the textboxes. After saving the data, user can open that file anytime needed.
For ease of remembering file names should contain day, output power of motor and
input current limit, i.e. 500W-20A-03.12.13.mtr. The files are saved with .mtr
extension and in this file inputs of the text boxes are saved respectively.

o PM Motor Analysis Software

T B Masaista » AN ) Ara: Masaistii
Dazenle = Yeni klasar

S0 Sik Kullarilanlar Ad Ofe tdrd

& Indirilenler = Kitapliklar
B Masaiisti A deniz
&l Son gidilen yerle 1M Bilgisayar
%% Dropbox 7'! Ad
& OneDrive 1 Desktop Dasya klasord
&+ Dropbox Dosya klasard
o Kitaphklar 1. EE362 2013 Spring Dosya klasari
@ Belgeler | EEde4 Dosya klasdri
Ji Muzikler 1. EE472 Dosya klasori

[ Resimler | papers Dosya klasord
BE videolar i S

Dosya ade: |

Kayt tara: | BLDC Design File (*.mtr)

= Klasdrleri Gizle

Figure 5.5 : Save File Dialog
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5.1.4 Print

This menu print the analysis data entered by the user. All textboxes must be filled to
print the data. User can print analysis data via a printer or a pdf created installed to

that computer. The printing window for analysis data is given in Figure 5.6.

& Print

General {

Select Printer

E % 5 o

Add Printer  [glaEECACEAE Microsoft XPS  PDF Architect  PDFCreator

Document ... v
| £ | >
Status:  Ready [ Print ta file
Location:

Comment: Find Printer...
Page Range

@ all MNumber of copies: i1 ﬂ

“ i

[ Print ]r Cancel ] Apply

Figure 5.6 : Print File Dialog

5.2 Analysis Menu

The importance of the analysis menu is explained in detail in Chapter 4. The
parameters may be calculated by hand in a longer time but the performance analysis
cannot be done. Also for a designer, performance outputs is very important because

it gives the idea whether requirements are satisfied or not. It is very important for an
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analysis to satisfy the desired torque value for a given speed. This torque value is

determined from the load that the motor will drive.

The program gives user the chance to do graphical analysis directly program
machine dimensions or from machine parameters like resistance, inductance, emf
and torque constants. In the first method, user enters all the inputs in correct format
mentioned before and after the inputs are entered the program calculates the machine
parameters both electrical and magnetic and shows in outputs tab of the program.
Then user clicks on Analysis from the menu bar and analysis form is opened in a
new window which is given in Figure 5.7. The outputs are transferred to this new

form and graphics are drawn from these outputs.

In the second method, graphics are drawn directly from the parameters which may be
obtained via tests on an existing machine. These parameters are phase resistance, d
and g axis inductances, emf and torque constants, line voltage and maximum input
current which is determined from the ratings of the inverter that drives the motor.
The analysis from machine parameters window is given in Figure 5.8, this form is
different from the form given in Figure 5.7 due to the text boxes that are used to get

inputs from the user.

o Analysis from Geometry “

Torque vs Speed Current vs Speed Output Power vs Speed
| I A |

Selected Speed 1000 Pm

\ Rated Torque 171 Nm
288 \
; \ Maximum Torque 335 Nm

343

—im:a"oq

229 Rated Input Curent 18 A
m] \

171 - \ . = Maxdmum Input Cument |35 A
114 \\ Rated Output Power 179.57 w

\ Maximum Output Power 351,23 w
0.57

Print Save as Bitmap
0 320 960 1600 2240 2880 3520
Speed [rpm]

Figure 5.7 : Torque vs Speed Graph
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Figure 5.8 : Torque-Speed Graph from Machine Parameter



In analysis program, there are three graphics which are drawn on different picture
boxes. When one of the graphs is chosen by clicking one of the buttons placed on the
top-mid of the form, corresponding picture box made visible and other two picture
boxes made invisible. User also can read the values from graph by clicking on the
graph. Mouse coordinates are taken from the program. From x-coordinate speed
value is calculated. After calculating the speed, the equations explained in Chapter
2.3 are used and related torque, input current and output power values are calculated

and results are given in the text boxes which are placed on the right side of the form.

As mentioned above, three graphical analysis are done in the analysis program for

both analysis from geometry and analysis from machine parameters.
5.2.1 Torque vs Speed Graphic

When the analysis form is opened, torque vs speed graph is seen as the default graph
on the screen as given in Figure 5.7. The thicker line shows the maximum (pull-out)
torque where thinner one shown the rated torque. As explained in Chapter 2.3, torque
is calculated under vector control conditions. The most important graph for the
designer is torque versus speed graph. Constant torque and constant power regions
can be seen on the graph clearly. The values on the graph can be read from the
textboxes on the right side of the form. Not only the torque values of selected speed
but also current and power values are seen. The values on the axis labels are

calculated for the analysis specifically.
5.2.2 Input Current vs Speed Graphic

When user clicks on Current vs Speed button, graphic changes to current versus
speed graph as given in Figure 5.9. If user have clicked on the torque versus speed
graph, selected speed is kept in memory and cursor lines are drawn for that speed on
the new graph. Also other calculated parameters like output power and torque related
to that speed are kept in memory too which are displayed in the textboxes on the

right side of the program window.
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If user selects a new speed and changes the graph that will intersect on the maximum
and rated current values for the selected speed, new cursor lines are drawn on the
new graph for the new selected speed. Like torque-speed graphic, thicker line
represents the maximum and thinner line represents the rated operating condition

performance.

Since current and torque are linearly dependent, characteristics against speed are
same. Constant torque and constant power regions again can be seen on the graphic.

L=y Analysis from Geometry n
Torque vs Speed ‘ Current vs Speed Output Power vs Speed
40
Selected Speed 1000 mm
343 z
\ Rated Torque 171 N
e \
u 286 Maximum Torque 335 Nm
r
r
e
i 23 \ Rated Input Cumrent 18 A
- \
A 171 ‘\ Maximum Input Curent |35 A
114 \ Rated Output Power 179.57 w
e \ Maximum Output Power 351,23 w
.7
Print Save as Btmap
0 320 960 1600 2240 2880 3520
Speed [rpm]

Figure 5.9 : Input Current vs Speed Graph

5.2.3 Output Power vs Speed Graphic

Output power versus speed graph is also can be seen by the user by clicking on
Output Power vs Speed button which is shown in Figure 5.10. As mentioned above,
if user have selected a speed before from other graphs cursor lines are drawn for that
speed and calculated parameters are called from memory. Output power is calculated
from the multiplication of torque and speed. Thicker line is drawn from the results of
maximum torque times speed where thinner line is drawn from the results of rated

torque and speed.
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Figure 5.10 : Output Power vs Speed Graph

These three graphs have same specialties in both analysis from geometry and
analysis from machine parameters. The only difference in these two analysis is
machine parameters are located on the left side of the form in analysis from machine

parameters.
5.3 Lamination Menu

Lamination drawing is another important part of the program. If there is any
dimension entered wrong, lamination drawing will help to see this problem. Also
lamination drawing is very important for the designer to continue analysis like
computer aided electromagnetic analysis. For this reason, lamination part is added to
the analysis program. Lamination is drawn by the program and user can save the
drawing to an image file, print or save the drawing such that the drawing can be
opened and edited in a Computer Aided Design (CAD) program.

