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ABSTRACT

Hanne Jussila

Concentrated Winding Multiphase Permanent Magnet Machine Design
and Electromagnetic Properties— Case Axial Flux Machine

L appeenranta 2009

119 p.

Acta Universitatis L appeenrantaensis 374

Diss. Lappeenranta University of Technology

ISBN 978-952-214-882-7, ISBN 978-952-214-883-4 (PDF), ISSN 1456-4491

Concentrated winding permanent magnet machines and their electromagnetic
properties are studied in this doctoral thesis. The thesis includes a number of
main tasks related to the application of permanent magnets in concentrated
winding open slot machines. Suitable analytical methods are required for the
first design calculations of a new machine. Concentrated winding machines
differ from conventional integral slot winding machines in such a way that
adapted analytical calculation methods are needed.

A simple analytical model for calculating the concentrated winding axial flux
machines is provided. The next three main design tasks are discussed in more
detail in the thesis. The magnetic length of the rotor surface magnet machinesis
studied, and it is shown that the traditional methods have to be modified also in
this respect. An important topic in this study has been to evaluate and minimize
the rotor permanent magnet Joule losses by using segmented magnets in the
calculations and experiments. Determination of the magnetizing and leakage
inductances for a concentrated winding machine and the torque production
capability of concentrated winding machines with different pole pair numbers
are studied, and the results are compared with the corresponding properties of
integral slot winding machines.

The thesis introduces a new practical permanent magnet motor type for
industrial use. The special features of the machine are based on the option of
using concentrated winding open slot constructions of permanent magnet
synchronous machines in the normal speed ranges of industrial motors, for
instance up to 3000 min™, without excessive rotor losses.

By applying the analytical equations and methods introduced in the thesis,
a 37 kW 2400 mint 12-slot 10-pole axial flux machine with rotor-surface-
mounted magnets is designed. The performance of the designed motor is
determined by experimental measurements and finite element calculations.



Keywords: axial flux machine, concentrated winding, Joule loss, inductance,
magnetic length, segmented magnet, open slot
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ABBREVIATIONSAND SYMBOLS

Roman letters

A, linear current density [A/m]

Awn, linear current density of the working harmonic [A/m]

B, magnetic flux density [VS/m?], [T]

Bn, normal component of magnetic flux density [T]

Bnwhs normal component of magnetic flux density of the working
harmonic [T]

Bpwm, magnetic flux density [T]

B, remanent flux density [T]

b, width [m]

by, stator dot width [m]

by, dlot opening width [m]

bpwm, permanent magnet width [m]

Ppv, segment, permanent magnet segment width [m]

D, diameter [m]

Dy, outer diameter of the rotor [m]

Di, inner diameter of the stator [m]

Di, axials inner diameter of the axial flux machine [m]

Do, outer diameter of the stator [m]

Do, axial, outer diameter of the axial flux machine [m]

Ds, air gap diameter [m]

d, thickness [ m]

Epm, electromotive force (emf) [V], RMS

e electromotive force (emf) [V]

F, force [N]

Fian, tangential force [N]

f, frequency [HZ]

g, coefficient, constant

H, magnetic field strength [A/m]

h, height [m]

hpw, height of magnet [m]

hys, height of stator yoke [m]

ls, current [A], RMS

Is current [A], instantaneous value i(t)

Tus dlot current [A], instantaneous value i(t)

J, current density [A/m?], magnetic polarization

Jpm, current density in permanent magnet [A/m?]

Kn, coefficient

K, constant



Kad, additional loss coefficient
ke, Carter factor

K, distribution factor

Ke, Ken, Kexe, kn, constant

kFeys, Krets, congtant

Ko, pitch factor

Kss skewing factor

K, winding factor

Kwi, winding factor for the fundamental wave

Kwv.whs winding factor for the working harmonic

K, coefficient

L, direct-axis inductance [H]

Limd, magnetizing inductance of an m-phase synchronous machine, in
d-axis[H]

Limgs magnetizing inductance of an m-phase synchronous machine, in
g-axis[H]

L, guadrature-axis inductance [H]

Lss, stator leakage inductance [H]

Ly, slot leakage inductance [H]

Lw, end winding leakage inductance [H]

L, tooth tip leakage inductance [H]

Ls, air gap leakage inductance [H]

[, length [m]

[ effective core length [m]

lew, average conductor length of winding overhang [m]

[Fe, stator stack core length [m]

[ mf, main flux path length [m]

Ir, rotor core length [m]

lw, length of coil ends [m]

m, number of phases, mass [kg]

Npm, number of permanent magnet segments

Ns, number of turnsin series per stator winding

n, exponent

Ns, rotation speed (rotation frequency) [1/g]

P, power, losses [W]

Pcu, copper losses [W]

Preec, iron Joule losses [W]

Phy, hysteresis loss [W]

Pin, input power [W]

Pout, output power [W]

Pag, additional loss[W]

Ppum, ecy permanent magnet Joule loss [W]

Py, mechanical loss [W]



p, number of pole pairs, ordinal

Q, number of slots

(o} number of slots per pole and phase,

Rs, resistance [W|

r, radius [m]

I'pM, radius of permanent magnet [m]

re, outer radius of the rotor [m]

i, inner radius of the stator [m]

I, axial, inner radius of the axial flux machine [m]

lo, outer radius of the stator [m]

F'o, axials outer radius of the axial flux machine [m]

rs, air gap radius [m]

S cross-sectional area [m?]

Sy skewing pitch

T, torque [Nm], period

TN, rated torque [Nm|

Trax, maximum pull-out torque, peak torque [Nm]|
t, time[s|

U, voltage[V], RMS

Us, voltage[V], RMS

V, volume [m?]

Vewm, volume of permanent magnet [m’]

v, speed, velocity [m/g]

Vi, rotor speed, velocity [nVs]

W, coil span (width), [m]

W, width [m]

X, coordinate, length

Y, coordinate, length, winding step

Yo full step

Greek letters

a, angle [rad], [°], coefficient, temperature coefficient
apw, relative permanent magnet width

b, angle [rad], [°]

o)t angle [red], [°]

a, air gap (length) [m], skin depth [m], load angle [rad], [°]
(oS magnetic air gap (influence of physical air gap and permanent

magnet taken into account) [mM]
asy . equivalent air gap (influence of physical air gap and permanent
magnet and Carter factor taken into account) [m]
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Subscripts

ar, mean,
axial,

Cu,

Fe,

geom, mean,
I,

0,

effective air gap (in addition to previous, influence of iron taken
into account) [m]

efficiency, constant

angle[rad], []

factor for reduction of slot opening

permeance factor, inductance factor, relative permeance factor
end winding leakage factor

dot leakage factor

tooth tip leakage factor

permeability [VSAm, H/m|

relative permeability

relative permeability of PM

permeability of vacuum, 4-p-107 [VSAm, H/m]|

ordinal of harmonic

resistivity [W], density [kg/m’]

iron resistivity [Wim|

permanent magnet resistivity [Wim]

specific conductivity [S/m], leakage factor

permanent magnet conductivity

tangential stress [Pal

iron conductivity [S/m|

air gap leakage factor

pole pitch [m]

slot pitch [m]

magnetic flux [Vs, WDb]

phase shift angle [rad], [°]

magnetic flux linkage [V 5]

mechanical angular speed [rad/s]

electric angular velocity [rad/s], angular frequency [rad/s]
stator electric angular velocity [rad/s|, stator angular frequency
[rad/s|

arithmetic mean

parameter of the axial flux machine
copper

iron

geometric mean

inner

outer



PM, permanent magnet

r, rotor
S, stator
t, tooth
u, slot
2 yoke
wh, working harmonic
Superscripts
A, peak/maximum value, amplitude
: imaginary, apparent, referred, virtual
S, bar above the symbol denotes average value
Acronyms
AC, alternating current
AFPM, axia flux permanent magnet
BH, energy product
BHmax, maximum energy product
DC, direct current
DTC, direct torque control
EC, eddy current
emf, electromagnetic force
FEA, Finite Element Analysis
NdFeB, neodymium-iron-boron
PM, permanent magnet
PMSM, permanent magnet synchronous motor (or machine)
p.u per unit

RMS, root mean square
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1 INTRODUCTION

The progress in the field of permanent magnet material technology has resulted
in very powerful permanent magnet materials at a relatively competitive price,
and as a result of that, the era of large industrial permanent magnet machines
has started. For example, with neodymium-iron-boron (NdFeB) magnets, which
have been commercially available since the mid 1980s, a maximum energy
product (BHma) of 400 kJ/m?® and a remanent flux density B, of 1.4 T can be
achieved with a proper manufacturing process (Neorem 2009, International
Magnetics Association 2000). Nowadays, NdFeB magnets are available with
shapes, sizes and grades of great variety.

Permanent magnet synchronous machines (PMSM) provide significant
advantages in terms of electrical efficiency compared with the traditional
electrically excited synchronous machines. This is because the Joule losses of
the field winding are eliminated by applying permanent magnets (PM) instead
of rotor windings. Because permanent magnets are part of the magnetic circuit
of the machine, they significantly affect the total reluctance of the machine. The
relative permeability m of modern PM materials such as NdFeB is about equal
to 1.05, leading to the fact that the equivalent air gap length in rotor surface
magnet PMSMs in the direct-axis direction is considerable, thus resulting in
small magnetizing inductance values, which is beneficial from the viewpoint of
high pull-out torque production. The main drawback of the application of
permanent magnets is that the rotor magnetization cannot be controlled. For
example, in order to gain field weakening, demagnetizing stator current is
required, which is not very efficient. However, the progress in the PM machine
design, power eectronics and particularly in different motor control schemes
such as direct torgque control (DTC) and sensorless vector control have resulted
in a wide variety of industrial applications of electric drive systems where
PMSMs are applied.

PM motor technology is also penetrating into the field of network-driven
machines (Polinder et al. 2006, El-Rafaie and Jahns 2007, Kinnunen 2007), in
which a mechanical gearbox is eliminated and thus the efficiency, performance
and reliability of the drive system are enhanced. Of course, the same benefits
hold true also for frequency-converter-driven speed-controlled applications. A
specially designed direct drive PMSM may, in some applications, efficiently
compete with a traditional induction motor drive with a gear both with respect
to the space needed and the overall efficiency of the drive.

Compared with induction motors, clear benefits in terms of energy efficiency,
power factor and speed control accuracy without speed encoders can be
obtained by utilizing permanent magnet motor technology. Efficiency and
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power factor benefits are, however, achieved best in drives applying multiple
pole motors. For example, the designer of PMSMs has more freedom in
selecting machine layout features and parameters such as the number of pole
pairs, which in turn provides benefits in integrated machine systems.
Furthermore, the power factor of an induction machine decreases rapidly as the
number of poles is increased, which can be indirectly seen in the following
equation describing the direct axis magnetizing inductance of an integral slot
winding machine (Pyrhdnen, Jokinen, Hrabovcova 2008)

L

mi

t
c=2M Do N (1.1)
T prdg

where m is the number of the phase, ms is the permeability of air, t, is the pole
pitch, I’ isthe effective length of the stator core, p the number of pole pairs, Jes
the effective air gap length taking also the effect of iron into account, ky: the
winding factor for the fundamental wave and Ns number of turns in series per
stator winding. Distributed fractional slot windings are outside the scope of this
work, and hence, the discussion and references on distributed windings concern
integral slot windings only.

The magnetizing current of an induction motor is about inversely proportional
to the magnetizing inductance. As the pole pitch ¢, is inversely proportional to
the number of pole pairs p, the magnetizing inductance is thereby inversely

proportional to the square of the number of pole pairs L_, @/ p?, and hence,

the induction machine power factor rapidly decreases as the number of poles
increases.

Aninteresting field where PMSMs are applied is axial flux machines, which are
often called disc-type machines because of their pancake shape. Axia flux
permanent magnet (AFPM) machines are, because of their short axial length, an
atractive aternative to traditional radia flux PMSMs in electric vehicles,
pumps, fans, valve control, centrifuges, machine tools, robots, industrial
equipment and in small- to medium-scale power generators (Gieras et a. 2008).

Integrating an electric motor with a pump, a fan or a compressor or using an
electric motor integrated into the propulsion of an electric vehicle, awindmill, a
lift or the like seem to be future trends in the applications of electrical machines
to different drives (Reichert 2004). Axial flux machines are, in principle, easily
integrated into the above-mentioned applications. Also the high efficiency of
permanent magnet machines in different applications makes the application
attractive.
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In pump and fan applications, an axial flux permanent magnet machineisavery
interesting machine type because of its high power factor and high efficiency
compared with the axial flux induction motor introduced by Valtonen (2007). In
some cases it seems to be easier to integrate such a motor type into a working
machine construction. Valtonen used an induction rotor where a mechanically
strong aluminium winding also acts as the rotor mechanical core. The magnetic
flux carriers inserted in the strong winding are made of solid steel that fast
deteriorates the power factor of the machine despite its high efficiency. The
power factor in axial flux induction machines having solid steel active parts
varies usually between 0.6 and 0.8 while permanent magnet machines provide
power factors in the range of 0.90-0.95. A high power factor is beneficia asit
results in a lowest possible stator current. Consequently, a low current
capability frequency converter may be selected. The highest power factors close
to unity, however, consume extra permanent magnet material, and often the best
power factor isin the range of 0.9-0.95 in PMSM drives.

The manufacturing process of AFPM machines can be ssimplified considerably
compared with traditional radial flux machines. The stator may be
manufactured from narrow electrical steel bands, and hence, the waste of the
lamination material is kept to minimum. Only the punching waste from the
stator slots is recycled. However, the manufacturing process of an axial flux
stator core is technically demanding and calls for high accuracy; nevertheless,
the process can be automated. In radial flux machines with both the stator and
the rotor made of laminations, the amount of wasted lamination material is
relatively small but substantially larger than in an axial flux machine, as
between the stator roundels there always remains some unused material. The
best benefit, however, may be the easiness of the winding manufacturing
process, which can be performed in a plane compared with working inside a
cylinder, which is the case in inner rotor radial flux machines. With the two-
stator-single-rotor congtruction, where the magnetic flux travels through the
permanent magnets from one stator to another the rotor of the machine can be
kept totally ironless. This makes the manufacturing of the permanent magnet
rotor very simple and inexpensive. The adverse effect is, of course, that two
stators are needed.

Concentrated windings together with the axial flux technology provide a further
manufacturing benefit. When open stator slots and concentrated windings are
used, prefabricated coils can just be inserted around the stator teeth, and the
winding process becomes very low-cost compared for example with double-
layer short-pitched normal integral slot windings. Furthermore, the space
needed by the end-windings is minimized. Hence, concentrated winding axia
flux permanent magnet motors are very cost effective from the manufacturing
point of view. The shortening of the end windings and a high power factor
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make it possible to minimize the stator Joule losses. The end-windings of an
axial flux concentrated winding machine and a traditional integral slot winding
machine are presented as an example in Fig. 1.1. In this work, concentrated
winding refers to a fractional slot winding with concentrated coils, e.g. the
number of slots per pole and phase g £ 0.5. Even when using open slots, the
concentrated winding machine may provide very low cogging torque values,
and hence, the torque quality of the motor can be good. Cogging torque is the
torque resulting from the interaction between the permanent magnets of the
rotor and the stator slots. Cogging occurs even when there is no current in the
stator (Baracat et al. 2001, Hanselmann 2003, Gieras et a. 2006).

