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Abstract

This master thesis is partly a deeper study of which was presented in the special-
ization project, fall of 2014. The main objective have been to develop and design
a permanent magnet synchronous machine for hydro power plant application. In
this study, an analytical design tool for this purpose was developed through a
Matlab script. The analytical calculations have been verified by use of finite ele-
ment method analysis in machine no-load operation, and the design tool is found
sufficiently accurate for this study.

As background, a literature survey was performed, which resulted in the base
for developing the analytical design tool. The relevant equations are presented
in the theoretical part of this thesis.

A synchronous machine at 18 MVA with field windings have been redesigned
by use of permanent magnet magnetization. The stator bore diameter was kept
constant at 3.51 m in all machines simulated. At a decreased air gap of 11.0 mm,
the synchronous reactance of the permanent magnet synchronous machine was
computed to be 0.6 pu, and the usage of permanent magnet material to 1247 kg
at minimum, in case of the desired input parameters. In this machine, the height
of the surface mounted magnets were 35.3 mm, distributed in 12 poles.

It has been observed possibilities for reduction in both mass and size by
redesign to a permanent magnet synchronous machine, the former in greatest
extent. The machine efficiency was also raised in case of the permanent magnet
synchronous machine, from 97.6 to 98.0 %.
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Sammendrag

Denne masteroppgaven er en mer gjennomg̊aende studie av det som ble p̊abegynt
i spesialiseringsprosjektet, høsten 2014. Hovedm̊alet har vært å utvikle og designe
en permanentmagnet synkronmaskin for bruk i vannkraftverk. I denne studien
har et analytisk designverktøy blitt utviklet for dette formålet. Programmet har
blitt skrevet i Matlab. Det analytiske beregningsprogrammet har blitt verifisert
med FEM-analyse for drift av maskin i tomgang. Designverktøyet er funnet å ha
tilstrekkelig nøyaktighet for denne studien.

Det har blitt utført en litteraturstudie, som har dannet grunnlaget for utviklin-
gen av programmet. De relevante ligningene finnes i den teoretiske delen av denne
oppgaven. Det har blitt foretatt et redesign av en 18 MVA synkronmaskin med
feltviklinger, der rotoren er byttet ut med en permanentmagnetrotor. Statorens
indre diameter ble hold konstant p̊a 3,51 m for de simulerte maskinene. Etter at
luftgapet ble redusert til å være 11,0 mm, fikk denne maskinene en synkronreak-
tans p̊a 0,6 pu. Totalt ble den nødvendige mengden permanentmagnetmateriale
beregnet til 1247 kg, fordelt p̊a de 12 polene. Magnethøyden var p̊a 35.3 mm.

Det har blitt observert at det er mulig å b̊ade redusere maskinens totale volum
og masse ved et redesign. Reduksjon i masse, vil forholdsmessig være mye større
enn reduksjon i volum. Permanentmagnetmaskinen fikk en økt virkningsgrad fra
97,6 til 98,0 %, sammenlignet med maskinen med feltviklinger.
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Chapter 1

Introduction

In this chapter, the problem that is addressed in the study will be introduced.
In addition, some motivation for solving it, the objectives and limitations will be
presented.

1.1 Background

Pumped storage may be needed to integrate new renewable energy production
as large-scale wind-power and small-scale hydropower. The pumped storage hy-
dropower plant can provide energy balance and assist in system stabilization.
Alternative designs of the electrical machine in such an application may be expe-
dient. PM synchronous machines may be used instead of traditional synchronous
machines with field windings in combination with a power electronic soft-starter,
in the power range of 5-20 MW. Due to the redesign by use of permanent mag-
nets, the construction may be simplified and it is possible that the machine will
require less space.

Through the 20th century, and into the 21st, the development of permanent
magnets have been significant. Especially the introduction of rare-earth perma-
nent magnets in high performance applications have been interesting, due to a
high energy product and remanence. Neodymium magnets holds the best speci-
fication suitable for this study.

1.2 Objectives

In this study, the following will be the main objectives:

• Develop an analytical design tool for surface mounted PMSM by use of a
Matlab script. The analytical procedure will be presented by the equations
relevant to the PM rotor design;

• Verify the analytical design tool by simple FEM simulations in no-load
operation;
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CHAPTER 1. INTRODUCTION

• Propose a redesign of a synchronous machine with field windings, by use of
a PM rotor.