The steps followed to get a lamination drawing is described in Chapter 4. And a

sample lamination drawing is given in Figure 5.11.
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Figure 5.11 : Sample Lamination Drawing Form

wl 1.27 mm

wl 255 mm

w2 435 mm

h0 0.8 mm

h1 0.495 mm

h2 7.78 mm

h3 2175 mm

hmag 3.65 mm

Wmag 96599 mm

affamag 33,66 Degree
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After completing stator and rotor lamination portions, lamination is shown in a
picture box to the user. User can save the lamination drawing to an image file with
bitmap extension or drawing can be saved in dwg extension which can be opened by

a CAD program.
5.4 Conclusion

The capabilities of the software is described in summery. The analysis starts with the
inputs that user enters in the software and after outputs are calculated. If desired
lamination drawing can be seen from lamination menu and graphical performance
analysis can be seen from analysis menu. Results are saved to the analysis report in

html format and results can be printed if needed.
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CHAPTER 6

RESULTS

In this chapter verification of the analysis program is going to be made with two
different permanent magnet motors. Program outputs are going to be compared with
test results and manufacturer data. The input data and outputs of the program are
going to be given in tables and important outputs like resistance, inductance, torque
and emf constants are going to be given in tables and compared with test data and

error between values are going to be calculated.

First, a 350W (rated) motor is going to be analyzed and results are going to be
compared with results of previous model and since this is a tested motor results are
going to be compared with motor’s test results. Torque versus speed and output
power speed characteristics and equivalent electrical circuit parameters are given in
the data sheet.

Then, a 37kW PM motor is going to be analyzed and results are going to be
compared with results of the test of motor which is given by the manufacturer. From
the test torque, current and output power values for different speeds are known. For
the same values of torque and speed, calculated current and output power are going

to be compared with test results.
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Table 6.1: List of Inputs of Motor A

Tab Name of the Parameter Symbol Value Unit
Line Voltage Viine 21 \%
Maximum Current Lnax 35 A
Main Phase phase 3 -
Pole Number pole 8 -
Slot Number Nsiot 27 -
Axial Length Lgta 38 mm
Air Gap Length g 0,75 mm
Back-Core Depth hpe 2,25 mm
Tooth Width Win 1,82 mm
Stator Coil Extension Lext 15 mm
Turns per Coil Neyrn 4 -
Coils per Phase Neoir 9 -
Stacking Factor ktack 0,985 -
Fill Factor ke 0,339 -
Magnet Remanent Flux Density B, 1,05 T
Diameter at Magnet Base Db 26,2 mm
Rotor Magnet Pitch/Pole Pitch alfa 0,748 Radian
Magnet Height hinag 3,65
Rotor Leakage Factor Dl 0,1 -
Slot Opening Width Wy 1,27 mm
Width of Bottom Part wy 2,55 mm
Width of Top Part w, 4,35 mm
Slot Slot Opening Height ho 0,8 mm
Height of Bottom Part hq 0,495 mm
Height of Mid-Part h, 7,78 mm
Height of Top-Part hs 2,175 mm
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6.1 Motor A

First motor is a brushless dc motor. This motor is studied and tested before [5]. In
this thesis, previously developed model is improved, a graphical user interface is
designed, and new features are added to this interface like choosing different slot

types of winding type like single or double layer.

The inputs of the motor are given in Table 6.1. Coil extension is assumed as 15 mm.
Stacking factor of steel is taken as 0,985. Slot fill factor is 0,339 from manufacturer
data sheet. Magnet remanent flux density is taken as 1,05 T from magnet
specifications. Rotor leakage factor is taken as 0,1 which is of the order 0,05-0,2 [1].

Slot type is taken as Slot -1 and magnet type is taken as Magnet -1.

The drawings of stator and rotor steels are known and from these drawings number
of poles and stator slot and the dimensions required are filled. The presentation of

dimensions are given in Figure 2.1 and slot dimensions are given in Figure 2.8.

Line voltage and maximum current are determined by the manufacturer. The motor
Is driven via inverter which is running under vector control conditions as presented
in Figure 2.10. Maximum input current is determined from inverter ratings also the

input voltage is taken from inverter ratings.

After entering the inputs in the correct format to the analysis program, the results are
calculated. The analysis report created by the program can be seen in Appendix B.

6.1.1 Comparison of Results

Since the dimensions are taken from the lamination drawings dimensions like stator
inner diameter and outer diameter same with the previous model. There is no need to

compare the geometrical dimensions of motor.

Electrical parameters are the most important values for the analysis because it
directly affects the performance of the motor. The calculation of electrical

parameters are explained in Chapter 2.2. The results are given in Table 6.2.
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As can be seen from Table 6.2, phase resistance values are nearly same and slightly
smaller than measurement. In software phase resistance is calculated from Equation
2.33, in this equation phase resistance is found from conductor length in one coil
L from Equation 2.37 and conductor used for series connection of coils L.,,
from Equation 2.38. In MATLAB model, L,,;. is calculated as the conductor length
in one turn different from the software and L.,, is the conductor used for series
connection of coils same with software. Phase resistance value is calculated different
than the Equation 2.33, since the conductor lengths are calculated different. Also, in
MATLAB model external length which effects the all calculations steps of conductor
length is taken as 10mm but in software it is taken as 15mm. That is why this small

difference comes from.

Table 6. 2: Electrical Parameters of Motor A

o MATLAB _

Description Symbol | Software Measurement Unit
Model

Phase Resistance R, 0,0657 0,0658 0,068 Q

D-axis Inductance Lg 0,099 0,0946 0,110 mH

Q-axis Inductance Lq 0,125 0,1387 0,130 mH

EMF Constant kems 0,072 0,0710 0,071 Vrms/rad/s

Torque Constant ktorq 0,088 0,0869 0,086 Nm/Arms

Inductances are sum of slot, end winding and magnetizing inductances as can be
seen from Equations 2.39-40 for d and q axis respectively. Slot leakage inductance is
calculated from slot geometry [4] since there no change in slot dimensions slot

leakage inductances are same.

Magnetizing inductance is calculated from equivalent air gap lengths which are
found from machine geometry [2] as given in Equation 2.58-59. That is why

inductance values are not matching 100%. D and q axis inductance values are
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different than previous model, because magnetizing inductance values have changed
due to the modifications in equivalent air gap length calculation from Equations 2.55
and 57. Calculation of d-axis equivalent air gap length is done with using the
minimum height of magnet h,,,,, but to have better result the equation is modified
with mean magnet height and Carter’s coefficient is calculated from the maximum
air gap length which is found from the minimum magnet height where Carter’s
coefficient is calculated from the air gap length at the g-axis of the motor. These
changes result in a smaller equivalent air gap length in d-axis and this made the d-
axis magnetizing inductance greater. In calculation of g-axis equivalent air gap
length, Carter’s coefficient of motor is not considered. With the multiplication of
result with Carter’s coefficient of rotor result in a greater air gap length in g-axis so a

smaller magnetizing inductance in g-axis.