Fig. 1.1. a) End winding of a concentrated winding machine and b) an integral slot winding
machine

The cogging of the motor as a function of the relative magnet width, that is, the
magnet width divided by the pole pitch, was analyzed in (Salminen 2004,
2006). We may conclude that for a certain number of slots per pole and phase q,
the amount of cogging torque decreases as the number of slots increases. The
minimum cogging values seem to be found when q is close to 0.33. On the
contrary, the largest cogging torque may be expected when q equals to 0.25 or
0.5 (Salminen 2004, Salminen et al. 2006).

When the motor is running, there occur also additional oscillatory torque
components because of the interaction of the magnets with the stator space
harmonics and with the magnetic flux waves created by the current harmonics.
These oscillatory components are generally referred to as torque ripple (Cros
and Viarouge 2002, Magnussen and Sadarangani 2003, Ishak et al. 2004,
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Salminen et al. 2005, Gieras 2006). The lowest peak-to-peak torque ripple
values were obtained for machines with g close to 0.33. The torque ripple tends
to have more than one local minima. For example, local minima can be found
for two or three different permanent magnet widths, depending on the number
of dots per pole and phase. Thereby it may be concluded that the minimum
cogging torque and the minimum torque ripple are found when q is close to the
value of 0.33 (Salminen 2004, Salminen et al. 2006).

Many examples of PMSMs with concentrated windings can be found in the
literature, most of these being radial flux machines: a 20 kW 2000 min™ for a
hybrid electric propulsion sysem (Magnussen and Sadarangani 2003,
Magnussen et a. 2003, Magnussen et al. 2004), a5 kW 50 min™ machine for an
industrial application (Libert and Soulard 2004), a 45 kW 1000 min™ machine
(Deak et a. 2006, 2008) and a 18.5 kW 1700 min™ machine for automotive
applications (Wang et al. 2005). Salminen (2004) focused on 45 kW 400 min™*
concentrated winding machines, for example paper mill applications.

The latest development and applications are found in 0.26 kW-10 kW radial
flux permanent magnet machines with concentrated windings: a 6 kW 600 min™
machine for traction purpose (El-Refaie et al. 2006, El-Refaie and Jahns 2006),
a 10 kW 370-440 min™ machine for an in-wheel drive application (Rix et al.
2007), a 5-10 kW 200-240 min™* machine for wind turbines (Cistelecan et al.
2007) and a 0.26 kW 250 min™ for a bicycle application (Wrobel and Mellor
2005).

Some examples of concentrated winding axial flux machines can also be found
in the literature: a 1.6 kW 250 min™ axial flux permanent magnet machine,
designed to operate as a generator in a small-scale wind power application
(Parviainen et al. 2005), 1 kW and 200 min™* laboratory prototype concentrated
winding AFPM machines with air-cored stators (Kamper et al. 2007, 2008) and
a nine-phase axial flux PM generator with concentrated windings for a direct
drive turbine (Vizireanu et a. 2006).

In the above-mentioned work, a comparison of the PMSMs equipped with open
stator slots and semi-closed stator dlots with different pole pair — slot
combinations was carried out in terms of pull-out torque production capability
and electrical efficiency. Using semi-closed slots, the stator winding losses and
the eddy-current losses in the permanent magnets were lower than with similar
motors having open dots (Parviainen 2005, Salminen 2004, Lindh et al.
“Concentrated Wound PM Motors with Semiclosed Slots and with Open Slots’
IEEE Energy Conversion (forthcoming)). The flux travelling from the
permanent magnet rotor to the stator is higher with semi-closed slots, and thus
in open slot structures with the same main dimensions, a higher number of
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winding turns are needed to induce an appropriate voltage. The semi-closed slot
structures had slightly higher stator iron losses than the corresponding open slot
structures because of the higher amount of flux in the stator teeth and yoke. The
permanent magnet flux density pulsation is, of course, larger in open slot
constructions than in semi-closed slot structures. The open dot structures gave
dightly higher pull-out torques (because of low inductances), but the
efficiencies of open slot structures remained somewhat lower than those of
corresponding semi-closed structures, mainly because of high stator winding
losses. Figure 1.2 clearly indicates the effect of wide teeth tips on the flux of the
machine.

(b)

Fig. 1.2. Effect of wide and narrow tooth tips on the flux of otherwise similar machines. The
flux paths and flux densities of a 24-slot 16-pole machine @) with semi-closed slots and b) with
open slats are shown (Lindh et al. “ Concentrated Wound PM Motors with Semiclosed Slots and
with Open Slots.” IEEE Energy Conversion (forthcoming).

The only significant problem related to the design of open slot concentrated
winding machines is that there can be large eddy current losses produced by the
flux variations in the permanent magnets (Polinder and Hoeijmakers 1999,
Toda et a. 2004). Thisis a problem especially when using sintered magnets. If,
however, sintered NdFeB magnets are divided into several insulated sections
(Polinder and Hoeijmakers 1999, Toda et a. 2004, Zhu et al. 2004, Deak et al.
2006, Ede et a. 2007, Deak et a. 2008), acceptable loss levels may be found,
but the magnet configuration must be carefully analyzed to attain an acceptable
eddy current loss level in the magnets. Plastic-bonded magnets, with a
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maximum energy product of 100 kJ/m* and aremanent flux density B, of 0.78 T
(Neorem Magnets, 2009), typically have very low eddy current losses (Kume et
al. 2005, El-Rafaie and Jahns 2007, El-Rafaie and Jahns 2008), but other
magnetic properties of such magnet materials available on the market are not
satisfactory at the moment.

If eddy current losses in permanent magnets can be minimized thereby keeping
the magnets at as low temperature as possible during machine operation, the
open slot concentrated winding design can be very competitive and provide a
new energy saving choice for industrial and many other purposes. The effect of
temperature on the demagnetization characteristics of a typical NdFeB magnet
made by NEOREM 495a / NEOREM 595a is shown in Fig. 1.3. When the
operating temperature of the magnet is increased above a critical temperature
and the demagnetizing field strength is large enough, it will result in irreversible
demagnetization of the magnet. Such a situation may take place for instance
during a sudden short circuit of the machine stator terminal. As industrial
machines must tolerate such a situation, selection of the magnet material and
motor design have to be carried out carefully taking this issue into account.
NEOREM 495a tolerates a negative flux density at 100 degrees Celsius and
about zero flux density at 150 degrees Celsius. Axial flux single stator designs
have a large rotor yoke surface against cooling air, which usually results in a
considerably cooler rotor than in a corresponding radial flux machine with an
inner rotor. This makes the selection of the magnet material in a single-sided
axia flux machine somewhat easier.

NEOREM 495a / NEOREM 595a
"%LH 075 1.00 150 200 400 BJ .,

Temperature 20°C
0N

[kOs] QL iz
-H I I I I I I I I I I I I [ I I I I I I 0.0
2000 1800 1600 1400 1200 1000 800 600 400 200 O

[kA/m]

Fig. 1.3. Demagnetization characteristics of NEOREM 495a/NEOREM 595a NdFeB permanent
magnet material at different temperatures (Neorem Magnets, 2009).
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1.1 Harmonics of concentrated windings

In integral slot winding machines, the energy conversion process is related to
the fundamental component of the flux density, which is produced by the
interaction of the stator and rotor fundamental current linkages (Pyrhdnen,
Jokinen, Hrabovcova 2008). The concentrated winding machines, however,
operate at some of the stator current linkage harmonics (Jokinen 1973, Atallah
2000). For ingtance in this case, we study the behaviour of a 12-dot 10-pole
three-phase machine with the number of slots per pole and phase g = 0.4. Such
a machine operates a the fifth harmonic, not the fundamental component of the
flux density. The fundamental has a low winding factor and the flux related to
the fundamental is, hence, low. In the theory of concentrated machines there
seem to be two aternative approaches. Either the machine is really considered
to operate at the fifth harmonic when all the harmonics of the machine are 1,
-5,+7, - 11, +13 and so on, or the fifth harmonic of the machine is denominated
the fundamental when the real first harmonic is regarded as a sub-harmonic of
the order - 1/5 (Zhu et al. 1991, Atallah et al. 2000, Ede et al. 2007). All the
other harmonics of the machine are then treated accordingly.

As the 12-10-machine happens to produce harmonics of the same order as
integral slot winding machines, it is easy to apply the traditional way of treating
the harmonics similarly as in an integral ot winding machine. The 12-10
machine is regarded as a base machine having a base winding embedded in 12
stator dots and a rotor consisting of 10 permanent magnet poles with p = 5.
When in a 12-stator slot concentrated winding three-phase machine p of the
base winding is odd (in practice p = 5 or p = 7), the harmonics n of a three-
phase machine (m = 3) are according to the equation

n =1+ 2km, (1.2)

wherek T No. Eq. (1.2) produces the harmonics n = [l- 5,+7,- 1l+13...] for the

winding current linkage ordinals. In this case (12-slot 10-pole), the machine
operates at the fifth harmonic n =-5. As a reault, the fundamental n =+1
rotates at a speed five times the speed of the fifth harmonic and in an opposite
direction thus resulting in a rotor surface speed six times the rated electrical
speed of the rotor. As the fundamental has a considerable amplitude, it is
capable of inducing large rotor losses if the rotor has some conductivity. It is, of
course, possible to build machines carrying multiple 12-10 base machines. For
example 24-20 and 36-30 machines are possible, the former consisting of two
base machines and the latter of three base machines. Each of these works,
however, with the fifth harmonic of the base machine.
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According to a more general approach the ordinals n of an m-phase
concentrated winding base machine can be calculated by equation (Ede et al.
2002, Amara et al. 2005, Nakano et al. 2006)

n=1+km, (13)

where k T No. Equation (1.3) produces the harmonics 1 = [1.- 2,+4,- 5,+7..]for
the winding current linkage ordinals of the three-phase machine. The machine
aways operates at the p™ harmonic of the base machine. For example in 12-10
or 12-14 machines, however, the even harmonics are cancelled because both the
stator and rotor of the base machine can be symmetrically divided into two 180-
degree sectors.

The winding factors will be observed next. The working harmonic winding
factor kyn Of the machine has to be high and other harmonics should have low
winding factors. The winding factor can be defined by a voltage vector graph
(Pyrhdnen, Jokinen, Hrabovcova 2008), or in simple cases, it can be solved
from analytical equations. In general, the winding factor can be solved from

Kun = Ko XKy K (1.4)

where kp, is the pitch factor, ky, is the distribution factor and kg, is the skewing
factor for the harmonic n. In concentrated windings, obviously, the distribution
factor kgn cannot be simply defined for fractional slot windings with
concentrated coils. The pitch factor ki, however, is defined in general as
(Pyrhonen, Jokinen, Hrabovcova 2008)

2Wrd @ v g0
K, :sinénmj:sinénlﬁi (1.5)
tp 2@ yQ Zﬂ

where W is the coil width, y the winding step and yq the full step. For a
concentrated base winding y = 1 and 2yo = Q. Hence, in such a case

. =Sng—=. (1.6)
< gQ 2

This pitch factor is enough for single layer 12-10-machines and gives the
winding factor for the working harmonic k., = 0.966. In double layer 12-10
machines, also the distribution factor is needed.
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The skewing factor can be solved from the equation (Pyrhonen, Jokinen
Hrabovcova 2008)

kg =———2, (1.7)

where sy/t,, is the skewing pitch ratio to the pole pitch. Skewing is used to
minimize torque ripple.

Asthe definition of the distribution factor is not clear, we use the voltage phasor
graph in solving the winding factors for the 12-10 two layer machine, Fig.1.4.
Aswe now assume that — despite the five-pole-pair rotor — the winding produces
atwo pole fundamental wave, the machine hasto be originally treated asap =1
machine. The angle between the voltage phasors in the adjacent slots is given by
expression

a, =1130"p (1.8)
Q

For the fundamental n=1 (p = 1) the slot angle is

a == T - g (1.9)




a)
-12 -12
1 1
' -2
-12 -12 -12
1 1 11 1
2 -2 2 1
n=1 n=-11  n=13 'n=5 n=7
a,=30° a,;, =-330° 8,3=30° a,s =-150° a,,=210°
b)

Fig. 1.4. @ Winding arrangement of a 12-10-machine. b) Voltage phasor graph for the
fundamental and sum phasors for different harmonics of the 12-10-two-layer winding for phase
U located in slots 12-1 and 1-2.
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The winding factors of the 12-10-machine are now found with the sum phasor
graps kw1 = (1 + 1 — cos30° — c0s30°)/4 = 0.067, ky-s = 0.933, ka7 = 0.933, ky-11
= 0.069, kyiz = 0.067, ky-17 = 0.933 etc. In this machine ky.s = kwn, Which is the
working harmonic of the machine.

Asthe pitch factors are in this case kp = 0.259, ky.5 = — 0.966, kg7 = 0.966, ky-11
= 0.259, ky1z = 0.067, ky-17 = 0.933 and so on, the distribution factors should
have the same values to produce the winding factor of the double-layer 12/10
machine windings.

Both forward- and backward-rotating harmonic current linkages that do not
rotate in synchronism with the rotor may induce significant rotor eddy current
losses. Thisis especially important in concentrated winding machines. To avoid
the negative effects caused by the harmonics, the rotor should, in principle,
have no conductivity at all — the rotor materials should be perfect insulators.
The present-day sintered permanent magnets are far from insulators. NdFeB
magnets have a resistivity varying between 100-200" 108 QOm (Neorem 2009).
Such resistivity values, being only from four to eight times the resistivity of
normal construction steel, let large eddy currents run in bulky magnets, and
hence, significant eddy current losses may take place in the magnets if no
special efforts are made to prohibit the eddy currents from running.

The stator current linkage harmonics and the spatial harmonics caused by the
stator slotting (permeance variations) cause variations of the magnetic field in
the magnets. The permeance-harmonics-caused components of the rotor eddy-
current losses depend on the width of the slot openings (Toda et a. 2004).

Asin all normal three-phase motors, the multiples of the third harmonic field do
not induce any back electromotive force (emf) harmonics in the line-to-line
voltages of a three-phase machine, and hence, the third harmonic may be
present in the phase voltage of the machine without causing adverse effects.

1.2 Scope of thework and outline of thethesis

Thiswork done in Lappeenranta University of Technology is a follow-up to the
research series concentrating on permanent magnet machines. Tanja Heikkila
(2002) studied multiple-pole buried V-magnets in radial flux machines and
noticed that the torque density calculated with the machine outer dimensions
can be considerably increased compared with a four-pole induction machine in
the same frame. Panu Kurronen (2003) investigated torque quality and
minimization of torque ripple in axial flux machines. Pia Salminen’s work
(2004) provided new information about the behaviour and characteristics of
fractional dot radial flux machines. Asko Parviainen (2005) made a similar
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study on different axial flux machines concentrating also on the thermal design
of axial flux single rotor double stator machine. Janne Kinnunen (2007)
examined damping properties and realization of damper windings in axial flux
machines.

This work includes a number of main tasks related to the application of
permanent magnets concentrated winding open slot machines. Suitable
analytical methods are required for the first design calculations for a new
machine. Concentrated winding machines differ from normal integral slot
winding machines in such a way that adapted calculation methods are needed.
To this end, a simple analytical model for calculating the concentrated winding
axial flux machines is provided in this work. Determination of the magnetizing
and leakage inductances for a concentrated winding machine differs slightly
from traditional calculation methods. Torque production capability of
concentrated winding machines with different pole pair numbers and compared
with integral slot winding machines is studied in detail to show the potential of
the machine type for different agpplications. The magnetic length of rotor
surface magnet machines is studied and it is shown that the traditional methods
have to be modified also in this respect. The results of this study are valid for all
rotor surface permanent magnet machines without cooling ducts. An important
topic in this study has been evaluating and minimizing the rotor permanent
magnet Joule losses using segmented magnets in the calculations and
experiments. On the other hand, a concentrated winding produces a large
amount of harmonics — even sub-harmonics depending on the determination of
the harmonic system. Such a winding is, in practice, suitable only for the
permanent magnet synchronous machines because the rotor conductivity should
be as low as possible — preferably zero (Magnussen and Lendenmann 2007,
Pyrhonen, Jokinen, Hrabovcova 2008).