1.3 Limitations

The following limitations are applicable in this study:

• Losses in the permanent magnets are disregarded;

• Considerations due to cost will not be treated, regardless it is of interest to
minimize the amount of permanent magnet material needed;

• Only non-salient rotor designs with surface mounted PM are treated;

• The design will be based on generator mode of operation only, hence the
motor mode of operation will not be treated;

• The base of the stator will be kept constant throughout the study, thus the
number of slots, in addition to the layout of windings will not be varied;

• The number of poles and the power rating are also kept constant.
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Chapter 2

Theoretical background

Initially, the specialization project [1] accomplished the fall of 2014, should pro-
vide the necessary literature survey for this master thesis. Due to some changes in
scope during both the specialization project and the master thesis, a complemen-
tary literature survey was carried out related to the master thesis. The literature
survey is the base for the following presentation of theory associated with PMSM
design, focusing on the rotor equipped with surface mounted magnets.

Relevant theory of stator and its windings, permanent magnets and PMSM
topologies will not be treated in depth in this thesis, but can be found in the
specialization project [1].

Figure 2.1 represents the two principle designs of PMSM rotors, where fig-
ure 2.1 (a) will be treated in this thesis.

Figure 2.1: Principle PM rotor design: (a) surface mounted PM; (b) interior PM [3].

3



CHAPTER 2. THEORETICAL BACKGROUND

2.1 Generic theory of synchronous generators

Figure 2.2: Round rotor synchronous generator: (a) equivalent circuit diagram; (b)
phasor diagram at lagging power factor [8].

Figure 2.2 is describing a synchronous generator with field windings. Still, this
will also be valid in case of a PMSM, except that the field winding to the left
in the figure does not exist in such a machine. The subscript denoting the field
winding should be replaced by PM, as EPM instead of Ef [2].

As seen in figure 2.2, the air gap emf can be expressed as

Er = EPM + Ea = EPM − jXaI (2.1)

where EPM is the internal emf with magnitude EPM as described in equa-
tion (2.3). Ea correspond to the armature reaction emf, resulting from a reactance
drop due to the armature current [8]. According to figure 2.2, there will also be
voltage drops due to the armature winding resistance, in addition to the leakage
reactance. The leakage reactance is described through the leakage inductance in
section 2.4. Finally, the terminal voltage can be determined by

V g = EPM − jXaI − jXlI −RI = EPM − (R+Xd)I (2.2)

where Xd is the synchronous reactance. The no-load air gap emf is given by
the flux linking the armature windings, as derived by Faraday’s law of induc-
tion [2], and is expressed as

EPM =
√

2πfφ̂1Nkw (2.3)

The power generated is given by

P =
EPMVg
xd

sin(δg) (2.4)

and do not include any reluctance power, which will be present in salient-pole
SM [8].

4



2.2. MAGNETIC MODELLING

2.2 Magnetic modelling

Magnetic modelling can be based on the analysis of the magnetic flux density and
the magnetic field strength in different parts of the machine [2]. The machine
will typically have the same number of flux paths as its number of poles [1] [2].
Form Ampere’s law, the magnetomotive MMF relates to the current linkage

MMF =

∮
H · dl =

∑
i = Ni = Θ (2.5)

In the theory of magnetic modelling, the concept of magnetic circuit models is
used. An analogy to electric circuits is common, where equation (2.6) is analogous
to Ohm’s law [3].

U = MMF = φR (2.6)

where U represent the magnetic voltage which equals the MMF . R and φ
represent the magnetic reluctance and the magnetic flux, respectively. The mag-
netic conductivity, known as the permeance relate to the reluctance, as follows

P =
1

Rm
=
µSm
l

(2.7)

where Sm is the cross-sectional area of the material, l is the length and µ is
the permeability.

2.3 Dimensioning process of the PM

PM synchronous machines are excited by permanent magnets instead of field
windings, as in traditional hydropower machines. In the traditional machines, the
field windings provide a certain current linkage, as described in equation (2.5),
due to the number of turns and the field current. In case of PM machines, the
height hPM of the permanent magnet will magnetize the machine at a certain
level, at a specific magnet area SPM .

2.3.1 Carter factor

Figure 2.3: The flux path and flux
squeezing at the tooth base [3].

In electrical machines, the stator sur-
face will often be split by slots. This
can also be present on the rotor, espe-
cially if the machine is equipped with
damper bars. The slotting will affect
the flux by a decrease in flux density at
the slot opening, which will make a lo-
cal minimum of the air gap flux [2]. Due
to Carter’s principle, this make the ef-
fective air gap longer than the physical
air gap as seen in equation (2.8). As

5



CHAPTER 2. THEORETICAL BACKGROUND

seen in figure 2.3, the effective air gap will be longer as the flux path is longer
due to the flux squeezing into the tooth.