End winding inductance is found from an empirical equation which is given in
Equation 2.53 [2]. In MATLAB model [5] a different equation is used for calculating

end winding inductance but results of both equations are similar.

Values of torque and emf constants are slightly higher than the measurement. These
constants are dependent of mean air gap flux density as seen from Equation 2.60-61.
The value of air gap flux density has increased in the analysis program in spite of the
change in the calculation of air gap area. The flux densities of motor for different
areas are given in Table 6.3. Since air gap flux density has increased, mean value of
air gap flux density has increased which result in an increase in torque and emf

constants.

Air gap flux density calculation is given in Equation 2.15. To find the value of the air
gap flux density, air gap area and reluctance and magnet area and reluctance must be
known. Calculation of air gap area which is given in Equation 2.2, have changed due
to effect of fringing and since air gap area has changed the reluctance also changed
as can be seen from Equation 2.4. Calculation of magnet reluctance have also
modified to have better approximation to real value. Instead of calculating reluctance
via mean magnet height magnet is divided into 5 regions with equal widths as
described in Chapter 2.1.2. Despite the changes described above, air gap flux density

results have increased.

113



Table 6.3: Magnetic Parameters of Motor A

Description Symbol Software MATLAB Model
Air Gap Flux Density B, 0,734T 0,711 T
Peak Air Gap Flux Density B; 0,864 T 0,864 T
Mean Air Gap Flux Density B_g 0611T 0,592 T
Magnet Operating Flux Density B, 0,866 T 0871 T
Stator Back Core Flux Density By 1,827 T 1,770 T
Stator Tooth Flux Density B 1,891 T 1,891 T

Air gap flux density waveform is given in Figure 2.7 and mean and peak value of air
gap flux density is shown. Magnet operating flux density have changed because of
the change in the air gap reluctance, the effect of air gap reluctance is given in
Equation 2.21. Also change in the air gap area and air gap reluctance have affected
the stator back-core flux density of which calculation is shown in Equation 2.30.
Peak value of air gap flux density and stator tooth flux densities are same because

these values dependent on geometry.

Table 6. 4: Comparison of Results and Manufacturer Data

Error between Error between
Description Symbol Software and MATLAB Model
Measurement and Measurement
Phase Resistance R, 3,3% 3,2%
D-axis Inductance L4 10% 14%
Q-axis Inductance Lq 3,8% 6,7%
EMF Constant kems 1,5% 0
Torque Constant ktorq 2,3% 1,05%
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In Table 6.4, the errors between measurement and software results and MATLAB

model results are given. It can be said that after modifications described above;

e Error in calculating phase resistance is not changed,
e Error in calculating d-axis inductance is reduced,

e Error in calculating g-axis inductance is reduced,

e Error in calculating emf constant is increased

e Error in calculating torque constant is increased.

The results obtained from the software is put in to the model which is used to
calculated torque. In this model, measured voltages are used for each speed and core
loss resistance is considered in the calculations since the loss constants are known
due to the tests [5].Then MATLAB model results and measurement results are put in

the same model and maximum torque and current results are compared.

The line current is calculated from the equivalent electrical circuit. Since the motor is
assumed to be driven under vector control, current at d-axis is taken as 0 and all
useful current is flowing through g-axis. Since voltages are same for each speed,

there are three important terms that effects the amount of current so the torque.

The torque and current values are given in Table 6.5. The maximum current is the
limited, this value does not change in calculations. In software matrices are used
since there are two unknowns which are terminal voltage and line current. Line
current matrix in created such that the maximum value is 35A and it is limited. But
in this model, since terminal voltage is known current is directly calculated from the

equivalent circuit, so that the maximum value is not limited to 35A.

Table 6.5: Performance Outputs of Motor A

o MATLAB
Description Symbol Software Measurement
Model
Maximum Torque Tinax 3,12 Nm 3,03 Nm 2,95 Nm
Maximum Current Imax 35,7A 35A 345A
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The software results are higher because higher torque constant means higher torque.
Since the current is dependent on the impedance of the motor, and lower phase

resistance and lower g-axis inductance result in lower impedance, line current is

calculated higher than the result found the results of the model from measurement.

Table 6.6: Comparison of Torque and Current Values

Error between

Error between

Description Symbol Software Results MATLAB Model
and Measurement | and Measurement
Maximum Torque Tnax 5,7% 2,7%
Maximum Current Trated 3,5% 1,4 %

From the results given in Table 6.6, the results obtained from the MATLAB model
may look closer to the measurement results. But MATLAB result does not represent
the real results. As described above and given in Table 6.4, phase resistance values
are nearly same and the difference comes from the g-axis inductance. In MATLAB
model current value is calculated lower than software, because the g-axis inductance
value is calculated higher than the measurement result. Under similar conditions
(phase resistance, torque and emf constants) higher inductance results in higher

impedance so a lower line current which makes the result closer to the measurement.

The errors between software results and measurement results is higher but the
parameters used for these calculations are closer to the measurement results given in
Table 6.4.

The torque, current and output power versus speed graphics and lamination drawing
of motor A are given in Appendix B. Maximum torque and maximum current versus

speed graphs obtained from the results discussed above are given in Figure 6.1-2.

116



3,50
3,00
2,50
2,00
1,50
1,00

Torque (Nm)

0,50
0,00

40,0
35,0
30,0
25,0
20,0
15,0
10,0

5,0

0,0

Current (A)

Maximum Torque-Speed

_— —
500 1000 1500 2000 2500 3000
Speed (rpm)
Measurement =~ =——— MATLAB Model Sotfware

Figure 6.1 : Maximum Toque vs Speed Graph
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Figure 6.2 : Maximum Current vs Speed Graph

From Figures 6.1-2, maximum torque calculated from software is higher than the

results found from MATLAB model and measurement and these graphs supports the

results obtained from Table 6.5. The results are discussed in detail above.
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6.2 Motor B

The second motor to be analyzed to verify the software is “Motor B”. This is a
permanent magnet synchronous motor with 37kW output power and 40000rpm
maximum speed. The motor is voltage source driven. The supply ratings are known
380 V, 50 Hz. The winding scheme of the motor is known, number of poles, coils
per phase, wire diameter and number of turns per coil are found from the winding

scheme. The lamination drawing and dimensions are given in Figure 6.3.

o}
«
)

¢

Figure 6.3 : Stator Lamination of Motor B

From Equation 6.1, back-core depth is calculated from stator outer diameter D, and

diameter at top of stator slot D;; which are given in Table 6.7.