In this work, a prototype AFPM machine with concentrated windings, two
stators and a single rotor is designed and measured. Four different prototype
versions were used in the measurements. 1) a rotor with no magnets, 2) a rotor
with bulky magnets, 3) a rotor with radially segmented magnets and 4) a rotor
with tangentially segmented magnets (Figure 1.5). The two-stator-one-rotor
design balances, in principle, the axial magnetic forces acting between the
stators and the rotor.
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 —
Tangentially segmented Radially segmented
magnet magnet

Fig. 1.5. Magnet versions, dicing directions.

Chapter 2

Chapter 3

The chapter introduces the equations to analytically calculate the
correct mean radius and magnetic length of the axial flux
concentrated winding machine. This is done to solve the
inherently 3D axial flux machine problem as a two-dimensional
flux problem. Air gap flux density, back-emf, magnetizing and
leakage inductances, especially air gap leakage inductance, and
rotor Joule losses are analyzed. 2D and 3D Finite Element
Analysis (FEA) results are compared with each other and their
analytical counterparts are verified.

The torque production capability of a concentrated winding
machine with different slot-pole combinations is analyzed. A
comparison between the pull-out torques of concentrated

winding and integral slot winding machines is made and reported
in detail.
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Chapter 4 The results determined by a 2D analytical approximation are
compared with the 2D and 3D Finite Element Analysis (FEA)
and measurements on different rotor topologies.

Chapter 5 The final chapter summarizes the contributions of the work.
1.3 Scientific contributions of the work
The thesis has the following objectives:

1. Introduction of analytic equations and methods to design a 12-slot 10-
pole axial-flux machine (or its multiple) with rotor-surface-mounted
magnets.

2. Determination of the correct magnetic length of a PMSM with rotor
surface magnets.

3. Determination of the stator leakage inductance, in particular the air gap
leakage inductance in concentrated winding machines.

4. Comparison of the torque production capabilities of concentrated
winding and integral slot winding machines.

5. Evaluation of the permanent magnet Joule losses in an axial flux PMSM
with open slots.

6. Introduction of a new practical permanent magnet motor type for
industrial use. The special features of the machine are due to the
possibility of using concentrated winding and open slot winding
constructions of PMSM at the normal speed range of industrial motors,
for instance up to 3000 min™, without excessive rotor losses.

1.4 Most relevant scientific publications

The rated rotational speeds for the analyzed motors vary from 400 min™ to 3000
min®. Concentrated winding radial and axial flux machines are used in
calculations. Different slot-pole combinations are analyzed, the emphasis being
on 12-slot 10-pole machines, which are investigated in detail. The most relevant
publications are listed below.

Various low-speed high-torque permanent magnet synchronous motors with
concentrated windings and with different slot and pole combinations were
calculated analytically and by applying the finite element method (Flux2D™ by
Cedrat) in publications P1-P6. All the calculated motors were radial flux
machines with the same frame size of 225, air gap diameter, air gap length and
the same amount of permanent magnet material. A speed of 400 min® and an
output power of 45 kW were used. Comparisons of the torgue ripple and the
cogging torgue, losses and pull-out torques were carried out. In publications
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PA—P5, also the motor losses and torque capabilities in either open or semi-
closed stator slots were compared. The differences of rotor surface magnets and
embedded magnets were analyzed in publication P6. Publications P1 and P3
have been written by the author of this doctoral dissertation. In publication P1,
Hanne Jussila essentially contributed to determination of the iron losses and
stator inductances. In publication P3, Hanne Jussila played a key role in
presenting the requirements that are usualy set for desirable machine
constructions and determination of the stator inductances of the machines.
Publication P2 has been written by Pia Lindh (formerly Salminen). In this
publication, Hanne Jussila contributed to the determination of the cogging
torque values by analytical cogging torque equations. Publication P4 has been
written by Pia Lindh. In this publication, Hanne Jussila contributed in particular
to the analysis of Joule losses of permanent magnets. The publication P5 and P6
has also been written by Pia Lindh. In these publications, Hanne Jussila
essentially contributed to determination of the losses.

P1 Jussila, H., Salminen, P., Niemelg, M. and Pyrhonen, J. 2006.
“Comparing Different Slot-Pole Combinations of a Concentrated-
Winding Fractional-Slot  Permanent-Magnet Machine.” In
Proceedings of the Nordic Workshop on Power and Industrial
Electronics, NORPIE 2006. Lund, Sweden. CD.

P2 Salminen, P., Jussila, H., Niemelg M. and Pyrhonen, J. 2006.
“Torgue Ripple and Cogging Torque of Surface Mounted PM
Machines with Concentrated Windings.” In Proceedings of the
XVII International Conference on Electrical Machines, |CEM
2006. Chania, Crete Idand, Greece. CD.

P3 Jussila, H., Salminen, P., Niemelg, M. and Pyrhonen, J. 2007.
“Guidelines for Designing Concentrated Winding Fractional Slot
Permanent Magnet Machines.” International Conference on
Power Engineering, Energy and Electrical Drives, POWERENG
2007. Setubal, Portugal. CD.

P4 Salminen, P., Jussila, H., Niemelg, M. and Pyrhonen, J. 2008.
“Concentrated Wound Permanent Magnet Motors with Different
Pole Pair Numbers” 10S Press — Sudies in Applied
Electromagnetics and Mechanics, Vol. 30, 2008, pp. 253-258.

P5 Lindh, P., Pyrhotnen, J., Parviainen, A., Jussila, H. and
Niemelg, M. “Concentrated Wound PM Motors with Semiclosed
Slots and with Open Slots” I|EEE Energy Conversion.
Forthcoming.
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P6 Lindh, P, Jussila, H., Niemeld, M., Parviainen, A. and
Pyrhénen, J. 2009. “Comparison of Concentrated Winding
Permanent Magnet Motors with Embedded Magnets and Surface-
Mounted Magnets.” IEEE Transactions on Magnetics. Vol. 45,
Issue 5, May 2009, pp. 2085-2089.

Publication P7 addresses concentrated winding permanent magnet motors and
their ability to produce torque. Further, torque comparisons for integral slot
winding machines were made. The inductances and the maximum available
torque of a concentrated winding PM machine were examined as the pole pair
number and the number of slots per pole and phase g were varied within
compatible constraints. The machines under study had a 45 kW output power
and a speed of 400 min™. The results show that as q increases from 0.25 to 0.5,
the pull-out torque of the concentrated winding machine increases, obtaining
the highest values when g equals to 0.5. However, as q increases further and
integral slot windings (g = 1, q = 2) are used, the torque development will be
higher when the same rotor main dimensions are maintained. This indicates that
the selection of a concentrated winding construction must have other relevant
reasons than maximizing the rotor torque per volume ratio. Finite element
analysis (Flux2D/3D™ by Cedrat) and analytical eguations were used in
calculations. The author of this doctoral dissertation has been the first author in
this publication. Hanne Jussila contributed in particular to determination of the
stator inductances and the maximum available torques of the machines.

P7 Jussila, H., Salminen, P., Niemelg, M., Parviainen, A. and
Pyrhonen, J. 2007. “Torque and Inductances of Concentrated
Wound Permanent Magnet Machines.” International Review of
Electrical Engineering (I.RE.E.). Vol. 2, No. 5, September—
October 2007, pp. 704-710.

Publications P8—P10 focus on the iron losses and the eddy-current losses of the
magnets in concentrated winding PM machines. Publication P8 deals with loss
calculations of low-speed, 400 min?, 45 kW permanent magnet synchronous
motors with concentrated windings. The eddy-current losses in permanent
magnets of 3000 min?, 18.5 kW radial flux permanent magnet synchronous
motors with concentrated windings are reported in publication PO. Different
geometries and materials, such as open and semi-closed slots, different air gap
lengths, sintered and plastic-bonded Neo-magnets were evaluated. In addition,
the effects of a semi-magnetic slot wedge on the losses were analyzed. The
eddy-current losses in the magnets of a 2500 min™ / 3000 min™, 37 kW axial
flux permanent magnet synchronous motor with concentrated windings are
reported in publication P10. Different magnet materials, such as plastic-bonded
Neo-magnets and sintered segmented NdFeB-magnets were evaluated.
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Analytical Matlab™ and finite-element-method-based (Flux2D/3D™ by
Cedrat) programs were used in the calculations. The author of this doctoral
dissertation has been the first author in all the publications below. Hanne Jussila
has essentialy contributed to determination the eddy-current losses in
permanent magnets.

P8 Jussila, H., Salminen, P. and Pyrhonen, J. 2006. “Losses of a
Permanent Magnet Synchronous Motor with Concentrated
Windings.” In Proceedings of the 3" International Conference on
Power Electronics, Machines and Drives, PEMD 2006. Dublin,
Ireland, pp. 207-211.

P9 Jussila, H., Salminen, P., Pyrhtnen J. and Parviainen, A. 2007.
“Permanent Magnet Eddy-current losses in concentrated winding
12-slot-10-pole machines.” In Proceedings of International
Symposium on Electromagnetic Fields in Mechatronics, Electrical
and Electronic Engineering, | SEF 2007. Prague, Czech Republic.
CD.

P10 Jussila, H., Saminen, P., Parviainen, P., Nerg, J and
Pyrhonen, J. 2008. “Concentrated Winding Axial Flux Permanent
Magnet Motor with Plastic Bonded Magnets and Sintered
Segmented Magnets.” In Proceedings of the XVIII International
Conference on Electrical Machines, ICEM 2008. Vilamoura,
Portugal. CD.
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2 ANALYTICAL METHODSFOR CALCULATION OF AXIAL FLUX
CONCENTRATED WINDING PM MACHINES

This chapter addresses the analytical design method of concentrated winding
axial flux permanent magnet machines. First, the air gap flux density, with a
special emphasis on slot effects, is analyzed. Secondly, the torque production
capability of the machine as a part of the synchronous inductance Ly calculation
is addressed. The last main object is to analyze some calculation methods for
losses of the concentrated winding multiphase PM machine, with a special
reference to Joule losses of PMs.

Analytical methods are used in everyday basic machine design because they are
fast and easily produce the first practical dimensions of the desired machine.
Each design type, however, has its specia features, and hence, new analytical
machine design tools are frequently needed. For example, in this case, the target
is to analyze concentrated winding multiphase machines, which call for a
different approach compared with traditional machine design. Numerical
methods are used together with analytical ones to refine the design.

In the calculations and measurements, a 37 kW, 2400 min®, 12-slot 10-pole
prototype axial flux motor is used as a base reference (Machine 1). The
prototype machine has two stator stacks with one internal, ironless rotor disc,
two-layer concentrated windings (two coil sides share each slot vertically) and
rotor surface magnets. In the two-layer winding, the sots are divided vertically
because it minimizes the length of the end windings (Salminen 2004). Other
reference machines for calculation are concentrated winding radial flux
machines with an output power of 45 kW and a speed of 400 min™ (Machine 2;
Salminen 2004). In order to verify the analytical results obtained by the
calculation, 2D and 3D FEA are performed. The finite element analysis
program used in the computations is a Flux2D/3D version 10.2.4 by Cedrat.
Finally, a comparison of the experimental results for a prototype machine is
presented in Chapter 4. The main parameters of the machines are presented in
Table 2.1.



Table 2.1. Main parameters.

Parameter Machine 1 Machine 2
Machine type axial flux; radial flux;
two stator, one rotor inner rotor
Output power Poyt 37 kW 45 kW
Rotational speed ns 2400 min™ 400 min'*
Stator outer diameter D, 274 mm 364 mm
Stator inner diameter D; 154 mm 254 mm
Length of stator stack |re 75 mm 270 mm
Air gap length o 2mm 1.2 mm
Number of stator slots Q 12 12, 18, 24, 36
Number of rotor poles 2p 10 884

2.1 Modeling of concentrated winding axial flux machines

Analytical methods are needed for the base calculations of the machines, while
2D or 3D FEA are required for more accurate calculation. In particular, in
concentrated winding axial flux machines, the base calculation should be
accurate, because concentrated winding machines do not necessarily have a
similar magnetic symmetry as integral slot winding machines, and therefore, 2D
or 3D finite element modelling and calculation are time consuming. Because of
the magnetic similarity of every pole, it is possible to model integral slot
winding machines by modelling only one pole or one pole pair. In concentrated
winding machines, the possible symmetrical parts depend on dlot and pole
combinations asit is shown in Table 2.2.
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Table 2.2. Some dot-pole combination and symmetries for concentrated winding machines.

Slots/Poles Smallest slots/poles Symmetry parts
combination

9/8 - 1
12/8 3/2 4
12/10 6/5 2
12/14 6/7 2
12/16 3/4 4
21/20 - 1
24/16 3/2 8
24/20 6/5 4
24/22 12/11 2
24/26 12/13 2
24/28 6/7 8

Table 2.2 shows that there are machines that have to be modelled entirely or at
least half of the machine has to be modelled by the FEA. Figure 2.1 illustrates
the flux routes that display the symmetry of a radial flux 12-slot 10-pole
machine.

Fig. 2.1. Flux paths of a 12-sot 10-pole radia flux machine. The machine can be divided only
into two magnetically symmetric parts. It means that there are five different flux paths in
different poles.
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The axial flux machine can be calculated analytically or by 2D FEA tools using
the geometric mean radius (Valtonen 2007) or the arithmetic mean radius
(Gieras et al. 2008) as a design plane. The 2D modelling of the machine can be
carried out by introducing a radial cutting plane at the geometric or arithmetic
mean radius, which is then developed into a 2D radial flux machine (or linear
machine) model. Either a geometric or arithmetic mean radius is used in
different references (Valtonen 2007, Gieras et a. 2008). The geometric mean
radius r geom, mean Can be calculated as

Toeom, mean = 4/ Fo,adalli, axia (2.1

where roaxia 1S the outer radius and ri «ia the inner radius of the axial flux
machine. In the literature, the arithmetic mean of the air gap radius is also used
as a design plane. For example Gieras et al. (2008) recommend the use of
arithmetic mean ray mean

N 2 A
r - ro,axual rl,aX|al (22)

av, mean
2

in the calculation. If the geometric or arithmetic mean radius is used, the
magnet width to pole pitch ratio in an axial flux machine should be constant at
different radii and the stator should not be skewed. These methods are suitable
for power, voltage and cogging torque calculation, but they are not accurate
enough for iron losses calculation, and at least Quasi-3D is required (Parviainen
2005).

In principle, the rotor torque could be calculated using Fig. 2.2.
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Fig. 2.2. Cdculating the disk rotor torque.

The tangential force producing torque can be described if we assume the same
average tangential stress s, at acertain radiusr

Fiy =S o 2nrdr . (2.3)

If we use the working components of the linear current density Awn and the air
gap flux density B, wh, the tangential stress is found for cos/ = 1 (overlapping B
and A components) as given by (Pyrhdnen, Jokinen, Hrabovcova 2008)

A

Stm (X) = Bn,wh S.n(x)'a\/\lh S.n(x) ' (24)
and the average tangential stress becomes
S n(X)= 058, 1 Au (2.5)

In axial flux machines, however, the linear current density depends on the
radius and decreases as the radius increases.