δe = kCδ (2.8)

where the Carter factor is defined as

kC =
τu

τu − κb1
(2.9)

where

κ =

b1
δ

5 +
b1
δ

(2.10)

and b1 is the slot width.

It exists several approximations of the Carter factor. Regardless, it is im-
portant that the Carter factor is calculated on the base of the experienced air
gap of the machine. In case of surface mounted PM synchronous machines, the
height of the permanent magnet will act as a part of the air gap due to the low
permeability of rare earth magnets [3]. The relative permeability, µr ≈ 1, as for
air. The air gap is treated more in depth in section 2.6.3.

2.3.2 Magnetic circuit model

In figure 2.4, a small principle part of the permanent magnets including the flux
flowing in the rotor and stator back iron is presented. This sketch represents
three magnetic poles linearly, and it should be noted that in a real electrical
machine this will follow the curvature of the stator.

Figure 2.4: Principle linear structure of PM machine, including the flux path [3].

The magnetic circuit model of one single flux path of figure 2.4 is given in
figure 2.5. In figure 2.5, the notation of the φ/2 is used, based on the fact that
the air gap flux invariably has contribution from two magnets.
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2.3. DIMENSIONING PROCESS OF THE PM

Figure 2.5: (a) Magnetic circuit model (b) Simplification of circuit model [3].

Analytical model

From the circuit model given in figure 2.5 (b), the following expression can be
written

φδ
2

=

Pδ
4

Pδ
4

+
P̃PM

4

φr
2

(2.11)

which can be simplified to

φδ =
1

1 +
P̃PM
Pδ

φr (2.12)

where the combination of the magnet permeance and the magnet leakage
permeance can be expressed

P̃PM = PPM + 4Pml (2.13)

The concentration factor is defined as

Cφ =
SPM
Sδ

(2.14)

respectively based on the air gap surface area of the permanent magnet

SPM = αPMτplb (2.15)

and the area of the air gap

Sδ =
τplb(1 + αPM )

2
(2.16)

7



CHAPTER 2. THEORETICAL BACKGROUND

This area is a representation of the air gap area per pole and approximates
an average value. The cross-sectional area where the flux is flowing is increasing
at increasing diameter, when approaching the stator.

Further the magnet leakage factor is

kml = 1 +
4hPM

πµrαPMτp
ln

(
1 + π

δ

(1− αPM )τp

)
(2.17)

A low magnet leakage flux will result in a higher performance of the machine.
The closer kml is to 1, the better [3].

The permeance coefficient is defined as

Pc =
hPM
δCφ

(2.18)

which is essential of calculating the air gap flux density as described in equa-
tion (2.19).

Finally, the relation between the air gap flux density and the remanent flux
density can be expressed as

Bδ =
Cφ

1 +
µrkCkml

Pc

Br (2.19)

Improved analytical model of air gap leakage flux

The improved model has the same basis as the analytical model as presented. In
addition, the improved model includes a more detailed description of the leakage
flux. Now the magnet-to-rotor leakage flux is taken into account, not only the
magnet-to-magnet leakage flux. This approach will be described briefly, but all
equations that are relevant to perform the calculations will be presented. Still the
circular-arc straight-line permeance model is used, as expressed in equation (2.17)
and visualized in figure 2.6.

Figure 2.6: Circular-arc straight-
line permeance model describing
magnet-to-magnet leakage flux [3].

Each leakage flux is described by a reluc-
tance which is related to a leakage factor [11].

η =
Rm
Rmr

=
hPM
πµrwm

ln

(
1 +

πδe
hPM

)
(2.20)

λ =
Rm
Rmm

=
hPM
πµrwm

ln

(
1 +

πδe
wf

)
(2.21)

where Rm is the magnet reluctance, wm is
the magnet width and wf is the gap between
the magnets.

The average air gap flux density can be
expressed by

8



2.3. DIMENSIONING PROCESS OF THE PM

Bδ,ave =

[
1 +

wf
wm

+ µr
δe
hPM

wm + wf
wm + 2δe

(1 + 2η + 4λ)

]−1
Br (2.22)

The air gap leakage factor describes the ratio between the average air gap flux
and the flux within the magnet.

KLδ =
Φδ
Φm

=

[
1 + µr

δe
hPM

wm
wm + 2δe

(2η + 4λ)

]−1
(2.23)

2.3.3 Dimensions of magnets

The air gap surface area of each permanent magnet is given by equation (2.15).
Further, the total length of the magnet will equal the gross iron length of the
machine. The height of the permanent magnet is found by iteration of equa-
tion (2.22), until the desired air gap flux density is reached.