Do — Dis _ 147 — 100
2 2
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Table 6.7: Dimensions of Stator Lamination

Description Symbol Value Unit
Number of Slots Ngot 24 -
Stator Outer Diameter Dy, 147 mm
Stator Inner Diameter Dq; 65 mm
Diameter at Stator Slot Top Dy 100 mm
Tooth Width Win 4.5 mm
Tooth Width at Slot Opening Wia 6 mm

From Figure 6.3, number of slots N,; is counted as 24. By using number of slots

and tooth width at tooth at slot opening, width of slot opening is calculated from

Equation 6.2.

Figure 6.4 : Stator Lamination Dimensions
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Slot height is also calculated from the given dimensions as shown in Equation 6.3

below.

Dys — Dgi 100 — 65

=17. 6.3
5 5 5 mm (6.3)

hsior =

Width of top of slot w, is found from the given dimensions D;s, Wy, and number of

slots, Ng;p¢-

T X Dy ~ mx100
Nator T 24

—45=7.09mm (6.4)

Figure 6.5 : Rotor Drawing
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Slot opening height h, is assumed to be 1 mm. In motor B, 3™ type of slot given in
Figure 4.6 is used and other dimensions w1, hl, h2 are measured from the drawing
such that the measured slot height corresponds to 17.5 mm and values are found 3.5

mm, 2 mm and 14.5 mm respectively. Stator slot dimensions can be seen Figure 6.4.

In Figure 6.5, cross section of rotor is given. The outer diameter of rotor which is
equal to the diameter at magnet surface D,,; is measured as 54 mm. Magnets are
illustrated with shaded area. Number of poles which is 2. Magnet height in the
middle is taken as 27 mm so the diameter at magnet base D, is zero as shown in
Figure 6.5. The angle of magnet is taken as 134,64°, same with the magnet used in
motor A, to have an air gap flux density which is closed to a sinusoidal waveform.
Selected magnet type is SmCo of which magnetic residual flux density B, is 0.8T

and coercive force H, is 557 kKA/m.

In the drawings air gap length is given as 2 mm but outer surface of rotor is covered
with titanium which has 3 mm thickness. Titanium is non-magnetic like the air gap,
because of this thickness of titanium is added to the air gap length and air gap length

becomes 5.5 mm. The value given in Table 6.8 includes the titanium thickness.

Stack length of the motor is given as 80 mm. The number of turns per coil of stator is
given as 5 and number of coils per phase is given as 4. The number of conductors in
one turn N,,,, is given as 47 and diameter of each conductor is 0.55mm. From these

conductor information slot fill factor can be calculated as given in Equation 6.3.

Asiot _ hy X (Wy +wy) + hy X (wy + wy)

kfill = 2 7 = 0593

(6.5)

wire 2 X Nygp X TT X (—DCZ"”)

Rotor leakage factor, stacking factor and coil extension are taken as 0.1, 0,985 and
15 mm respectively which are same with Motor A. So all the inputs of motor B that

software requires is presented in Table 6.8.
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Table 6. 8: List of Inputs of Motor B

Tab Name of the Parameter Symbol Value Unit
Line Voltage Viine 380 \Y
Maximum Current Lmax 100 A
Main Phase phase 3 -
Pole Number pole 2 -
Slot Number Ngot 24 -
Axial Length Lgta 80 mm
Air Gap Length g 5,5 mm
Back-Core Depth hpc 23,5 mm
Tooth Width Win 4,5 mm
Stator Coil Extension Lext 15 mm
Turns per Coil Newrn 5 -
Coils per Phase Neoir 4 -
Stacking Factor kstack 0,985 -
Fill Factor ke 0,593 -
Magnet Remanent Flux Density B, 0,8 T
Diameter at Magnet Base Dy 0 mm
Rotor Magnet Pitch/Pole Pitch alfa 0,748 -
Magnet Height hinag 27
Rotor Leakage Factor Dl 0,1 -
Slot Opening Width Wy 2,5 mm
Width of Bottom Part Wy 3,5 mm
Width of Top Part w, 7,09 mm
stot Slot Opening Height ho 1 mm
Height of Bottom Part hq 2 mm
Height of Top-Part hs 14,5 mm
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6.2.1 Calculation of Parameters and Terminal VVoltage

From the inputs given in Table 6.8, electrical and magnetics parameters are

calculated. These calculations are explained in detail in Chapter 2.

First the parameters in electrical equivalent circuit of the motor which is given in
Figure 6.6 is calculated. In this circuit, E, is induced emf calculated from emf
constant and rotor speed, R, is armature resistance calculated from stator geometry,
X, 1s armature reactance which is calculated from machine geometry and rotor

speed.

Ra Xa
o NN Y Y N—

Vi Eo C>

(o,

Figure 6.6 : Equivalent Electrical Circuit of Motor B

Phase resistance is calculated from Equation 2.33. Number of coils per phase,
number of turns per coil, stack length, external length, slot pitch, number of slots,
stator inner and outer diameter and slot height are used to calculate the phase

resistance and the result is found as 0,0457 Q.

It is assumed that the motor is driven under vector control and current in d-axis is
zero. Then the reactance value that must be included in the impedance of the motor
is g-axis reactance. Reactance is found from Equation 2.72 and as given in this
equation g-axis inductance should be calculated. The calculation of reactance is

given in Equation 6.6 below.

Xg=2XmXf XL, (6.6)
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Q-axis inductance is calculated from sum of slot leakage inductance, end winding
leakage inductance and magnetizing inductance. Slot leakage inductance in
calculated from Equation 2.41-42 from slot dimensions and found 0,08897 mH. End
winding inductance is calculated from 2.53 as 0,01261 mH. Magnetizing inductance
of g-axis is calculated as 0,5624 mH from Equation 2.69. Total g-axis leakage
inductance is found as 0,664 mH from sum of the components described above.
After finding the inductance, reactance value is calculated for different speeds and

given in Table 6.9.

The back-emf is multiplication of speed and emf constant. Emf constant is calculated
from Equation 2.60 and this equation includes number of poles, pole area and air gap
flux density which is given in the following paragraph. Emf constant is calculated as
0,079 Vpk/rad/s. From emf constant back emf voltage is calculated for different

speeds and given in Table 6.9.

For calculation of line current, it is assumed that the given electromechanical torque
is developed by the motor for the given speed. So current can be calculated with the

help of torque constant, k; found from 2.61 as 0,0955 Nm/Arms.

After calculating the components of the circuit given in Figure 6.6, terminal voltage
is calculated from Equation 6.7.

Vt=E0+RaXIa+jXXaXIa (67)

The values of terminal voltage for different speed values are given in Table 6.9 for
line to line. The voltage calculated for 36000 rpm is 358V and expected voltage
value for rated speed, 40000 rpm is close to 380V, supply voltage.