In principle, the peak value of the linear current working component density is
obtained by dividing the peak value of the slot current by the slot pitch, also
taking into account the winding factor kywn Of the working harmonic. If the
number of dots per pole and phase is g, the number of coil turns is N, the
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number of phasesis m = 3, and the number of slotsis Q, we obtain the effective
peak current of the slot from the equation

- N.J.
I, :%, (2.6)

where is is stator current. The slot pitch is

2t -
" Qlp '

Since in a three-phase machine, there is a connection between the number of
slots per pole and phase g and the number of slots Q

Q=m2pq=6pq, (2.8)
based on the dimensions of the winding, we obtain for the linear current density

~ 3k, N
= Twwh s 2.9
Aun ot (2.9)

Asthe pole pitch is

-2 (2.10)

p 2p !
we see that the linear current density isinversely proportional to the radiusr.

A 3 wi NSIAS
A, :"an—:, (2.11)

If we assume the working component of the flux density to be independent of
the radius, we can write for the torque producing tangential stress

J— ~ ~ ~ 3 N i’\
S ()= 058, ,, A =058, kWW—: (2.12)
T

We now get for the torque

dT =F_ r=s,2nr%dr =
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s 3K, N A -
= 0.5B Mzm 2dr =B, ,, 3K, i N rdr (2.13)
Tr ' '

n,wh

The total torque of the disk sideis
s A & 3 ~ (s )
T= Cﬁn,wh 3kw,wh Ns'srdr - Bn,wh Ekw,wh Nsls ro,axid - ri,axid (214)

In the case of two stators, the torque found by Eq. (2.14) must be multiplied
by 2.

The linear current density at the arithmetic mean radius is

A 3kw wh NsiAs
A\A/h,a,mean = : ’ (215)

ri,axial + ro,axial

2
and at the geometric mean radius, the linear current density is

3kw wh NsiAs
=T wwh ss (2.16)
LT I

i,axid " o,axid

A\Nh ,geom, mean

Now we get for the average stresses

A

. 5 A 5 3kw wh Nsls
Snamen =058 A =Q5B _ wshcls 2.17)
' o ' liada 1 Voada
- \
2
. - A 5 3kw wh Nsls
S tan, geom,mean = O'SBn,wh ANh,geom,mem = O'SBn,Wh - (218)

T\ T il Vo, i

The corresponding torque values, if Sis used for the disk surface, become

T = ra’memSS tan, ar,mean (219)

ar,mean

or
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Tgeom,mean = r.geom,meanS;tm geom, mean - (220)

Equations (2.19) and (2.20), however, give the same results because the radii
are cancelled from the sentences. It is important to see which are the correct
inner and outer radii of the machine to be used in the calculations. This seems
to depend not only on the physical radii of the stator but also on the permanent
magnet length as it will be shown in the next consideration.

When we study the machine in 3D, taking the end effects of the motor into
account, it is easy to see that the rotor magnets should actually be longer than
the machine stator stack, Ire. Two cases are shown in Fig. 2.3. Theresult in Fig.
2.3e was found by 2D calculation. Because the stator teeth are in a higher flux
density than the air gap, as about 50 % of the slot pitch area is iron, the BH
curve of the magnetic material in 2D calculation was modified accordingly, that
is, the field strength was kept the same and the flux density was reduced by 50
% in the BH curve.
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Fig. 2.3. Flux behaviour produced by the rotor and the stator in PM machines. a) Principal
permanent magnet flux behaviour when the magnet and the rotor iron are of equal length with
the stator stack. The PM leakage flux is significant a the motor ends. b) The magnets and the
possible rotor stack are made longer than the stator stack, and sgnificantly more flux is
obtained in the stator. ¢) Flux generated by the armature; there is some armature leakage at the
ends. The armature flux a the ends of the motor bypassing the magnets does nat produce torque
in arotor surface magnet machine with no reluctance differences and may, hence, be regarded
as leakage flux. This flux can be regarded as leakage flux as the permanent magnet current
linkage does not reach beyond the rotor ends. d) The armature leakage is minimized when the
magnets are long and more torque is produced. €) 2D FEA-cal culated permanent magnet normal
flux density behaviour on the stator surface in the test machine with different magnet lengths. In
In Fig. 2.3e the flux density produced by the permanent magnet in the middle of the stator
length (35 mm) remains the same in the case of a long magnet compared with a short magnet.
The flux density integral islarger with long magnets.

In case 2.3a, the stator and permanent magnet lengths are equal (60 mm), and in
case 2.3b, the rotor PM lengths are selected to be I + 2d = 64 mm. The
effective 2D FEA-calculated electrical length from the viewpoint of the
permanent magnet flux is57.9 mm in the first case (96.5 % of the stator length),
and in case 2.3b 61.4 mm (102.3 % of the stator length). The stator lamination
is located between 5 mm and 65 mm and its length is, hence, 60 mm. This result
corresponds well to the results found by the 3D finite element analysis. When
comparing the measurement results and the 3D FEA results, it seems that in
analytic calculation, for security, one could select for the effective rotor length
only /' = Ige — 2d This value does not give too optimistic results to the torque
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and back-emf. The practical measurements in this case confirm that the analytic
calculations give the best results when I’ = | — 2d = 56 mm is selected for the
rotor length.

The traditional advice of calculating the effective length /' = | + 2dis given for
instance in (Pyrhdnen, Jokinen, Hrabovcova 2008). This equation is valid for
machines having stator and rotor current linkages longer than the lamination
stacks. It is, however, not valid for rotor surface permanent magnet machines
unless the permanent magnets are considerably longer than the stator stack.
This can be easily understood as in traditional machines the stator and rotor
current linkages reach beyond the stator and rotor stacks as the windings have
to travel straight towards the end windings. In the case of permanent magnet
excitation and equally long PM and I, the PM and armature leakages make the
machine rotor current linkage look shorter asit was shown above. In the case of
the tes machine studied in this thesis, the traditional equation |’ = I + 2d
could be used if the rotor and permanent magnet lengths were |ge + 4d, which in
this case would mean that the rotor should be 68 mm long while the stator
lamination is 60 mm long and the air gap is 2 mm. The observation of the PM
machine rotor length is important as it gives practical guidelines for motor
designersin selecting the permanent magnet dimensions.

The above observation also shows a new source for the stator leakage. When
calculating the stator magnetizing inductance, I’ = I + 2d can be used, but the
flux in the end areas of the stator does not effectively participate in the energy
conversion, and should hence be regarded as leakage flux, Fig. 2.3c. Thus, the
length of the magnets affects the leakage of the machine at least in principle,
because lengths of about 1.5d (Fig. 2.3e) at both ends of the stator (subtracted
from the traditional effective length I’ = I + 2d) do not take part in the torque
production but carry flux, which is traditionally considered the main flux but
changes here to leakage. Hence, the magnetizing inductance should be
calculated by I' =g —2d

When both the stator lamination stack and the rotor permanent magnets have an
equal length of 60 mm, the rotor magnets are seen as 56 mm long. Thus, when
calculating the stator magnetizing inductance, the value of 56 mm should be
used. By applying /' = Ire + 2d in the calculation of the stator magnetizing
inductance, the proportion lge + 2d — (Ire — 20d) = 4d of the magnetic length of
the traditional stator length produces leakage instead of magnetizing
inductance.

In analytical calculation, it seems that when calculating with the geometric
mean radius, the errors made in the calculation of the length when using lge



43

compensate each other and a good result for the torque is found. This, however,
is somewhat an erroneous method as the above study has shown. The correct
way of performing the analytical calculation could be to use the arithmetic
mean radius and take the PM leakage into account by shortening the effective
stack length in the case of magnets of equal length. If the magnets are made
longer than the stator stack, it is possible to directly apply the arithmetic mean
radius and the real length of the stack in the calculation or to increase the
effective lamination length even further if the magnets are long compared with
the stator stack.

Figure 2.4 shows the comparison between the 2D and 3D FEA induced voltage
over one pole pitch. The 2D FEA calculation uses either the geometric or

arithmetic mean radius as a design plane. | is used as the length of the stator
stack.

200
— 2D FEA, arithmetic mean
2D FEA, geometric mean

100

--- 3DFEA
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o ©

-100

-200
Time (s)

Fig. 2.4. Induced back-emf voltage over one pole pitch with the geometric mean radius (2D
FEA using /' = Ig), the arithmetic mean radius (2D FEA) and the 3D FEA.

In this case, using the geometric mean radius seems to compensate the error
made in the flux leakage at the ends of the rotor, and the calculation results of
3D and 2D calculations will be the same.

We can see in Fig. 2.4 that the 2D FEA result using the geometric mean radius
and | as the stator length has a good agreement with the 3D FEA result. The
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arithmetic mean radius with the 2D FEA and /' = I results in a greater flux
than the geometric radius with 2D or 3D. In this study, the arithmetic mean
radius is used as a design plane from now on, and the effective length of the
stator stack seen from the rotor is reduced according to the previous study /' =
Ire — 2d The arithmetic mean radius can be used, because the magnet width to
the pole pitch ratio in the axial flux machine studied is kept constant at different
radii. The induced back electromagnetic forces seem to be in good agreement
with radial and axial flux machines when using the arithmetic mean radius as a
design plane in 2D and the reduced effective stack length (Fig. 2.5).

200

— 2D FEA, arithmetic mean

2D FEA, arithmetic mean,

100 3 shorter stator stack
/ \ --- 3DFEA

015 0016 0.017 o.o& 0.019 0.07@/ 0.021
-100

-200

Induced Voltage (V)
o O

Time(s)

Fig. 2.5. Induced back-emf voltage over one pole pitch with the arithmetic mean radius (2D
FEA using ' = Igg), the arithmetic mean radius (2D FEA using [’ = Ig.—2d) and the 3D FEA.

Axial flux machines could also be calculated applying analytical or 2D tools by
replacing the actual 3D analysis by a number of 2D analyses as Parviainen
(2005) and Kurronen (2003) did. From the quasi-3D modelling point of view,
the axial flux PM machine can be considered to be composed of several linear
machines (without end effects) connected in parallel. The overall performance
of the axial flux machine is obtained by summing the performance of individual
linear machines. The approach allows taking into account different magnet
shapes and variation of tooth width in the direction of the machine radius
(Parviainen 2005).
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2.2 Analytical calculation of the magnetic flux density in theair gap

The air gap magnetic field distribution of rotor surface magnet axial-flux
permanent magnet motors can be analyzed using Zhu et al. (2002) analytical
solution. The model presented by Zhu et al. (2002) is an improved model of the
analytical solution by Zhu et al. (1993). The solution is made for concentrated
winding radial flux PM machines for a non-slotted stator applying 2D polar
coordinate technique. The model is simplified using the following assumptions
(Zhu et a. 2002): 1) Permanent magnets have a linear demagnetization
characteristic, and are fully magnetized in the direction of magnetization. 2)
End-effects are neglected. 3) The stator and rotor back-irons are infinitely
permeable. The open-circuit air gap flux density distribution for a PM motor
equipped with radially or parallel magnetized magnets is presented as

M, =i sin& e (2.22)
[P e 2 g
i oy

Ho IMmapy

1 for radial magnetization.
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A =& :p , (2.23)

A =—F€ 2P (2.24)

. LMy 1 o parallel
[gp- — =t — :
A =187 M,  m (2.25)
np for radidl,

i
: Lo

Mo =1 o gnge’“;w? (2.26)
: 2—ra,, —°& 2 tor radial,
I IuO aPM
I 2

a,, =Dm (2.27)
tp

where B, is the remanent magnet flux density, urpv IS the permanent magnet
relative permeability, apy IS the ratio of the magnet width to the pole pitch and
o is the physical air gap length, r; is the stator inner radius, r, the rotor radius,
rem the magnet radius and rs; the air gap radius. Figure 2.6 shows the

comparison of the air gap flux densities applying the analytical method and 2D
FEA.
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Fig. 2.6. Comparison of the air gap flux densties using the andytical method (Zhu et al. 2002)
and 2D FEA. A good match is seen.

Similar comparison is made for the air gap flux densities calculated by the 2D
and 3D FEA, Fig. 2.7.
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Fig. 2.7. Comparison of the air gap flux densities by the 2D and 3D FEA. The coarse form of
the 3D result is a consegquence of sparse elements.

Figures 2.6 and 2.7 show that the presented analytical estimation and the 2D
FEA give quite a good estimation for the air gap flux density of a concentrated
winding axial flux machine with a smooth air gap.

2.2.1 Sotting effect

The effect of the sator slots on no-load magnetic field distribution is
investigated. The air gap flux density always drops at stator slot openings, and
this effect has a significant influence on the values of the flux and the induced
voltage in the analytical calculation. For this reason, it is important to
accurately model the air gap flux density. Accurate caculation of the stator
dotting effect is also needed for calculating the possible cogging torque, Joule
losses in PMs, vibration, noise and forces affecting the windings, teeth and the
yoke.

In 1993, Zhu and Howe introduced two-dimensional relative permeance
functions, which take into account the effects of stator dotting in the air gap
flux dendty. The equation is based on the relative permeance function
presented by Heller and Hamata (1977). The specific ot permeance variation
due to the stator slots and a smooth rotor is written according to Zhu and Howe
(1993) as
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where the air gap flux density is assumed to vary with the circumferential
coordinate a, A, = my/ dy, , 0o = bi/ri, ax = 7u/ri, where by is slot opening width.
The air gap is defined here as

o, =d+ Mo (2.29)

Mew

where hpy isthe height of permanent magnet. The function j(r) is defined at the
axis of a stator dlot, and it depends on the radial position. The function f(r)
using the Schwarz—Christoffel (SC) conformal mapping technique is defined as

1

[ ED Lhev)

(2.30)

b(r) :%

@ D CD)i'DJCD) D D
OO _C\ e e ent?

The coefficient v isiterated from

1 \/a +v? tv, 2d,, 2d,,, % n

arctan =y—, (2.31)

\/a +v2-v Db b Jaz+v? b

where

(2.32)

Q105

andyisgiven as

Yy=r-r1+d,, (2.33)



50

Figs. 2.8 and 2.9 show the results of the analytical model and the 2D FEA.
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Fig. 2.8. Sotting effect applying the Zhu and Howe method (1993) and the 2D FEA.

The analytical solution has quite a good agreement with the FEA. However,
inaccuracies occur at the bottom of the slot and the boundary of the tooth and
the slot edge. The effect, which causes an increase in the flux density at the
tooth tips, is not taken into account in the analytical models. The no-load air
gap flux density is computed by the 2D and 3D FEA. The air gap flux density
digtribution waveforms obtained by the 2D and 3D analyses have been plotted
inFig. 2.9.
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Fig. 2.9. Axial flux motor air gap flux density waveforms: the 2D and 3D anayses along one
pole pitch. In 3D, therippleis caused by the FEA net quality. Bad elements are always present
in 3D. Their amount is typically in the range of 4 %. Local mistakes are emphasized but for
examplethe flux integral isusualy fairly accurate.

In the literature, many other improved methods for the dlotting effect are
presented, for instance by Zarko et a. (2006), Liu and Li (2007) and Dupas and
Espanet (2009). Nevertheless, the computation procedures presented in Zarko et
al. (2006), Liu and Li (2007) and Dupas and Espanet (2009) are more
complicated compared with the methods introduced in Zhu and Howe (1993),
and in this study, Zhu and Howe' s two-dimensional model is found sufficient to
model the slotting effect as the flux integral, voltage and torque calculations
match well enough with the measured results.