This iteration process do only include the reluctance of the air gap. There
are other reluctances, which also contribute to the magnetic voltage drop, as
described in [2]:

MFF = Um = 2Umδ + 2Um,ds + Um,ys + Um,yr (2.24)

including magnetic voltage drop in stator teeth, stator yoke and rotor yoke.
By considering the ratio between the voltage drop over the air gap and the other
machine parts, an additional factor can be determined

εad =
2Um,ds + Um,ys + Um,yr

2Umδ
(2.25)

According to [2] and use of the Matlab tool GenProg described in [5] and [6],
the value of ε can be about 3 %. To take the effect of saturation into account,
approximately 10 % can be added to the magnet height [7]. Then a new height
of the magnet can be calculated

h′PM = hPM · (εad + 1) · 1.1 (2.26)

9



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.7: Arc segment of PM for one pole, with inner and outer radius.

Volume of magnet

The volume of the magnet is calculated out from the geometric shape displayed
in figure 2.7. The outer radius of the magnet is calculated by subtracting the
length of the air gap from the stator bore radius

ro =
Dr

2
=
Ds

2
− δ0 (2.27)

and the inner radius of the magnet is

ri =
Dry

2
= ro − hPM (2.28)

which also equals the radius of the rotor yoke, Dry/2. The cross-section area
of a single magnet can then be calculated as

SPM,axial =
αPMπ(r2o − r2i )

2p
(2.29)

Finally, the volume of each single magnet can be calculated

VPM = SPM,axial · lb (2.30)

To find the total volume of permanent magnet material, VPM have to be
multiplied with the number of poles, 2p.

Moment of inertia

Generally, the moment of inertia for a point mass rotating around an axis can be
expressed by

10



2.3. DIMENSIONING PROCESS OF THE PM

J = mr2 (2.31)

where m is the point mass and r is the distance to the axis of rotation. A
rotating part in the machine will not be a point mass, but a simplification is made
by using an equivalent average value of the distance to the axis of rotation. In
an electrical machine, all rotating parts will contribute to the moment of inertia
of the machine. The most important contribution, in addition to the permanent
magnets, will be the rotor ring.

2.3.4 Leakage flux

The leakage flux consists of several components, mainly divided into components
that are crossing the air gap and not crossing the air gap. In surface mounted
machines, the air gap leakage flux consists of the magnet-to-magnet flux and
magnet-to-rotor-yoke flux [11].

2.3.5 Flux densities in the machine parts

The following flux densities are calculated for a no-load situation. Generally, the
nominal flux densities can be calculated by taking the air gap emf into account.
The air gap emf is also known as the relative induced voltage, Er [7]. Er is
explained deeper in section 2.1 on page 4.

Bnominal = Er ·Bno−load (2.32)

Equation (2.32) originates from field winding SM theory. Since the excitation
in a PMSM is fixed, it is expected that the machine will run on over-voltage at
the terminals in a no-load situation.

The maximum of the flux density of the stator yoke can be calculated at the
q-axis. At this point, the air gap flux density is zero, and half of the main flux
will flow through the stator yoke.

B̂ys =
Φ̂m
2Sys

=
Φ̂m

2kFel′hys
(2.33)

where Sys is the area of the stator yoke, kFe is the space factor of iron and
hys is the height of the yoke. l′ is describing the equivalent length of the machine,
which is described in section 2.6.2 on page 19.

In the same way the maximum flux density of the rotor yoke can be calculated

B̂yr =
Φ̂m
2Syr

=
Φ̂m

2kFel′hyrKLδ
(2.34)

The flux density of the teeth can be expressed as

B̂d =
Φ̂d
Sd

=
Φ̂d
kFel′

· 1

bd(h)
(2.35)
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since the area of a tooth will be increasing at increasing diameter of the
machine. This implies that the flux density of a tooth will be at its maximum
close to the air gap. The tooth width is given by

bd(h) = bd,min +

(
bd,max − bd,min

hs

)
· h (2.36)

Generally, the flux density in the teeth will be high. This can cause some
saturation in the teeth, which can be solved graphically by the BH-curve of the
core material [2].

The air gap flux density is already given by equation (2.19). Still, to define
the wanted air gap flux, a diversion of equation (2.3) have to be used.