Also magnetic flux densities should be checked. Mean value of air gap flux density
is 0,3284 T and peak value of air gap flux density is 0,6590 which is very low
compared to motor A. But this motor is working at high speed values which results
in higher frequencies so higher core loss. That is why air gap flux density is kept
small. Back core flux density is 0,6531 T and tooth flux density is 1.1407 T which
are also lower when compared to motor A. These flux densities are used in core loss

calculation which is given in following section.
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Table 6.9: Armature Reactance, Induced EMF and Terminal Voltage Values for

Different Speeds

Speed Speed | Frequency | Inductance | Reactance | Induced Terminal
(rpm) (rad/s) (Hz) (H) (Q) EMF (V) V(zit/a)lge
10000 1047,20 166,67 6,64E-04 0,70 34 61
12000 1256,64 200,00 6,64E-04 0,83 41 74
12500 | 1309,00 208,33 6,64E-04 0,87 43 77
15000 | 1570,80 250,00 6,64E-04 1,04 51 95
17500 1832,60 291,67 6,64E-04 1,22 60 115
20000 | 2094,40 333,33 6,64E-04 1,39 68 137
22500 | 2356,19 375,00 6,64E-04 1,56 77 162
25000 2617,99 416,67 6,64E-04 1,74 85 191
27500 2879,79 458,33 6,64E-04 1,91 94 224
30000 | 314159 500,00 6,64E-04 2,09 102 259
32500 | 3403,39 541,67 6,64E-04 2,26 111 298
36000 | 3769,91 600,00 6,64E-04 2,50 123 358

Note also that the drive for motor B is fed from 380 V mains and therefore, the

required terminal voltage should be less than 380V at the highest speed. This

requirement is also met by the choice of permanent magnet and its geometry.

6.2.2 Method of Calculation of Torque Curve

Test results of motor B is given in Table 6.10. For different speed values, current,

electromagnetic torque and output power is measured for different speed values

between 10000 rpm and 36000 rpm. As mentioned above, current is calculated from

given torque values and the change of torque with respect to current is given in

Figure 6.7 below.
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Figure 6.7 : Torque vs Input Current

The blue line is drawn from calculated current values and orange line is drawn from
given test results. From this graph, it can be seen that the calculated currents and test
currents are very close to each other. In other words, calculated torque constant is

very close to the torque constant calculated from the given torque and current values.

From test results torque constant k,,,, can easily be found from division of torque to
speed in radians per second from Equation 2.61. It is seen that the torque constant is
between 0,1 and 0,09 Nm/Arms. The average value of torque constant is calculated
as 0,0961 Nm/Arms from measurements and the calculated value by the software is
0,0955 Nm/Arms from Equation 2.61. The difference between these values is 0,6%

which means calculated value is very close to the real value .
6.2.3 Comparison of Test Results and Software Results

The motor B is tested at different speed values between 10000 and 36000 rpm. For
each speed value, torque, input current and output power is recorded and given in
Table 6.10 and also change of torque, current and output power versus speed is given
in Figure 6.8 below.
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Table 6.10: Test Results of Motor B

Speed Input Current (A) Torque Output Power | Input Current (A)
(rpm) Test (Nm) (kW) Calculated
10000 9 0,9 0,9 9,19
12000 11,5 1,2 1,5 12,26
12500 12,4 1,22 1,6 12,46
15000 16,7 1,65 2,6 16,85
17500 21,9 2,13 3,9 21,76
20000 27,7 2,66 5,6 27,17
22500 38,8 3,23 7,6 32,99
25000 40,3 3,82 10 39,02
27500 47,1 4,42 12,7 45,15
30000 54 5 15,7 51,07
32500 60,9 5,6 19 57,20
36000 71 6,41 24,2 65,47

To verify the results first it is assumed that the motor is developing the measured

torque for corresponding measured speed. Then from the Table 6.9, torque constant

kiorq is calculated and this constant is compared with the one calculated via

software. Since the error between measured and calculated value is very small, it is

assumed that the parameters of the motor are calculated close to the real values. Then

it is known that the motor is voltage source driven. But the specifications of drive is

not known, which means that the terminal voltage V, is not known for each speed.

The terminal voltage is calculated for each speed and it is expected that the terminal

voltage at rated speed (40000 rpm) should be very close to 380 V (supply voltage).

After satisfying this requirement, the output power is calculated and compared with

the test results given in the table above.
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Figure 6.8 : Test Results of Motor B

It is known that the output power of a permanent magnet synchronous motor is equal
to torque times speed or induced emf times armature current as shown in Equation
6.8-9.

Pout =TX w (6.8)

Py =3%xEyxI, (6.9)

The output power is found from Equations 6.9 where E, is the calculated back-emf
voltage and I, is calculated line current. and results are given in Table 6.11. Also test

measurements are given in the same table for the same speeds.

Since the test results are measured in kW range, its precision is low. The results are
very much close to the test measurements. The error between calculated and

measured output power is %0,58.
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Table 6. 11: Output Power Results

Speed (rpm) Pout_Test (kW) Pout_3*Ea*la (W)
10000 0,9 941,49
12000 1,5 1506,39
12500 1,6 1595,30
15000 2,6 2589,10
17500 3,9 3899,34
20000 5,6 5565,26
22500 7,6 7602,54
25000 10 9990,26
27500 12,7 12715,36
30000 15,7 15691,52
32500 19 19039,04
36000 24,2 24139,83

6.2.4 Calculation of Core Loss, Copper Loss and Efficiency

Copper loss can easily be calculated from the Equation 6.10 given below.

P, =3%xI?%xR, (6.10)

The core loss is calculated for stator tooth and back-core. The core loss in rotor
lamination is neglected. For calculation of core loss Equation 6.11 is used [24]. This
equation is valid for if a;; < m — B,, Where a;; is effective tooth arc and (1 — f3,,,) is

pole width in radians calculated from stator geometry.

In the Equation 6.11, k. is eddy current coefficient, k;, is hysteresis loss constant and
k... is excess loss constant given by the manufacturer. Excess loss is the additional
iron loss caused by the magnetic domain structure including eddy current
concentration around moving domain wall due to continuous arrangements of the
domain configurations. a and k;, are obtained by curve fitting the hysteresis loss data

measured and calculated from the hysteresis loss area.
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k, is calculated from conductivity of material ¢ equal to 6,99 10° S/m, weight
density of material y;, equal to 7650 kg/m® and thickness of steel lamination d

which is 0,15 mm and the result is found as 3,43 10 from Equation 6.12.

o X w2 X d?

=% (6.12)

It is seen that the eddy current constant loss is proportional to square of lamination

thickness.

In MATLAB model which is used for simulation of motor A, k. is taken as 65,36
10 for motor A and it is also known that the lamination thickness of motor A is 0,5
mm. From the ratio of square of lamination thicknesses, k. is calculated as 5,882
10 for motor B and from the Equation 6.12, k, is calculated as 3,426 10°. The
effect of this difference in total core loss is very small, so k, is used as 3,426 10
The hysteresis and excess loss constants are not known for motor B and these values
are taken as same with the constants used in MATLAB model which is taken as
65,36 10 and 32,68 10°° respectively, for motor A.
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a is constant for certain range of flux densities and in this calculation taken as 2. By,
and B, are peak values of stator tooth and back-core flux densities respectively, of
which values are given in previous section. And Wy, and W, are total volume of

stator tooth and back-core are calculated from Equations 6.13-14.