The flux of the machine phase can be calculated from the analytic flux density
solution seen in Fig. 2.10. As the working harmonic in this case is the fifth one,
the windings of a certain phase are located only at certain teeth, in Fig 2.10 on
theteeth 12, 1, 7 and 8. The maximum flux of a certain pole can be found when
a permanent magnet is located so that the centre lines of the magnets and the
centre lines of the teeth are in the same positions. Integrating the positive flux

pulse under the tooth gives the maximum flux for the pole F . The flux linkage
of the whole winding is calculated by ¥ =k, ,,N.@ . The induced voltage is

w, wh

then é=wY .



1 2 3] 4 6 7 8 9 1 11 12 Ja
8OO0 EB 00 B R
05 Kﬂ/ WJ} ql \H/ \r \J

-15

Flux density (T)
o

Fig 2.10 Air gap flux density and the permanent magnet positions of aradial flux machine or an
axial flux machine at a certain radius. The x-axis co-ordinate is given in mm for the machine
observed. Calculating the maximum flux of a pole can be done in such a pole where the magnet
and the tooth observed are aligned (in this case between 200 mm and 300 mm).

In radial flux machines the width of the skewed magnets and in axial flux
machines the flux linkage and the voltage are calculated from the flux density
distribution and the winding arrangements are solved slice-wise (Kurronen
2003). In radial flux machines with no skewing the flux can be calculated
simply in one plane.

2.3 Torque and inductances

In arotor surface magnet machine, the direct- and quadrature-axis magnetizing
inductances (Lmg, Lmg) and the stator leakage inductance Ly, form together the
synchronous inductances Lq and Lq, which can be used in the evaluation of the
machine torque production capabilities in analytical calculations (Gieras and
Wing 1997, Hendershot and Miller 1994). The torque capability is inversely
proportional to the inductances

Zee
L

mpEU

éM—s4n(d) +
s @ Ld

(2.34)

i
L,

Qldo
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where ws is the dsator angular frequency, o is the load angle, Epu
electromagnetic force and Us the supply line phase voltage. The torque is
divided into two parts. excitation torque and reluctance torque. The excitation
torque (the first term in 2.34) developed is generated by the interaction between
the magnets and the current, and represents usually most of the total steady-
state torque available. The reluctance torque is additional torque and results
from the saliency (the second term in 2.34 — inductance difference). Despite the
slight permeability deviation of the permanent magnet from the permeability of
vacuum (mpy » 1.05mg) for rotor-surface-mounted magnets, the direct- and
quadrature axis inductances (Lq, Lg) can, in practice, be supposed to be equal
without making a major mistake, and hence, no saliency is assumed. In practice,
there may be inductance differences caused by the saturation of iron parts
(Parviainen 2005). It is assumed aso in this study that the two series-connected
stators are equal measured by the magnetic parameters. In practice, there could
be differences caused by the construction, assembly problems and so on
(Parviainen 2005).

For small machines, where the per unit stator resistance is larger than 0.01, the
stator resistance should be taken into account in the torque equation (Gieras and
Wing (1997)).

The equivalent air gap is defined as (Pyrhdnen, Jokinen, Hrabovcovéa 2008)

dg, = kcgiu I*;;M : (2.35)
PM @

and the effective air gap length taking also the average effects of iron of the
magnetic circuit into account

5
P 2, o (2.36)
m,PM ﬂ m,Fe,ave

e
dy =K. §d +
where kc isthe Carter factor and |y main flux path length.

k= EQarctanbl In 1+ aebl (2.37)
ng 2d Db eZdﬂH

Ke=—2U —, (2.38)
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where « is the factor for reduction of slot opening.

M agnetizing inductance

Magnetizing inductance for an integral slot winding multiphase machine
according to (Pyrhdnen, Jokinen, Hrabovcovéa 2008) is solved as

2mpy Ly 2
L =—2__ - | N.)7, 2.39
) (ko) (2.39)

where g is the permeability of air, ¢, is the pole pitch and /" is the effective
length of the stator core depending on the rotor construction as discussed above.
In a 12-10-machine, the mutual coupling is established in a different way
compared with an integral slot winding machine, but the coupling still exists.
However, using the pole pitch width ¢, in the calculation of the magnetizing
inductance of a concentrated winding machine may lead to too large an
inductance value. Equation (2.39) assumes sinusoidal flux distribution along the
whole pole pitch. This, however, is not the case in concentrated winding
machines, where the flux is concentrated mainly on the tooth areain the air gap.
We may here refer to Fig. 1.2 in Chapter 1; it helps to understand the main flux
behaviour of concentrated winding machines, even though the figure shows
mainly the PM flux. In concentrated winding machines, the air gap area through
which the flux travels to produce flux linkage is the area spanned by the coils
Q/m through the areat /', as illustrated in Fig. 3.5. By taking such an approach,
the magnetizing inductance for a three-phase machine can be solved as
(Hanselmann (2003) and Salminen (2004))

2 t
md:%Q 51K, NG (2.40)
T >nqd,
m

L

which is proposed for concentrated winding machines instead of Eq. (2.39). The
effective air gap is defined by (2.36).

L eakage inductances

In this work, modified leakage inductance equations are given for a
concentrated winding machine based on Vogt (1996) and Richter (1954, 1963,
1967). The leakage inductance L, can be divided into five components, which
are according to Richter (1954) air gap leakage inductance, slot leakage
inductance, end winding leakage inductance, tooth tip leakage inductance and
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skew leakage inductance. The skew |leakage inductance is not considered in this
study.

Air gap leakage inductance

The air gap leakage flux differs from the other leakage fluxes. The air gap
leakage flux is crossing the air gap while the other leakage fluxes do not
(Pyrhonen, Jokinen, Hrabovcovéa 2008). The other leakage fluxes are illustrated

in Fig. 2.10.
Rotor Roﬂ
d e Tooth tip leakage flux c]
Stator O
End winding leakage flux
- Slot leakage flux b)

Stator
a)

Fig. 2.10. Leakage flux components. a) Slot and tooth tip leakage flux and b) end winding
leakage flux.

Air gap leakage inductance could be presented as

Ls = LS5 (2.41)

where the factor o5 can be modified from the winding harmonics content
presented by Richter (1954)

2
s;=a é_vz , (2.42)
le—¥ wh @
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where the v is the ordinal of the harmonic, ky, is the winding factor of the
harmonic and ky wn is the winding factor of the working harmonic. In a 12-slot
10-pole machine, the working harmonic is the 5", and the leakage factor is
calculated using the 1%, 7, 11" 13™ harmonics (etc.) according to Eq. (2.42).
Often in practical concentrated winding multiphase machines, the fundamental
harmonic 1% is part of the leakage factor, because it is not the working harmonic
of the machine. In this work, this system for the harmonics was partly selected
as Eq. (2.42) can be directly applied to the leakage calculation. With the
subharmonic presentation, Eq. (2.42) should be modified accordingly.

Slot leakage inductance

A magnetic field crossing from one side of a slot to the other side links the coil
sides in a somewhat different way when there is a two-layer winding in the slot,
and the slot is divided horizontally instead of vertical division. However, in this
study, horizontal and vertical divisions of the slot are assumed equal. According
to Richter (1954), the sot leakage inductance can be defined as

4m

L = EIUOI ' N 2/ (243)

u s u?

where the slot leakage factor /, depends on the slot geometry and the winding

construction. Different ot shapes and equations for the slot leakage factor are
given in Vogt (1996), Richter (1954) and Jokinen (1973). The slot leakage
factor for atwo-layer winding according to Richter

/u:klh4'h+k2§£+ﬂ+ M p R0, (2.44)
3b4 b4 b1 b4'b1 blﬂ 4b4

where the dimensions by, bs, hy—hy areillustrated in Fig. 2.11. b’ isthe possible
insulator thickness between the upper and lower conductors in a double-layer
winding.
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Fig. 2.11. Sot dimensions.
The factors k; and k;, can be calculated as

_5+3g

k= (2.45)
Kk, = 1+29 _ (2.46)

According to Richter (1967), a “two-layer” factor, which multiplies the
permeance between the coils in the slot, to take into account the difference of
the phase shift of two coils in the same slot, can be found as

1 &
= C0sqg. . 2.47
9= 35,8 005G, (2.47)

The angle y_ is the temporal phase shift between the currents of the coil sides.

The summation includes all coil sides of one phase. The dot leakage inductance
is calculated independently for each slot connected in the winding section under
observation. Equation (2.47) has to be modified so that it suits a concentrated
winding. This can be done by comparing the winding construction of the 12-slot
10-pole machine with an integral slot winding with g = 2 with short-pitching
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W/t, = 5/6, where W is the coil width. Figure 2.12 illustrates the phase (A)
winding constructions of these two machines (q = 0.4 and g = 2 W= 5/6).

Fig. 2.12. a) All cails in one phase (U) for a concentrated winding g = 0.4 and b) All cailsin
one phase (U) for anintegral slot winding q =2, W/, = 5/6.

We modify Eg. (2.47) into

g= cosg, (2.48)

i
1

30|~
Qos o

If semi-magnetic slot wedges of a width byedge = b1 are used, the slot opening
width by can be calculated as by = Buedge/ M, wedge-

End winding leakage inductance

The end winding leakage flux is created by the magnetic field that surrounds a
coil after it leaves one slot and before it enters another slot. The end winding of
the prototype machine isillustrated in Fig. 2.13.



Fig. 2.13. End winding of a double-layer concentrated winding.
The end winding inductance can be defined as (Richter, 1963)

L, = %m 1Nl / (2.49)

where the average length |, of the end winding leakage factor / , is defined as

1/ = 2] oy *Wa/ (2.50)

ew’ lew

The factor ley is the height and Wew is the width of the end winding. The
reactance factors for the end windings / |ew and / v depend on many parameters,
such as the structure of the winding and the order of end winding layers. There
are several methods available to estimate the values for these factors, as for
instance given by Richter (1954, 1963, 1967) and Jokinen (1973). In this study,
the reactance factors / oy, = 0.518 and / w = 0.138 were used; they are defined
for synchronous machines by Richter (1963). The width of the end winding of
the concentrated winding arrangement is the same as the slot pitch ¢, (Salminen
2004).

In axial flux machines, the inner and outer end windings are of different sizes.
The division direction of the slot either vertically or horizontally also produces
asmall difference, which is, however, ignored here as the calculation of the end
winding leakage is based on empirical knowledge in any case. Gieras et al.
(2008) present different estimations for the permeance factor of the end
connections of the axial flux machine. For double-layer, low-voltage, small-
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and medium-power machines, the permeance factors of the inner and outer
connections according to Gieras et a. (2008) are

W
/W,in 2 (251)
ewm ﬂ
2 W,y O
! o 0. 17§1- = * (2.52)
ewout ﬂ

where lew,in IS the length of the inner end connection and lew,out the length of the
outer end connection, W, the inner coil span and W ot the outer coil span. The
total permeance factor is the sum of Egs. (2.51) and (2.52)

w,in + /w,out (253)

Both Egs. (2.50) and (2.53) lead to quite similar results in the prototype
machine.

Tooth-tip leakage inductance
Tooth-tip leakage inductance is produced by the leakage flux penetrating viathe
air gap to the next tooth. The tooth tip inductance of the phase coil is by Richter
(1967)

L, = 4—(;" 1l N2/ . (2.54)

According to Richter, the leakage inductance factor can be defined by

(2.55)

where df,, isdefined according to Eq. (2.35). In atwo-layer winding, some coil
sides in a slot belong to two different phases, and thus, there occur different
currents in the same slot. The factor ky, which takes this into account, is
calculated as presented in the slot leakage inductance section of this work.
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2.4 Joule losses of permanent magnets

Eddy current losses in the rotor permanent magnets are caused by three
different reasons (Sahin et al. 2001, Arrilaga and Watson 2003, Nerg et al.
2002). First, a concentrated winding stator produces a large amount of current
linkage harmonics generated flux densities travelling across the permanent
magnets, thereby causing eddy currents. These are called winding harmonics.
Secondly, the large slot openings cause flux density variations that induce eddy
currents in the permanent magnets. These are called permeance harmonics.
Finally, frequency-converter-caused time harmonics in the stator current
waveform cause extra losses in the rotor. In this study, however, frequency-
converter-caused time harmonics are not analyzed. In general, present day
industrial frequency converters use switching frequencies in the range of 34
kHz. Such a switching frequency often produces an overall efficiency
maximum to an industrial variable speed drive as the sum of losses in the
converter and the motor is minimized (Slaets et a. 2000). In industrial
induction motors the frequency-converter-caused losses are concentrated,
especialy, on the rotor surface. Some increase in the stator copper and iron
losses can also be observed.

In a permanent magnet machine with no damper winding and with segmented
magnets, the transient inductance is quite large — in the range of synchronous
inductance — and hence, the motor current remains fairly sinusoidal.

Significant eddy-current losses in the PMs will not only affect the machine
efficiency, but may also result in excessive heating, which could lead to
irreversible deterioration in the machine performance, for instance
demagnetization of the magnets. Eddy current losses may occur also in the rotor
under the magnets. In this study, this is not considered, and non-conducting
rotor material is used in the calculations. This is justified because in the
prototype machine there is no iron in the rotor at al.

For practical reasons, in the following, the winding-harmonics-caused and
permeance-harmonics-caused losses will be studied separately even though
such an approach may lead to a somewhat erroneous result because the
winding-harmonic-caused and the permeance-harmonic-caused  flux
components can either strengthen or cancel each other in the air gap, which,
because of the nonlinearity of materials, can prevent the superposition of the
loss components (Jokinen 1973).

Figure 2.14 illustrates permeance-harmonic-caused (no load, B, = 1.03) and
winding-harmonic-caused (rated load, B, = 0) PM Joule losses calculated by the
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2D FEA compared with the total harmonic-caused (rated load, B, = 1.03) PM
Joule losses calculated by the 2D FEA for a 12-dlot-10-pole machine.

3500
W 2D FEA, noload (Br = 1.03) +
3000 rated load ( Br = 0)
2 2500 02D FEA, rated load (Br = 1.03)
g 2000 -
°
S 1500 -
3
= 1000 -
500 -
0 - m

1 2 5 10 20
Number of segments

Fig. 2.14. Permeance-harmonic-caused (no load, B, = 1.03) and winding-harmonic-caused
(rated load, B, = 0) PM Joule losses calculated by the 2D FEA compared with the total
harmonic-caused (rated load, B, = 1.03) PM Joule losses calculated by the 2D FEA for a 12-
dot-10-pole- machine. One magnet is segmented into 20 pieces at maximum.

2.4.1 Joulelosses caused by winding harmonics

Some analytical models on calculating the eddy-current loss in the rotor of a
radial flux permanent magnet machine have been presented in the literature. In
most of the publications, it is assumed that the magnet losses in a radial flux
permanent magnet machine caused by the space harmonics of the stator
windings and the stator slotting are negligible. Polinder and Hoeljmakers (1999)
give a model for the magnet losses caused by the time harmonics of the stator
currents. In this study, the same model is applied to calculate the magnet losses
caused by the space harmonics of the stator windings. In the model, the stator
current linkage is represented by an equivalent current sheet on the surface of
the magnets. There is a restriction that the magnet width has to be small
enough, because the magnet flux density is assumed constant over the magnet
width. The eddy-current losses per unit of magnet volume are calculated as.
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(2.56)

where bpy is the magnet width, ppv the permanent magnet resistivity and Jem

the current density. Equation (2.56) is comparable with the eddy-current losses
in laminated iron.

The analytical model for Joule loss prediction in permanent magnets in
Cartesian co-ordinates is based on a cross-section of a two-pole PM machine

(Polinder and Hoeijmakers 1997, 1999, 2000) shown in Figure 2.15. The
magnets are numbered from 1 to Npy.