Win = Ngior X hgjor X Wep X L (6-13)

h
Wy = 1 X (Dso -2 %) X hpe X L (6.14)

In Equations 6.13-14, N, is humber of slots, hg, is slot heigth, h;. back-core
depth, Dy, is stator outer diameter, W, is stator tooth width and L is stack length.
These values are calculated in previous section and given in Table 6.8. Total volume
of stator tooth is calculated as 1,512 10* m® and volume of back-core is found as
7,294 10% m® The mass of stator tooth and back-core are calculated from

multiplication of volume and density of steel which is 7650 kg/m?.

In Equation 6.11, o, is the skew angle of tooth and is zero for motor B, a;; is
effective tooth arc and (1 — f3,,,) is pole width in radians found from Equations 6.15-
16 where alfa is the ratio of magnet width top pole width. Effective tooth arc is
0,2618 rad and Pole width is 0,7917 rad.

pole
A = 2 XM X 2 /Nslot (615)
Pm =1 X (1—alfa) (6.16)

After these calculations, copper loss and core loss are found for different speed
values and given in Table 6.12. The change of copper and core loss with respect to

speed is given in Figure 6.9.
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Table 6.12: List of Input and Output Power, Losses and Efficiency

Speed (rpm) P_Cu(W) | P_Core (W) | P_out(W) | P_in(W) | Efficiency
10000 11,59 26,74 914,75 953,102 0,95976
12000 20,60 35,60 1470,79 1527,02 0,96317
12500 21,29 37,96 1557,35 1616,64 0,96333
15000 38,94 50,59 2538,51 2628,11 0,96591
17500 64,90 64,56 3834,78 3964,34 0,96732
20000 101,21 79,79 5485,46 5666,61 0,96803
22500 149,24 96,25 7506,29 7751,97 0,96831
25000 208,74 113,88 9876,39 10199,3 0,96834
27500 279,46 132,64 12582,72 12995,1 0,96826
30000 357,61 152,51 15539,01 16049,5 0,96819
32500 448,59 173,45 18865,59 19488,1 0,96806
36000 587,74 204,53 23935,30 24728,2 0,96794
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The input power for motor B can be calculated from the Equation 6.17 below where
V; is line-to-line voltage, 1, is line current and cos 6 is the power factor of motor B
calculated from the Figure 6.10. The values of input power for different speeds are

given in Table 6.12.

P, =V3xV, xI, xcos0 (6.17)
J*laxXq
la*Ra
A
Vi Eo
A
la

Figure 6.10 : Phasor Diagram of Motor B

Measured power is electromechanical output power and it includes core losses.
When core loss is subtracted from measured power, mechanical output power is
obtained. Since the input and the output powers are known, the efficiency of motor B
for different speeds can be calculated. The calculation result is given in Table 6.12

and the change of efficiency with respect to speed is presented in Figure 6.11.

The input power can also be calculated from the sum of electromechanical power

and copper loss which gives the same result with Equation 6.17.
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6.3 Conclusion

In Chapter 6, the developed software program is tested with two different analysis.
The difference between them are the slot type, magnet type and winding type. These
analysis differences is overcame with the alternative slot, magnet and winding types
added to the interface, so that the user can select what type of analysis criteria is

required.

The results are compared with the known characteristics of motor. For example,
torque-speed curve and electrical parameters are known for motor A, where for
motor B test results are known only. The comparisons are made with the help of
tables given in the Chapter 6 and also errors between results are calculated and

comments are made on errors.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

A MATLAB based model of permanent magnet AC motor have been developed by

[.Sahin in the Electrical and Electronics department [5]. The calculations are done

under m files for each step (calculations of dimensions, electrical parameters,

magnetic parameters, performance calculations) and also inputs are entered by m

files (independent variables and assumptions and definitions). Every equation is

solved in order and results can be seen in work space. Also torque-speed and current-

speed graphs are plotted for rated and maximum conditions.

In this study, purpose is to rewrite these MATLAB procedures in Microsoft Visual

Studio with programming language C# and develop a user interface for the analysis

process. The features of the developed interface is listed below;

Improve the PM motor model which is developed before,

Implementation of a software to analyze performance from motor
dimensions,

Analyze motor performance directly from machine parameters (resistance,
inductance etc.)

Drawing the full and quarter lamination of analyzed motor,

The capability of saving analysis, opening a saved analysis, printing analysis
outputs within a report format, printing drawings (lamination and graphics)
Check the accuracy of the software by comparing the results with

manufactured motors.
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As mentioned above, a previously developed model is improved in this thesis. In
Chapter 2, new model is described in detail. The modifications are given in
Appendix D. The calculation steps in the order with the software program are given
in Chapter 3 to give a general idea for the calculation process. These flow charts are

used in programming the software.

Implementation and technical details of the program is given in Chapter 4.
Description of the software development in Microsoft Studio is given in detail. How
the interface window is designed, how the inputs are taken from user and kept in
memory, how calculations are done, how the lamination and graphics are drawn is

mentioned.

A basic user guide for the developed software is given in Chapter 5. How to use the
menu bar, how to enter data in a valid format and save the inputs, how to run the
analysis and how to read values from performance graphics and how to obtain the

lamination drawing is described.

The developed software is tested with a manufactured motor of which datasheet is
given in Appendix A. The results are compared with the measured motor parameters.
The resistance, inductance, torque constant and emf constant values are compared
with the results obtained from tests [5]. From the comparisons the following

outcomes are obtained:

= The analysis outputs which are used in performance calculations (phase
resistance, d-axis inductance, g-axis inductance, EMF constant and torque
constant) are compared with measurement results and with MATLAB model
results. It is seen that the difference between results decreased except for
EMF and torque constants. While the error in calculation of phase resistance,
d-axis inductance, and EMF and torque constants are decreased, the error in
calculation of g-axis inductance increased from 4.3% to 6%. (The numeric
values are given in Table 5.4).

= The difference between phase resistances calculated by software and
MATLAB model is 0,1%, which is a result of using an approximate external

conductor length in calculations.
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The difference between d-axis inductance calculated by software and
measurement is 10% which is lower than the difference between
measurement and MATLAB model result. Also the difference between g-axis
inductance calculated by software and measurement is 3,8% where the
difference between MATLAB result and measurement of g-axis inductance is
%6,7. The reason why the results improved in given in Appendix D.

The difference in calculation of emf constant in software is 1,5% and torque
constant is 2,3%. These differences comes from the difference in calculation
of air gap flux density. In calculation of air gap flux density, the effect of
fringing flux is considered approximately and change in calculation of the
magnet reluctance which is given in Appendix D.

The results are checked in the motor model for the voltages that tests are
done and maximum currents are calculated from the circuit parameters
discussed above and the currents and calculated output torques are compared
and the differences between results are described.

Also the program outputs are tested with a second motor. The torque, current
and output power versus speed values are known from test results. The
resistance, inductance and torque and EMF constants are calculated from
program. During these calculations motor is assumed to be developing the
torque which is given in test results.

The torque constant is easily calculated from the division of torque to
armature current and the error between the results of this calculation and
software calculation is 0,6%.

Since the torque constant calculation of program is very close to the
calculation result from test data, the emf constant is assumed as to be
calculated correctly. The back EMF value is calculated from EMF constant
and speed. The armature current is calculated from the torque given in test
data and torque constant obtained from the software. The output power test
data is compared with the output power calculated from back EMF and
armature current and the error between results is calculated for every speed
that test is done. The average value of the errors calculated for different speed

is found as 0.5% which is very low.
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Also, since the drive method used in the test is not known, the only known
criteria known for the voltage is supplied from three phase grid (380V,
50Hz). Terminal voltage is calculated from the Equation 6.6 and for rated
speed (40000rpm) the voltage is found nearly 380V which is acceptable.

From the loss constants of motor A, core loss is calculated. And copper loss
is calculated from phase resistance and line current. Output power is found

from the test results and efficiency of motor B is calculated.

In addition to the software developed in this thesis, the following parts can be studied

in a future work;

o

The analytical model of buried/interior PM motor can be added to the
software as an option.

The B-H curves and core-loss curves can be offered to user by user or user
can be able to upload and save own curves as input.

Magnet loss and friction and windage loss can be modelled.

Core loss can be modelled and added to the calculation part of the software.
Optimization menu can be added to the software to obtain same performance
output with less magnet or an optimization program can be called from

software and required data can be transferred to optimization program.
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APPENDIX A

MANUFACTURER DATA FOR MOTOR A

input:

stall data

continuous data with:

Duty Cycle = 100 %
dT=100¥

nominal values

other data

brake

MOOG-GmibH; EM;

@

D323-L15_S4_21V_35Arms

These are calculated curves.

The actual motor performance might vary up to 5%

L 15 *0,1inch
maximum Current Imax [Arms 35 Ams
connection of coils D/s 5
number of tums # 4
copper fill factor Kcu 33,9%
saturation at max. current Satt 11%
bus voltage Udc 21 vV
rated speed Hn 6300 mm
kt-variation factor km 1
ambiente temperature Tu 25 T
thermal resistance Rth 0,975 W
continuous stall torgue @ Mo [Nm] 1.64 Nm
continuous stall current @ lo [Arms] 19.03  Ams
peak stall torque Mmax [Nm] 289 Nm
peak stall current Imax [Arms] 350 Ams
rated torque 2 Mn [Nm] 147 Nm
rated current @ In[Arms] 170 Ams
rated power 2 Pn[W] o w
rated speed 2 Nn [rpm] 5200 mm
theoretical no load speed @ Mtheo [rpm] 2620 mm
maximum speed 2 Nmax [rpm] 48360 mm
ftorgue constant kt [NmJ/Armms] 0,086 Nm/Ams
EMEK-constant ke [Vpkiradis] 0,071 Vpkiradis
terminal to terminal resistance & Rit [Ohm] 0,136 Ohm
terminal to terminal inductance ® Lt [mH 0,237 mH
inductance Ld & Ld [mH, 0,125 mH
inductance Lg & Lg[mH 0,133 mH
thermal resistance & Rth [TMW] 0975 TIW
electr. time constant @ T[ms] 1.743 ms
inertia wio brake J [kgem?] 0.4 kgen
mass wio brake m [kg] 20 kg
inertia with small brake J [kgem?] 0.5 kgen?
inertia with big brake J [kgemd] 0.6 kgen?®
mass with small brake m [kg] 22 kg
mass with big brake m [kg] 23 kg
With motor mounted on a steel plate 300 x 200 x 12 mm and
100 ¥ dT between windings and stil air ambient

! nominal speed at maximum continuous output power
! speed, where EMF is equal to bus voltage 21 W
speed, where EMF is 20 volts
@ measured at 25T
AA 20

@
@
@
G

Figure A.1: Electrical and Mechanical Specifications
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APPENDIX B

ANALYSIS REPORT OF MOTOR A

Table B.1: Analysis Report of Motor A

ANALYSIS REPORT

Main Inputs

Line Voltage Vline |21 V
Maximum Current Imax ||35 A
Phase phase |3

Pole Number pole |8

Slot Number Nslot |27

Stator Inputs

Axial Length Lsta |38 mm
Air Gap g 0,75 |mm
Back-Core Depth hbc 2,25 |mm
Tooth Width Wth  ||1,82 |mm
Coil Extension Lext |15 mm
Turns per Coil Nturn |4

Coils per Phase Ncoil |9

Stacking Factor Kstack ||0,985

Fill Factor Kfill /0,339
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Table B.1: Analysis Report of Motor A (continued)

Rotor Inputs
Magnet Remanent Flux Density Br 1,05 ||T
Diameter at Magnet Base Dmb 26,2 |mm
Magnet Pitch/Pole Pitch alfa 0,748
Magnet Height hmag ||3,65 |mm
Rotor Leakage Factor prl 0,1
Slot Inputs
*Please see the figure in program for slot dimensions!
w0 1,27 mm
wl 2,55 mm
w2 4,35 mm
hO 0,8 mm
hl 0,495 mm
h2 7,78 mm
h3 2,175 mm
hslot 11,25 mm
Aslot 34,272 mm2
Slot type 1
OUTPUTS
Dimensions
Air Gap g 0,75 mm
Magnet Width Wmag|9,7 mm
Magnet Heigth (Region-1) hmag1|/3,19 mm
Magnet Heigth (Region-2) hmag2|/3,53 mm
Magnet Heigth (Region-3) hmag3||3,65 mm
Magnet Area Amag ||368,576 mm2
Pole Area Apole 511,098 mm2
Air Gap Area Ag 425,576 mm2
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Table B.1: Analysis Report of Motor A (continued)

Back-Core Area Abc 85,5 mm2
Tooth Area Ath 69,16 mm2
Stator Inner Diameter Dsi 35 mm
Stator Outer Diameter Dso 65 mm
Magnet Surface Diameter Dms 33,5 mm
Magnet Base Diameter Dmb 26,2 mm
Rotor Q-axis Diameter Dmq 31,5 mm

Electrical Parameters

Wire Diameter Dwire |1,4 mm
Phase Resistance Rs 0,066 Ohm
D-axis Inductance Ld 0,099 mH
Q-axis Inductance Lg 0,125 mH

Torg Constant kemf |0,0292 V/rad/s
EMF Constant ktorg ||0,0870 Nm/Arms

Magnetic Parameters

Magnet Internal Leakage Reluctance Rmag0 |(7009,045 AT/Wb
Rotor Leakage Reluctance Rrl 70090,452 AT/Wb
Magnet Total Leakage Reluctance Rmag |(6371,859 AT/Wb
Air Gap Reluctance Rgap |1522,529 AT/Wb
Magnet Operating Flux Density Bm 0,866 T
Air Gap Flux Density Bg 0,734 T
Back-Core Flux Density Bbc 1,827 T
Tooth Flux Density Bth 1,891 T
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Figure B.2: Torque-Speed (a), Input Current-Speed (b), Output Power-Speed (c)
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APPENDIX C