Fig. 2.15. Cross-section of the two-pole PM machine (Polinder and Hoeijmakers 1999).
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The total magnet losses are defined as

Pow.ec » 2prsl gehpy

dpatp, +5in(pa, ) (B cos(pp)2
edt @

2
- rSI FehPM bPM

12r o

@ D> D D D2 D>

(P, - sin(pas, JE% (Bsin(po)

where Npy is the number of magnet segments per pole and S is the spatial angle
between the stator and magnet field.

Further, at least the eddy-current losses in the magnets can be estimated
similarly as the eddy current losses in the iron if the depth of penetration is
higher than the magnet segment height hpy. The length of the magnet is
substantially larger than the magnet width bpy. Also the end effects are
negligible.
VD5, B

2.58
12r (2:58)

PM,ec

where Vpy is the magnet volume. The angular frequency w, is calculated for the
phenomenon under study, and it is different for each harmonic, ppu is the
resigtivity of the magnet material, and the magnetic flux density B is found by
the flux analysis.

The method introduced by Atallah et al. (2000) is also based on representing the
stator current linkage distribution by an equivalent current sheet. Only the
losses caused by the stator current linkage space harmonics are analyzed.
Analytical models also assume that in an actual machine the skin depths
associated with most of the dominant stator space harmonics are usually greater
than the magnet dimensions, and therefore the induced eddy currents are
resistance limited so that their influence on the inducing magnetic field
distribution is negligible. The eddy current loss per unit axial length in one
magnet is given by

O 2n/Wrpm  @py /2

PPM’QCZZ_n 00 O rlprdrdgdt (W/m) (2.59)
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Here, the - sign appliesto v = 3k + mand + signto v = 3k —m. The value for m
= + 1 is dependent on the winding configuration (Toda et a. 2004). For the 12-
slot-10-pole machine m = -1. The space harmonic order is v, ps and p; are the
fundamental numbers of pole pairs associated with the stator winding and the
rotor, 2 isthe rotor angular velocity and

j— 2NSiAS

m,

k (2.65)
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In a12/10 machine ps = 1. Because the machine produces the harmonics +1, -5,
+7 (and so on) and works with the fifth harmonic, Egs. (2.61) and (2.63)
contain the relative speeds of the harmonics bypassing the magnet. The fifth
harmonic does not produce travelling stator harmonics in the magnets.

Ede et al. (2002) present a computationally efficient 3D technique to determine
the influence of the axial segmenting of the permanent magnets on the rotor
eddy-current loss in concentrated winding PM machines. Axial segmentation of
the permanent magnets of a surface-mounted magnet rotor has been shown to
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be effective in reducing the rotor eddy-current loss in concentrated winding
radial flux machines.

Ishak et al. (2005) extend the model presented in Atallah et al. (2000) by
considering time harmonics in the stator current linkage distribution. The phase
current waveforms are calculated from the analytical simulation models.

Prototype

In concentrated winding multiphase machines, the fundamental and other than
the working current linkage harmonics cause high rotor eddy currents if the
rotor has conductivity. In a 12-10-machine, the working harmonic that produces
torque is the 5™ harmonic, and the main reason for rotor eddy current losses is
the behaviour of the fundamental and the 7" harmonic, which travel in a
different direction compared with the rotor. The stator supply frequency is 200
Hz and harmonics and their frequencies with respect to the rotor are given in
Table 2.3. The 3 and its multiples are not included in the observation.

Table 2.3. Space harmonics of the 12-slot-10-pole machines and the frequencies caused by
these harmonics at the rotor surface, when the stator supply frequency is 200 Hz.

Space harmonic order Frequency (Hz)

1 240
-5 0
7 68.6
-11 21.8
13 55.4
-17 28.2
19 50.5

In this study, the results given by the models by Polinder and Hoeijmakers
(1999) and Atallah et al. (2000) are compared with the time-stepping finite
element analysis (2D FEA) calculations for a 12-slot-10-pole machine with
different magnet segments, when the supply frequency is 200 Hz. FEA
calculations are done with electrically conducting non-magnetized permanent
magnets under a typical stator phase current with a rated load. Figures 2.16—
2.17 show a comparison of PM Joule losses calculated by both analytical
models and the 2D FEA.
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Fig. 2.16. Stator-harmonic-caused PM Joule losses calculated anaytically by the Atallah et a.
(2000) method and the 2D FEA for a 12-dot-10-pole machine. One magnet is segmented into
20 pieces at maximum.

200 W 2D FEA
O Atallah (2000)

= 150 Polinder (1999)
=3

O

o 100 +

>

S

& 50

0

Number of segments

Fig. 2.17. Same results as in the previous figure calculated anaytically by the methods by
Atallah et a. (2000) and Polinder and Hoeljmakers (1999) and the 2D FEA for a 12-dot-10-
pole machine. One magnet is segmented into 20 pieces at maximum.
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Figures 2.16 and 2.17 show that the model by Atallah et al. (2000) is
appropriate to anayze the PM Joule losses caused by space harmonics for all
different size segments. The model by Polinder and Hoeijmakers (1999) is
appropriate when the magnet segments are so small that the magnetic flux
density can be considered constant over the magnet width, which is mentioned
as a restriction in their publication (Polinder and Hoeijmakers 1999). Radial
segmentation of the permanent magnets of a surface-mounted magnet rotor has
been shown to be effective in reducing the rotor eddy-current loss as Atallah et
al. (2000) and Polinder and Hoeljmakers (1999) have presented. In this work,
the influence of the segmentation direction was also studied; tangentially and
radially segmented magnets were investigated by practical measurements.

2.4.2 Joulelosses caused by per meance harmonics

Joule losses generated in PMs because of stator slotting have been studied in
some publications. Especially in concentrated winding machines with open
dlots, the air gap flux density pulsations owing to the slot openings are high, and
the Joule losses in the magnets caused by permeance harmonics have to be
taken into account (Ishak et al. 2005, Reichert 2004, Deak et al. 2006, Deak et
al. 2008). An analytical calculation model is presented by Markovic and
Perriard (2008). In the Markovic and Perriard model it is assumed that only the
dot opening influences the air gap magnetic field regardless of whether the
teeth have crowns or not, in other words, the rest of the slot has no influence.
Therefore, the slots can be treated as infinitely deep. The influence of dotting
may be taken into account by introducing a 2D permeance function that
modulates the air gap flux density calculated by Zhu's and Howe' s method
(1993) in the analytical calculation. The permeance function is based on a
Fourier series presentation of the flux density under the slot opening. The mean
loss of one magnet is obtained from a simple form:

372 ¢ = b, 60 U
P =DV § 28y & Lo gy g" 2 (2.60
27 o " 8 nnby,, gH
which includes
& ¢ gaunb,, 60 U
MOD = a K281- é u sing =0 (2.67)
§ &by, t. ap

where v, is the rotor surface speed and K, the coefficients obtained from the 2D
modulation function. MOD describes the proportion of losses caused by the
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permeance variations. Figure 2.18 illustrates the modulation function. The
modulation function describes the changes in the air gap flux density caused by
the dlot opening permeance variation. The permeance function is assumed a
continuous function, and hence, it can be described with a Fourier series. Figure
2.18 shows an example of the permeance function, and the caption gives the
coefficients presented by Zhu and Howe (1993). An analogous approach is
given in Pyrhotnen (1991, p. 61).
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Fig. 2.18. Modulation function according to Zhu and Howe (1993) and the corresponding
Fourier-series-based factors for the prototype machine are Ko = 0.8618, K; = - 0.2282, K, = -
0.1219, K3 = - 0.0312, K, = 0.0052, K5 = 0.0042.

In this study, Eq. (2.66) is is also provided for segmented magnets by
substituting bpw by Dpv,segment 0 get SOme estimation of losses for segmented
magnets. There is also one restriction in the publication: The skin depth in the
magnet should be higher than the dimensions hpy and bpy of the magnet pieces
(Markovic and Perriard 2008).

The stator slot openings cause a variation of the magnetic field in the magnets,
this component of rotor eddy-current loss being dependent on the width of the
slot openings and the pole/slot number combination. For the 12-slot-10-pole
machine, the supply frequency is 200 Hz, the rotor is rotating 40 s*, and one
magnet passes 12 dots in one revolution. The first slot harmonic frequency
causing eddy current in the magnets is then 480 Hz. Slot harmonic frequencies
are presented in Table 2.4.
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Table 2.4. Slot harmonic ordinals and frequencies of the 12-slot-10-pole machine, supply
frequency 200 Hz.

Slot harmonic order Frequency on rotor surface (Hz)
1 480

960

1440

1920

2400

2880

3360

3840

4320

© 00O ~NO Ol WN

The results from the analytical calculations have to be compared with the
time-stepping finite element analysis calculations with electrically
conducting and magnetized permanent magnets under no-load situation
(Fig. 2.19). The FEASs take into account only the induced eddy-current
component that results from the variation of the magnet working point
caused by the stator slotting.

1000 1 W 2D FEA
900 O Markovic (2008)
800
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300 -
200 -
100 -

0

PM Joule losses (W)

—

1

| .

5 10 20
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Fig. 2.19. Permeance-harmonic-caused PM Joule losses calculated analytically by the Markovic
and Perriard method (2008) and by the 2D FEA for a 12-dot-10-pole machine. One magnet is
segmented into 20 pieces at maximum.
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We can see that the iteration is not valid when the magnet width is not relative
small. In the calculated machines, the skin depth of the first slot harmonic is

m = 0.027 m, (2.68)

2 o _\/ 2x.5X10°
2nfMpy .\ 2mx480X1.0554m10"

where f is the slot harmonic frequency. The Joule losses results of 10 and 20
segments are only at an acceptable level, in which the skin depth is clearly
higher than the PM dimension hpy and bpy. (Markovic and Perriard 2008).

Figure 2.20 shows the proportion of losses (obtained by the 2D FEA) caused by
the space harmonics resulting from the winding distribution and the space
harmonics caused by the stator slotting. These results were obtained calculating
the losses at no-load and load conditions. At no load, there are no stator
harmonics present, but the permeance harmonics remain.

120 O Pulsation effect
B Slotting effect
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Fig. 2.20. Proportions of PM Joule losses caused by the winding and permeance harmonics
calculated by the 2D FEA for a 12-dot-10-pole machine.

Figure 2.20 shows that the eddy current losses of the permanent magnet in the
concentrated winding motor with open slots are mainly produced by the stator
slot openings, especialy, when segmented magnets are used. Tables 2.3 and 2.4
show that the frequencies of the stator harmonics are low compared with the
frequencies of the permeance harmonics. The amplitudes of the permeance
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harmonics are also large compared with the stator harmonics. These facts
explain why the proportion of the slotting effect increases as the amount of
glices isincreasing.

The amplitude of the permeance-harmonic-caused flux pulsation is large
compared with the amplitudes of the stator harmonics because the magnetizing
inductance is low. Even the working harmonic armature reaction (Lmgpu. = 0.3)
is small and, especially, other armature-harmonics-caused flux densities are
considerably weaker than the permanent magnet density changes caused by the
slot openings above the magnets, because the winding factors of the harmonics
are usually low.

2.5 Other losses

Winding losses
P, =3RI72, (2.69)

where Rs is the alternating current (AC) resistance for one phase winding and s
is the phase current (RMS). When the current frequency is high and the
conductor cross-section is large enough, eddy-current losses are induced in the
copper as aresult of skin and proximity effects.

Stator core losses

The losses include the hysteresis losses, the Joule losses and the excess losses.
The iron losses are defined in the periodic state (time stepping magnetic
applications over one complete period); Cedrat’s Flux2D is employed in finite
element computations (Bertotti et al. 1991, Cedrat 2009). The iron losses are
calculated in a magnetic region during the analysis.

17 é g2 {;&ﬂo (270)

,15
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where Bis the maximum flux density in the element concerned, f the
frequency, ore the conductivity, d the lamination sheet thickness, k, the
coefficient of hysteresis loss, ke the coefficient of excess loss and k; is the filling
factor. The factors depend on the steel material applied.

The analytical equation for iron losses presented by Deng (1999) includes the
harmonic effect of the flux densities
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where f and B are the frequency and peak value of the flux density, ky, Ke, Kexe
and « are constants determined by the loss data provided by the manufacturer.
An empirical correction factor ke, is applied to take into account the effect of

minor hysteresis loops on the hysteresis loss. g’i? is the RMS value of the

edt grus
rate of change of the flux density with respect to time in an AC cycle.

A different analytical equation for iron losses is presented by Pyrhdnen,
Jokinen, Hrabovcova (2008). Hysteresis losses can be written as

R, = fVb,,. (2.72)

Empirical equations yield an approximation for the hysteresis loss

R, =hVIB". (2.73)

where the exponent n varies typically between [1.5, 2.5], A being an empirical
constant.

Joule losses
bhr? f2d°B?  V xn® f 2d?B?
, = S . (2.74)
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Further, hysteresis and Joule losses together in the stator yoke and teeth
aB, o
P =k._P 2l 02 (2.76)
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The hysteresis losses are roughly proportional to the sguare of the flux
density, and the Joule losses are proportional to the square of the flux density.
It is determined that both losses are proportional to the square of the flux
density. Further, a compromise is made with the power of the frequency. The
hysteresis losses are, in principle, directly proportional to the frequency, and
Joule losses are proportional to the square of the frequency; thus, together the
losses are about proportional to f¥2. The iron coefficients are found by a
curve-fitting approach of the material data from the manufacturer.

The iron losses calculated by Eq. (2.77) give the following values for the test
machine, Table 2.5. The remanent flux density of the PM at 20 °C is B¢ =
1.1 T in the no load situation and at 80 °C, Bygoc = 1.03 T in the rated load
situation.

Table 2.5. Analytically calculated iron losses of the 12-dot-10-pole machines in no-load and
rated load situations, the coefficients Keeys=1.5 and kees=1.7 for yokes and teeth were selected
according to Mdller et a. (2008). One magnet is segmented into 1 or 20 pieces.

Rotor equipped with PreydW Prad/W  Single stator Double stator
iron losses W iron losses W

No load; bulky

magnets 80 230 310 630
No load; radially 80 220 200 580
segmented magnets

magnets

Rated load; radially 70 190 250 510

segmented magnets

Additional losses

Additional losses are usually losses caused by the flux harmonics and other core
losses except stator eddy and hysteresis losses of the working harmonic. These
losses vary significantly for different machines and various operating
conditions. The additional losses can be calculated by (Gieras and Wing 1997)

Py =K4P. (2.78)
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where the additional loss coefficient for PM machines ko = 0.03...0.05 for
small machines up to 10 kW, Ky = 0.005...0.01 for medium-speed machines up
to 100 000 kW and ksq = 0.003...0.005 for large-power machines. The PM
machine type also has an effect on the coefficient.

Mechanical losses can be calculated by the equation
P, =k, D (I + 0.6 t))i° (2.79)

found for instance in (Pyrhénen, Jokinen, Hrabovcova 2008). k, = 15 Ws/m’
for totally enclosed fan-cooled small machines.

When the average diameter is used for D,, and the length 0.06 m, we obtain 220
W.

2.6 Summary

Basic guidelines for the analytical calculation of axial flux concentrated
winding PM machines were introduced. It was shown that an axial flux PM
machine can be modelled as a radia flux PM machine by applying the
arithmetic mean radius as a design plane. The analytical calculation of the air
gap magnetic flux density for a non-slotted and slotted stator was presented.
Equations for magnetizing inductance and different leakage inductance
components were presented. Special attention was paid to the evaluation of
permanent magnet Joule losses. It was shown that a major part of the permanent
magnet Joule losses are due to the stator dotting when the motor is supplied by
sinusoidal current. The frequency-converter-caused time harmonics are not
analyzed in this study. The analytical calculation results were verified by
comparing them with the numerical results obtained from the 2D and 3D FEA.
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3 TORQUE CAPABILITIES OF DIFFERENT WINDING
CONSTRUCTIONS

There is discussion whether concentrated winding or integral slot winding PM
machines should be used for a certain application; this question is discussed in
this chapter with examples of machines having the number of slots per pole and
phase varying from g = 0.25 to q = 2 and fixed motor outer dimensions. In the
following study, the mass of PM material, back emf and the stator outer
dimensions are kept constant.