ANALYSIS REPORT OF MOTOR B

Table C.1: Analysis Report of Motor B

ANALYSIS REPORT

Main Inputs

Line Voltage Vline [|380 ||V
Maximum Current Imax |100 |A
Phase phase |3

Pole Number pole |2

Slot Number Nslot |24

Stator Inputs

Axial Length Lsta ||80 mm
Air Gap g 55 mm
Back-Core Depth hbc 23,5 |mm
Tooth Width Wth  ||4,5 mm
Coil Extension Lext |15 mm
Turns per Coil Nturn |5

Coils per Phase Ncoil |4

Stacking Factor Kstack ||0,985

Fill Factor Kfill /0,539

Rotor Inputs
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Table C.1: Analysis Report of Motor B (continued)

Magnet Remanent Flux Density Br 0,76 ||T
Diameter at Magnet Base Dmb 0 mm
Magnet Pitch/Pole Pitch alfa 0,748
Magnet Height hmag |27 mm
Rotor Leakage Factor prl 0,1
Slot Inputs
*Please see the figure in program for slot dimensions!
w0 1,27 mm
wl 2,55 mm
w2 4,35 mm
hO 1 mm
hl 2 mm
h2 14,5 mm
h3 0 mm
hslot 17,5 mm
Aslot 97 mm2
Slot type 1
OUTPUTS
Dimensions
Air Gap g 55 mm
Magnet Width Wmag||49,8 mm
Magnet Heigth (Region-1) hmag1|/15,9 mm
Magnet Heigth (Region-2) hmag2|24,1 mm
Magnet Heigth (Region-3) hmag3||27 mm
Magnet Area Amag (4000 mm2
Pole Area Apole |[7500 mm2
Air Gap Area Ag 4900 mm?2
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Table C.1: Analysis Report of Motor B (continued)

Back-Core Area Abc 1900 mm?2
Tooth Area Ath 360 mm2
Stator Inner Diameter Dsi 65 mm
Stator Outer Diameter Dso 147 mm
Magnet Surface Diameter Dms 54 mm
Magnet Base Diameter Dmb 0 mm
Rotor Q-axis Diameter Dmq 54 mm
Electrical Parameters

Wire Diameter Dwire |27 mm
Phase Resistance Rs 0,0457 Ohm
D-axis Inductance Ld 0,202 mH
Q-axis Inductance Lg 0,664 mH
Torg Constant kemf |0,0318 V/rad/s
EMF Constant ktorg  ||0,0955 Nm/Arms
Magnetic Parameters

Magnet Internal Leakage Reluctance Rmag0 386,92 AT/Wb
Rotor Leakage Reluctance Rrl 3869 AT/Wb
Magnet Total Leakage Reluctance Rmag |351,5 AT/Wb
Air Gap Reluctance Rgap [922,4 AT/Wb
Magnet Operating Flux Density Bm 0,615 T

Air Gap Flux Density Bg 0,492 T
Back-Core Flux Density Bbc 0,637 T
Tooth Flux Density Bth 1,080 T
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APPENDIX D

MODIFICATIONS ON EQUATIONS

Table D.1: Comparison of Equations

Description Equations
K. = 7 X Dg; /N0t
cs — WZ
MATLAB 1 % Dsi/Nsiot = 55 55 g3
where g5 is the maximum air gap length.
Carter’s Sahin’s Thesis ko = 7 X Dsi/Nsior .
Coefficient (Eqn 4.15) 7 X Dsi/Nsior — W0_|_W—gxg
k. = X Dsi/Nslot
This Thesis o D./N wg
T X Dy -
(Eqn 2.4) Si slot W, + 5 X% g

In software, the equation in Sahin’s thesis is used to have a more accurate equivalent

air gap model.

Magnet Internal

Reluctance

MATLAB

1

Hr X o X Amag

RmagO = X hmag,mean

hmag,mean = hmagl + (hmag3 - hmag3) X 2/7T

Sahin’s Thesis
(Eqn 4.5)

1

RmagO =
W,
Hr X Ho X — 2 X L

><< 2, 2 1 )‘1
hmagl hmagz hmag3
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Table D.1: Comparison of Equations (continued)

This Thesis

Magnet Internal
(Egn 2.7)

Reluctance

1
Rmago = Amag
Uy X Ho X 5
y ( 2, 2 1 >‘1
hmagl hmagz hmag3

In software, the equation in Sahin’s thesis is used to calculate a magnet reluctance to

have a closer results to the real value.

1 1\
MATLAB Rnag = <R + R_l>
mag r
Magnet Sahin’s Thesis
R =R
Reluctance (Eqn 4.15) mag mago

This Thesis . _< 1 . 1 >—1

(Eqn 2'4) me Rmago Ry

In software, the equation in MATLAB is used to have a more accurate magnet

reluctance model.

MATLAB

hmagl = hmag —05
2
X [DmS — Dy X COS (Z amag>]
hmagz = hmag —05

1
X [Dms — D5 X cOS (Z amag)]

Magnet Heights

Sahin’s Thesis
(Egn 4.5-7)

hmag1 = 0.5 X [Dps X cos( Amag Dmb

Dmb

hmagz = 0.5 X [Dps X cos( Amag

This Thesis
(Egn 2.11-12)

hmag1 = 05 X

)-
)-
) =D

Dy X cos( Amag

[ 1
hmagz = 0.5 X [Dps X cos (E amag> — Dmb

In software, the equation in Sahin’s thesis is used to model magnet more accurate.
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Table D.1: Comparison of Equations (continued)

End Winding

Inductance

(Ncoil X Nturn X kw)2

Low =4 X pg X X
MATLAB o Ho pole Aena
X L,
Neois X Npyrn X kp)?
Sahin’s Thesis | L,, = 4 X ugy X (Neoi p(t)lz;n w) X Aend
Eqn 4.48
(Eq ) « L,
: . Neoi X Neyrn X kp)?
This Thesis | Ly, = 4 X o X (Neoi psz;" w) X Aend
(Egn 2.52)

X L1,

In software, the equation in MATLAB is used since it is correct.

D-axis
Equivalent Air
Gap Length

h
gg =9 Xkes+ g
MATLAB r
where hy, 441 Is minimum magnet height.
- . , Pinag
Sahin’s Thesis gg =9 Xkes+
T
(Ean 4.56) where h,,,4 is maximum magnet height.
h
This Thesis gy =g X kes + %
T
(Eqn 2.54)

Where Rp,qg mean 1S Mean magnet height.

In software, mean magnet height is used which is between minimum and maximum

heights.
MATLAB gy = (Dsi — Ding) _ZD’”") X Keos
_Q_aXIS | Sahin’s Thesis (Dsi — Dmg)
Equivalent Air (Eqn 4.57) 9 == Xhes Xker
Gap Length This Thesis (Dsi = Dpg)
(Egn 2.56) 9a = 2 X s X fer

In software, the equation in Sahin’s thesis is used, to calculated g-axis equivalent air

gap length Carter’s coefficients of both stator and rotor should be considered.
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