The end windings in a concentrated winding with g £ 0.5 are notably smaller
than in integral slot winding machines, which provides an opportunity of using
a large rotor and producing large torque in predetermined machine overall
dimensions. The short end windings also guarantee low copper losses. With
careful design, a very good torque quality of a concentrated winding machine
can be achieved.

This study, however, indicates that the torque production capability of integral
dot windings is good compared with concentrated winding machines. There
may also be problems with the rotor losses in concentrated winding machines as
the permanent magnet material flux density pulsates heavily in concentrated
winding machines, especially in open slot machines. Hence, the machine
designer must be aware of all the factors and find a good design compromise. It
seems that because of high rotor magnet losses, concentrated machines suit best
for low-speed high-torque applications if permanent magnet losses cannot be
limited to atolerable level at higher speeds.

This chapter addresses the behaviour of inductances and the maximum
available pull-out torques of concentrated winding machines with g £ 0.5
compared with integral slot winding machines. All the motors studied have
rotor-surface-mounted magnets. Inductances and pull-out torques are calculated
for concentrated winding machinesq = 0.25, q=0.29,q=04and q= 0.5 and
integral slot winding machines g = 1 and g = 2. The equations applied in
inductance calculation were given in Chapter 2. The pull-out torques of some
machines are also verified by FEA calculations using Flux2DO by CEDRAT
(Salminen 2004). Tables 3.1 and 3.2 summarize the machines under study.
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Table 3.1. Slot numbers Q of concentrated winding machines studied in the work.

a/p 4 5 6 7 8 10 11 12 13 14 15 16 21 24

0.25 12 18 24 36
0.29 12 24 36

04 12 24 36

0.5 12 18 24 36

Table 3.2. Slot numbers Q of integrd dot winding machines studied in the work.

dp 2 3 4 5 6 7 8 9 10 11 12

1 12 18 24 30 36 42 48 54 60 66 72
2 24 36 48 60 72 84 96 108 120 132 144

3.1 Machine parameters

All analyzed machines have the same frame size 225. This frame size is usually
used in 50 Hz network-driven industrial induction machines with the rated
output torque of 150400 Nm (ABB 2007) depending on the number of poles.
With a higher amount of poles, the rotor in the same frame size, and
correspondingly the torque, can be larger than in machines with two magnetic
poles. The frame size specifies the outer diameter and overall length of the
motor. The machine magnetic length and the air gap diameter were selected to
be constant parameters to keep the rotor volume equal for all the machines.
Such an approach will indicate the torque capability differences between
different constructions. The torque and volume dependence is presented as
(Pyrhdnen, Jokinen, Hrabovcova 2008)

T =kD2, (3.1)

where k is a machine type dependent constant, D; is the rotor diameter and I, is
the rotor length. The equation shows that the torque is proportional to the rotor
diameter squared and directly proportional to the rotor length, that is, the
volume of the rotor. The constant values used in the comparison are given in
Table 3.3.
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Table 3.3. Machine constant parameters.

Stator stack length, Ire 270 mm
Stator stack outer diameter, D, 364 mm
Stator stack inner diameter, D; 254 mm
Air gap length, ¢ 1.2 mm
The amount of the permanent

magnet material, mpy 103 kg
Rated output power, Pqyt 45 kW
Rated speed, ns 400 min™*

Also the back-emf is used as a fixed parameter. It is set equal to or higher than
0.9 of the supply voltage. To achieve the same back-emf for all the machines, in
machines with g = 0.5 and 0.25, more winding turns are required than in
machines with g = 0.4 and 0.29 because of the lower winding factor. When
using such fixed parameters, all the machines do not have an optimal design as
for instance the stator yoke flux density can be low in some designs;
nevertheless, indication of the torque producing capability is found. The flux
densities in the stator teeth and yoke were selected to be about 1.8 Tand 1.6 T,
respectively.

3.2 Inductances and torques of concentrated winding machines and
integral dot winding machinesin the case of semi-closed slot openings

Inductances and the maximum pull-out torque developed by concentrated
winding machines equipped with different number of slots and poles are
analyzed. Semi-closed slots are used; the relative slot opening width (ba/z,)
varies between 0.08 and 0.09. The magnetizing inductance equation for
concentrated winding machines was given in Chapter 2. The per-unit (p.u.)
magnetizing inductance value trends with different numbers of slots per pole
and phase are shown in Fig.3.1.
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Fig. 3.1. Per unit magnetizing inductances of concentrated winding machines with numbers of
slots per pole and phase q = 0.25, 0.29, 0.4 and 0.5 (Jussila et a. 2007).

Figure 3.1 shows that for a constant value of q, the magnetizing inductance
(p.u.) decreases as the number of pole pairs increases. This may be expected,
because the magnetizing inductance is inversely proportional to the square of
the pole pair number p, Eq. (2.40), where Q = 2pgm. Also the slot pitch z,
decreases when p decreases with a certain q value.

The equations for the leakage inductances for concentrated winding PM
machines are described in Chapter 2. By reorganizing the leakage inductance

components applying Q = 2pgmand ¢, = ™D,

, the leakage inductance can be

written as

A 2
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Figure 3.2 presents the leakage inductances of concentrated winding machines.
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Fig. 3.2. Leakage inductances of concentrated winding machines with numbers of slots per pole
and phase q = 0.25, 0.29, 0.4 and 0.5 (Jussila et al. 2007).

For a constant value of q, the leakage inductance increases as the number of
pole pairs increases. This is due to the fact that the leakage inductance is
inversely proportional to pg. In Eq. (2.19) the factor sqand Lng are small and
the main part of leakage inductance is formed by the tooth tip and slot leakages,
which both depend on pg. The synchronous inductance, however, is the sum of
magnetizing and leakage inductances, of which one component increases and
the other decreases as a function of pole pair number, and therefore, the
synchronous inductance will get a minimum value at some p.

The dependency of torque on the number of slots per pole and phase q of the
concentrated winding machines is studied. Analytically calculated pull-out
torques for concentrated winding machines are presented in Fig. 3.3. Pull-out
torques are also verified by FEA in (Salminen 2004).
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Fig. 3.3. Pull-out torques of concentrated winding machines with g = 0.25, 0.29, 0.4 and 0.5
(Jussilaet a. 2007).

It can be seen that machines having q = 0.25 give the smallest pull-out torques.
A higher torque was produced when g was increased (Salminen 2004, Salminen
et al. 2005, Salminen et al. 2006, Jussila et al. 2007).

The inductances and torques of the integral slot winding machines were
compared with the values of concentrated winding machines. Semi-closed slot
openings are used. In Fig. 3.4, the magnetizing inductance Lg and the leakage
inductance Ly, are calculated analytically for a concentrated winding (g = 0.5)
and an integral slot winding machine (q = 2).
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Fig. 3.4. a) Synchronous inductance Ly, magnetizing inductance Ly and leakage inductance L,
of a concentrated winding (q = 0.5) machine as a function of pole pair number. b)
Corresponding values of integra slot winding (g = 2) machines as a function of pole pair
number (Jussilaet a. 2007)
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Also the pull-out torques are calculated analytically and verified by 2D FEA
calculations, Fig. 3.5.
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Fig. 3.5. 8) Maximum pull-out torque of a concentrated winding (q = 0.5) machine as a function
of pole pair number. b) Corresponding value of an integral slot winding (g = 2) machine as a
function of pole pair number (Jussila et a. 2007).

The study shows that for both integral slot winding and concentrated winding
machines, it is possible to find optima for p values with g as a parameter, at
which the pull-out torqueis at highest. With high pole pair numbers, the amount
of leakage inductance is dominating, while with a low pole pair number, the
magnetizing inductance is dominating; consequently, the synchronous
inductance will get a minimum value in the area between these extreme val ues.

Fig. 3.6 shows the pull-out torques as a function of p and q for concentrated
winding and integral slot winding machines.
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Fig. 3.6. Pull-out torque as a function of p and g for concentrated winding and integra slot
winding PM machines.

When comparing integral slot winding machines and concentrated winding
machines, it is noticeable that the per unit inductances and pull-out torques
behave quite similarly as a function of pole pair number. The minima and
maxima are located at about the same pole pair numbers. However, integral slot
winding machines produce more torgque with the same rotor size.

A small synchronous inductance is necessary to obtain a high torque from the
permanent magnet motor. The maximum torque is inversely proportional to the
synchronous inductance (Tmax @L4™). The results show that as q increases from
0.25 to 0.5, the pull-out torque of the concentrated winding machine increases.
However, as q increases further and integral slot windings (g = 1, q = 2) are
used, the torque development will be higher when the same rotor main
dimensions are maintained. This indicates that selecting a concentrated winding
construction must have other relevant reasons than maximizing the rotor torque
per rotor volume ratio.

It is possible to take an advantage of the short end windings of concentrated
windings by inserting a longer stator stack compared with the stack of integer
dlot wound machines in the same frame size. Consequently, longer active parts
will give more torque (Cros and Viarouge 2004, Salminen 2004, Libert and
Soulard 2004). Concentrated winding machines also provide an opportunity of
using a large number of poles, which leadsto alow stator yoke thickness, hence
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making it possible to increase the rotor size in the same overall motor volume
again. However, the mechanical and manufacturing issues must be taken into
account, and hence, the stator yoke cannot be always made as thin as the
magnetic calculations should indicate. For example if the stator yoke is welded,
typically 5-10 mm of the yoke material is easily lost because of the weld
penetration in the yoke.

3.3 Inductances and torques of concentrated winding machinesin the
cases of a semi-closed slot opening and atotally open slot

Inductances are evaluated for concentrated winding machines, when q varies
from 0.5 to 0.25; both open slots and semi-closed slot structures are studied.
The pull-out torques for some concentrated winding machines with rotor
surface magnets are given in Fig. 3.7 (Salminen 2004, Lindh et al. 2009).

25 —

semi-closed dots
= open slots

15

Pull-out torque (p.u.)

0.5

O T T T T 1
0.25 0.3 0.35 0.4 0.45 0.5

Slots per pole and phase q

Fig. 3.7. Pull-out torques of some concentrated winding machines with rotor surface magnets
(Lindh et al 2009).

With open and semi-closed slots, the machine main flux varies significantly,
and hence, the number of turns in series per stator windings varied from 84 to
120 to induce a similar back-emf, which was at least 0.9 of the supply voltage.
The induced back electromagnetic force RMS value can be calculated as

- I/Vsl\lskw,wh¢

V2

= (3.3)
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where wis the electric angular frequency, Ns the number of turns in series per
stator winding, kwwh the fundamental or working harmonic winding factor and

F the peak value of the flux passing through the magnetic pole.

Machines with open dot structures must have more winding turns compared
with machines with semi-closed slot structures to produce the same back-emf.
Thisis because the amount of flux that can flow through the air gap to the stator
teeth is higher in the semi-closed structure. In an open slot structure there are
narrow teeth facing the air gap, and therefore, the area through which the flux
can flow is smaller. Figure 3.8 illustrates the effect of semi-closed and open
slots.

Fig. 3.8. 36-dot-24-pole motor, which has a) semi-closed slot openings with the relative ot
opening width of 0.09 of the dot pitch and b) open dots with relative dot opening width of 0.6
of the dot pitch (Lindh et al. “Concentrated Wound PM Motors with Semiclosed Slots and with
Open Sots.” |EEE Energy Conversion (forthcoming)).

In (Lindh et al. 2009) it was observed that with semi-closed dSlots the
efficiencies of different machines were slightly better. Thisis, of course aresult
of the main flux variation and the change of the number of turns.

3.4 Summary

Concentrated winding permanent magnet machines with rotor surface magnets
give a high torque, when the number of dots per pole and phase q is chosen to
be either 0.4 or 0.5. The concentrated winding machines with g = 0.5 produce
the highest pull-out torque values. However, using this number of slots per pole
and phase (g = 0.5) leads to high sensitivity in selecting the machine
dimensions because the torque quality of the machine is strongly dependent on
correct mechanica dimensions (Salminen 2004, Salminen et al. 2006).
Furthermore, very high torgue ripples and cogging torques easily occur inaq =
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0.5 machine (Salminen 2004, Salminen et al. 2006). In most studied cases, the
concentrated winding machines give a lower pull-out torque than integral slot
winding machines with the same rotor dimensions. However, concentrated
winding machines provide some benefits such as small copper losses and small
end windings in certain applications.

Rotor surface magnet motors with open slot structures give slightly higher pull-
out torques, but the efficiencies of the open slot structures remain somewhat
lower than in motors with semi-closed slots. This is mainly due the higher stator
Joule losses. An attractive solution would be to manufacture machines with
totally open slots to have the simplest possible stator structure, which of course
also provides a means to reduce production costs. Open slot machines can be
wound automatically.

According to the previous study, the 12-dot-10-pole concentrated winding
machine is one of the best alternatives when concentrated winding machines, in
general, are desired. Its torque producing capability is almost as good as with g
= 0.5 machines (Salminen 2004) and not very much lower than in integral slot
winding machines. As the winding arrangement provides an opportunity to
increase the rotor size in a certain overall size compared with integral slot
winding machine rotors, it seems that the 12-10-machine is a good compromise
among concentrated winding machines with g £ 0.5.

In the following chapter, a new 12-10-axial-flux PMSM construction is
introduced for normal industrial speeds. The basic construction was selected
because its manufacturing costs are low compared with integral slot winding
machines and because it is easy to integrate such a short machine into a
working machine construction such as a fan or a compressor. Such machines
operate & normal industrial speeds from 1500 to 6000 min™. In this speed
range, a special problem with concentrated winding and open slot machines is
the heavy permeance-harmonics-caused eddy current loss in the permanent
magnets, and therefore special effort has been put to find a solution to solve the
magnet heating problem in the design.
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4 PROTOTYPE MACHINE AND TEST RESULTS

The prototype machine is a two-stator-one-rotor axial flux permanent magnet
machine with an ironless rotor. The rotor is regarded here as a surface magnet
rotor as the magnets are facing the stators. In the tests, the machine was
equipped with different rotors, in particular with different kinds of magnet
arrangements. As the rotor is of special construction, there are no iron losses
under the magnets; such losses are possible in other types of permanent magnet
machines. The magnets define the rotor thickness and are facing both stators.
The gtator winding is a double-layer concentrated winding, where the number
of slots per pole and phase g = 0.4. The two stators are electrically connected in
series to ensure good balance of the machine. The magnet material type is
NdFeB 495a by Neorem Magnets, see Fig. 1.2 in the introduction. The
construction of NdFeB magnets varied from just one bulky magnet per pole to
segmented magnets where there were 20 magnet segments per pole either in
radial or tangential direction. The magnet segments are glued together. The
thickness of the glue is 0.1 mm in each bond.

The rotor core material is totally nonconductive and made of impregnated glass
fibre. The stator material is standard electrical steel sheet 270-35A (Cogent
2009). The rated power of the machine is 37 kW and the rated rotational speed
2400 min™. The winding arrangements are shown in Fig. 4.1. Some main
dimensions and mechanical arrangements are illustrated in Fig. 4.2.

Fig. 4.1. Locations of the stator coil sidesin dots
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Fig. 4.2. Main dimensi ons and mechanical arrangements.

Figure 4.3 illustrates the mesh used in the FEA calculations and the time steps
applied in the 2D and 3D FEA; 6.94 usin 2D and 34.7 usin 3D.



b)

Fig. 4.3. Mesh figuresin a) radial flux machine 2D FEA and b) axial flux machine 3D FEA.

Some of the motor parts are shown in Fig. 4.4. Fig. 4.4a shows the stator
lamination stack before the windings were inserted. Fig. 4.4b shows one of the
stators equipped with the two-layer concentrated winding. Fig. 4.4c illustrates
the glass-fibre-made magnet supporting rotor frame and Fig. 4.4d shows the
rotor with magnets inserted.



93

©)

Fig. 4.4. a) Sator lamination stack, b) one stator equipped with windings, c) rotor frame, d)
rotor with magnets assembled

As it can be seen in Fig. 4.4a, the stator lamination is not ideal as the teeth do
not bend but all the bending takes place in the stator yoke adjacent to the slot
area. This causes a radius variation to the stator lamination, which may cause
slight extralosses in the motor.
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The main parameters of the machine are listed in Table 4.1.

Table 4.1. Main parameters of the prototype machines.

Number of stator dots, Q 12
Number of rotor poles, 2p 10
Winding f_actor of the fif_th harm_onic of the stator 0.933
(the machine operates with the fifth harmonic), kys

Output power, Poyt 37 kW
Speed, ns 2400 min™
Line-to-line terminal voltage in star connection, U 400 V
Winding turns in series per stator winding, Ns 64
Rated torque, Ty 147 Nm
Rated current, Is 59-61 A
Length of air gap (on both sides of the rotor) ¢ 2.0 mm
External diameter of the stator stack, Do, axia 274 mm
Internal diameter of the stator stack, D; axia 154 mm
Stator yoke height, hys 21 mm
Thickness of PM, hpy 16 mm
PM remanent flux density, 20 °C, Bxoc 11T
PM remanent flux density, 80 °C, Bisoc 1.03T
Mass of magnets (NdFeB), mey 3.9kg
PM resistivity rpy 150 mQcm

The machine is totally enclosed and fan cooled. Fig. 4.5 illustrates the motor
without and with a fan. The fan motor input power is 350 W.
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Fig. 4.5. Motor without afan and with an externally operated fan.

In the measurements, the prototype motor was fed by a variable-speed
frequency converter (ABB M1 DTC converter) and rotated or loaded with a
direct current (DC) machine drive. The torque of the motor was measured with
two different torque transducers; in the load tests, the rated torque of the torque
transducer was 200 Nm, and when the rotor mechanical loss and the permanent
magnet losses were measured in the DC motor drive, the torque transducer rated
torgue was selected to be 50 Nm in order to obtain more accurate results for the
rotor mechanical loss. The electrica values of the PM machine drive were
measured with a Yogokawa PZ4000 power analyzer. Table 4.2 shows the
measurement devices and their uncertainties, and Fig. 4.6 illustrates the test
setup.

Table 4.2. Measurement devices and their accuracies.

M easurement
. uncertainty (%
Measurement device of the rated
value)
Torque transducer: Vibrometer, Torquemaster TM-214 0.2
Torque transducer: Vibrometer, Torquemaster TM-204 0.2
Reading unit for torque transducer: Vibrometer, DCU 280 0.1
Power analyzer: Y okogawa PZ4000 0.1
Current transducers 0.2
Reading unit for the temperature values: Fluke Hydra 01

2620A
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Fig. 4.6. Load test arrangement for the concentrated winding axial flux PM. The measured
prototype motor was supplied by a frequency converter. The torque and the rotating speed were
measured with a Vibrometer torque transducer. The eectric power was measured with a
Yogokawa PZ4000 power analyzer equipped with three current transformers. Four
thermoel ements were mounted in the stator windings and two in both stators for temperature
analyses. A Fluke Hydra 2620A measured the temperatures.

The main parameters of the frequency converter are given in Table 4.3.

Table 4.3. ABB M1 DTC converter parameters.

Average switching frequency 4 kHz
Converter rated current 60 A
Converter input voltage 400V
Motor rated voltage 230V
Motor rated speed 2400 min™
Motor supply frequency 200 Hz
Motor power 37 kW

4.1 Stator resistance

The stator phase resistance was measured with four wire measurements to be
0.02 mQ for one stator at room temperature. 0.047 mQ was measured for the
whole motor by using the motor identification run of the ABB M1 frequency
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converter. The motor cabling was taken into account in the measurement results
by the frequency converter.

No-load measurements

The no-load tests were performed in the generator mode using the DC machine
drive as a prime mover. The no-load test was performed to evaluate the induced
back-emf, stator iron losses, the Joule losses of the permanent magnets and the
mechanical loss in no-load conditions. The measured no-load voltages of the
machine are given in Table 4.4.

Table 4.4. Measured and calculated FEA 2D/3D voltages at no load at 2400 min™ in the
generator mode.

Measured 2D FEA 3D FEA

Rotor equipped with EPM (V) EPM (V)  EPM (V)
radially segmented magnets 220 222 -
tangentially segmented magnets 227 - -
bulky magnets 220 229 225

The analysis of the voltages given in Table 4.4 is presented in Figs. 4.7 and 4.8.
A comparison of no-load voltage waveform between the measurements and the
computation results are given in Fig. 4.7, whereas Fig. 4.8 illustrates the effect
of segmentation. The figure shows a gslight voltage drop, which is proportional
to reduction in the magnet volume caused by the glue bonds between the
segments.



98

400
300

— 3D FEA

200

/‘ \ — Measurement

100 -

168900

0.001 0.002

0.&3 0.004 0.00%

Induced voltage (V)
o

-200

\ /

-300

NS

-400

Time(s)

Fig. 4.7. Voltage with the 3D FEA and the measurement. The no-load voltage waveform was

measured for the motor equipped with bulky magnets, and it corresponded well with the voltage
computed by the 3D FEA.
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Fig. 4.8. Effect of segmentation. The voltage drop is proportional to the changein volume of the

magnet mass when segmented magnets (20) are used. Half of the axia flux machine (one stator)
is moddled to the radial flux machine.
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One of the most important and interesting results is related to the losses of the
permanent magnets. To find the permanent magnet losses, the no-load
mechanical loss of the rotor was first measured without magnets. The
permanent magnet slot openings were covered during the test to ensure a
smooth rotor surface. The loss was measured by using a 50 Nm torgue gauge,
and the result may be considered reliable. The no-load mechanical loss of the
machine was measured to be 170 W. The measured no-load losses of the
machine are given in Table 4.5.

Table 4.5. Measured losses at no load a 2400 min in the generator mode compared with the
2D FEA results.

2D FEA losses (W) +

Rotor equipped with Measured losses (W)  measured mechanical
losses (170 W)

radially segmented magnets 630 630

tangentially segmented magnets 680 c;anl(cr:ﬁ;t%ovsvsi'ttr):ztg)

bulky magnets 2000 2400

Rotor frame (no magnets) 170 -

There are also some differences in the measurements of the motor equipped
with rotors having either radially or tangentially segmented magnets. This is
mainly because there were some difficulties in achieving exactly the same air
gap lengths in all cases. There was also a voltage drop in the actual
measurement, which may partly explain the smaller loss in the case of bulky
magnets. The measured loss was smaller than the loss evaluated by the 2D
FEA.

To find out the losses in the permanent magnets, the stator no-load iron losses
should be known. As the motor flux cannot be varied, definition of the iron
losses is difficult. Hence, FEA calculations are used to facilitate the definition
of the iron losses at no load. According to the finite element analysis, the iron
losses in the stator should be 370 W at Epy = 229 V. With segmented magnets,
the iron losses in the stator were calculated to be 350 W at Epy = 222 V. The
corresponding losses in the bulky magnets were calculated to be 1900 W, and in
the segmented magnets 110 W. Table 4.6 gives an estimation of the loss
division at no load.
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Table 4.6. Loss division at no load a 2400 min® in the generator mode. No-load losses and
mechanical losses are measured, while iron losses and loss in PMs are estimated from the 2D
FEA results.

Iron Lossin  Lossin PM (W)

Rotor No-load Mechanical loss PM — No-load 10ss

\j‘ﬂt‘r']pped 'Orsrfeg’s\’)’ 'Orsrfeg’s\’)’ W), (W), - Mechanical loss
FEA FEA - Iron loss

radially

segmented 630 170 350 110 110

magnets

tangentially 350

segmented 680 170 (estima- - 160

magnets tion)

bulky

magnets 2000 170 370 1900 1500

There is a 50 W difference in the loss results of the tangentially and radially
segmented magnets. In practice, it is impossible to say which segmentation
produces the smallest losses as the difference may result from a measurement
uncertainty or it may be caused by differences in the motor assemblies.
Nevertheless, the loss in the bulky non-segmented magnet is about 1500 W,
which is such a large value that it cannot be accepted. Actualy, the non-
segmented magnets were slightly demagnetized during the no-load test because
of too large a heat stress. This test very clearly indicated that there can be
severe losses in NdFeB magnets if harmonic flux density components are
present. This motor type emphasizes the losses in bulky magnets, but the motor
can be operated with segmented magnets with a good efficiency.

4.2 Load measurements

The machine was driven as a motor supplied by an ABB M1 frequency
converter and loaded with a DC motor drive to achieve arated output power of
37 kW. The most important results are given in Table 4.7. The distribution of
lossesisgivenin Table 4.8.

Table 4.7. Measured losses at the rated load at 2400 min® in the motor mode.

Rotor equipped with Measured total losses (W)
radially segmented magnets 1250
tangentially segmented magnets 1300

bulky magnets -

Nno magnets 170
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Table 4.8. Loss distribution at load at 2400 min™ in the motor mode. The load losses and
mechanical losses are measured, while the iron losses, copper losses and loss in the PMs are
estimated from the 2D FEA results.

Lossin PM
Loss (W) (+
L oad Mgcha— Copper in  additional loss
Rotor loss nical Iron loss loss PM (W))
equipped (W) loss (W), (W) (W), =Loadloss
with ’ (W), FEA ' FEA - Mechanica
meas. calc.
meas. loss
- lron loss
- Copper loss
radially
segmented 1250 170 330 560 100 190
magnets
tangentially 330
segmented 1300 170 (estimation) 560 - 240
magnets

The efficiency of the prototype motor with both segmented magnets at the rated
load was measured to be between 0.96-0.97. The measured efficiencies with
two different rotational speeds are shown in Fig. 4.9.
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Fig. 4.9. l\l/leasured efficiencies with radially and tangentially segmented magnets at 2400 and
2000 min™.

The phase winding temperatures with two different rotational speeds are shown
in Fig. 4.10.
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Fig. 4.10. Temperatures at rated loads. a) Radially segmented and b) tangentially segmented
magnets at 2400 min™.
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4.3 Maximum pull-out torques

The torgue as a function of load angle for the bulk and segmented magnet (20
pieces) machines calculated by the 2D are shown in Fig. 4.11 and Fig. 4.12.
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Fig. 4.11. Torque curve as afunction of load angle for the bulk magnet machine.
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Fig. 4.12. Torque curve as a function of load angle for the segmented (20 pieces) magnet
machine.

Figures 4.10 and 4.11 show that the bulk magnets produce more torgue than the
segmented magnets.

4.4 Cogging torquewith the 2D and 3D FEA

The cogging of the motor was calculated both with the 2D and 3D FEA. The
cogging of this motor is, however, not very important as the motor is mainly
aimed at integrated pump and fan applications, and hence, the cogging torque of
the machine was not measured. One may also observe that the cogging torqueis
not very high, about 34 % of the rated torque. The waveform of the cogging
torques caculated with the 2D and 3D FEA are shownin Fig. 4.13.
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Fig. 4.13. Peak-to-peak values of the cogging torque in (%) of the rated torque with the 2D and
3D FEA.

4.5 Summary

A 37 kW axia flux machine was designed and constructed. A comparison
between the theoretical and experimental results with the prototype machine
was presented. The anaytical, 2D and 3D FEA values together with the
measured values show a good agreement.
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5 CONCLUSION

The work focused on the properties of concentrated winding multiphase
permanent magnet machines. Such machines have their benefits and drawbacks,
however, their analytical calculation and also the 2D FEA-based analysis will
pose some challenges. The 3D FEA is a good design tool, yet too time
consuming for practical applications at the moment.

The benefits of the machine type may be regarded as.
Extremely compact design.

Low amount of copper needed as the end windings are very short
compared with traditional integral slot winding machines.

Small stator and rotor yokes needed as pole numbers are high.

Large rotor volume, and hence, large torque per predetermined outer
dimensions.

Suitable construction for, especially, large-torque low-speed
applications.

Good torque quality when properly designed.

Low manufacturing costs because prefabricated windings can be used,
especially, in open slot constructions.

The main drawbacks of the machine type are:
Difficult to design applying traditional analytical methods.

High permanent magnet losses as the flux density in the permanent
magnets fluctuates heavily because there is no smooth stator surface, but
between each tooth there can be large spaces of air that make the
permanent magnet material flux density vary considerably causing high
losses in sintered materials.

At higher speeds, more expensive segmented permanent magnets are
needed to avoid large Joule losses in the magnets.

In the work, concentrated winding multiphase machines were analyzed
numerically by Cedrat’s Flux2D/3D version 10.2.4. and by measurements. One
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of the objectives of this study was to study the effect of permanent magnet
segmentation in a concentrated winding multiphase axial flux machine. Also the
effect of the segmentation directions on the motor performance and the PM
Joule losses were studied experimentally.

The scientific contributions of this thesis can be listed as:

1. A set of analytic equations and methods were found to design a 12-slot
10-pole axial-flux machine with rotor-surface-mounted magnets.

2. The correct effective length of aPMSM with rotor surface magnets was
determined.

3. Stator leakage inductance, especially ar gap leakage inductance
calculation was clarified.

4. The torgue production capabilities of concentrated winding and integral
dot winding machines were compared.

5. The permanent magnet Joule losses in an axial flux PMSM with open
dlots operating at atypical industrial machine speed were evaluated.

6. A new practical permanent magnet motor type for industria use was
introduced.

After having built a prototype with several different rotor constructions, the
induced back-emfs of the three different rotor constructions were measured at
no load. The analytical results, Cedrat’s Flux2D/3D results and the measured
results of the no-load voltage were compared. There was quite a good
correspondence between the measured, 2D and analytical results of the
segmented magnets.

One of the rotors was equipped with bulky permanent magnets. It became
obvious already in the no-load tests that bulky magnets cannot be used in these
kinds of machines because of excessive Joule losses in the magnets.

The efficiencies of the three different rotor constructions were measured in no-
load and load tests. The permanent magnet losses at no load were separated by
measuring the friction losses without permanent magnets in the rotor and
calculating the stator Joule losses by Cedrat’s Flux2D/3D. At load aso the
stator copper losses are taken into account. Of course, there occurred also some
inverter-caused time-harmonic-based losses in the measurements; however,
these losses were not studied in detail in the thesis.

5.1 FutureWork

In the analytic calculation of Joule losses, a considerable uncertainty still
remains, and hence, the calculation methods should be further developed.
Optimization of the magnet width and the slot opening width to reduce cogging
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in the proposed motor design should be carried out. The Joule losses in the
magnets could maybe be further reduced by suitable means, for instance, by
using semi-magnetic slot wedges. Moreover, the mechanical construction of the
ironless rotor should be further developed to reach higher speeds and a more
rigid rotor construction as a whole.
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