B̂δ = km ·
Φ̂m
τpl

(2.37)

The relation between the flux and the flux density can also be derived through
a surface integral for one pole. This is described for a cosinusoidal air gap flux
density where km equals π/2 [2]. The peak value of the flux, Φ̂m is found by

Φ̂m =
Un

4
√

3kfkwNs
(2.38)

km is the factor between the maximum air gap flux density B̂δ and the mean
fundamental flux density in no-load, and have the value of 1.515 [7]. As seen
in figure 2.8, the different air gap flux densities are represented, where the area
under each graph is identical. kw is the winding factor described in [1]. The form
factor kf is set to be 1.11 [7].
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2.4. INDUCTANCES

Figure 2.8: Air gap flux densities over one single PM

2.3.6 Remanent flux density

Neodymium as a rare earth magnet perform the best values of the magnetic
remanence [2]. Typically, the remanence is within the range of 1.03-1.3 T. In
this thesis the remanent flux density is assumed to be 1.2 T. The performance of
the neodymium magnets are strongly depending on the temperature, and can be
described by a reference remanence at 20 ◦C, and a temperature coefficient.

Br(T ) = Br,20◦C + αT (T − 20) (2.39)

where αT equals -0.12 %/◦C, which is found in table B.1. If the permanent
magnet is operating at a temperature of 70 ◦C, then the actual remanence will
be 1.14 T, when Br,20◦C equals 1.2 T.

2.4 Inductances

The direct-axis synchronous inductance consists of the contribution of both the
direct-axis magnetizing inductance and the leakage inductance

Ld = Lmd + Lσ (2.40)

The magnetizing inductance represents the fundamental harmonic component
of the air gap inductance, whereas the residual components contribute to the air
gap leakage inductance [2].

13
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If the machine is operating at a constant frequency, the synchronous induc-
tance will relate proportionally to the synchronous reactance [2]

Xd = ωLd (2.41)

2.4.1 Magnetizing inductance

The magnetizing inductance is given by

Lm =
mDs

πp2δef
µ0l
′(kws1Ns)

2 (2.42)

where δef is the effective air gap formed by both the physical air gap in
interaction with the height of the permanent magnets. This is also known as the
magnetic air gap, as described in section 2.6.3 on page 19. Since the scope of this
thesis is of non-salient synchronous machines, the magnetizing inductance will be
the same in both the d- and q-axis [2].

Compared to field winding machines, the magnetizing inductance will be rel-
atively small due to the large length of the effective air gap.

2.4.2 Leakage inductance

There are several components contributing to the winding self-inductance, due to
(co)energy stored in four distinct areas [3]. These are the back iron, the air gap,
the slots and the end turns. The inductance due to the magnetic field in the back
iron is insignificant, because of its relatively high permeability. The permanent
magnets generate flux independent of the current in the stator windings. Hence,
these will not contribute to the self-inductance.

The total leakage inductance can be expressed as a sum by

Lσ = Lδ + Lu + Lw (2.43)

The air gap inductance of one single coil is given in terms of

Lδ =
n2uµrµ0lτp

2(hPM + µRδe)
(2.44)

To find the total air gap leakage inductance related to equation (2.44), Lδ have
to be multiplied by the total number of turns per phase, Ns [3]. The parameter,
nu, represent the number of turns per coil. By use of Roebel bars, only a single
effective turn per coil will be present [2].

The slot leakage inductance is expressed as

Lu =

(
n2u
3

)
µ0hsl

bs
(2.45)

where the factor of one third appears because the magnetic field is increasing
linearly, rather than being constant in the whole slot height.
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When the end turn leakage inductance is regarded, the structure of the wind-
ing have to be taken into account [2].

Lw =
4m

Q
qN2

sµ0lwλw (2.46)

where

lw = 2lew +Wew (2.47)

and

lwλw = 2lewλlew +WewλW (2.48)

The permeance factors λlew and λw are corresponding to different end winding
structures, which can be found in table B.3 on page 46.

2.5 Losses

In the machine parts, different categories of losses will be present. The losses will
be described briefly in this section.

2.5.1 Losses in permanent magnets

In a PMSM, there will be no losses associated with field windings, since no
windings in the rotor are present. On the other hand, the PMSM introduces
losses in the magnet itself. Due to the relatively good conductivity of neodymium
magnets, eddy currents can be induced in the magnet [2][9][12].

The formation of the eddy currents can be described by Faraday’s law of
induction [2][12]. ∫

E · dl =

∫
J

σ
· dl = −∂Φ

∂t
(2.49)

Variation in the air gap flux can be caused by the stator slots, especially due
to a design including open slots. The harmonic content of the air gap flux can
induce currents in the permanent magnets.

It is also stated that hysteresis losses will be present in the magnets at high
frequencies of AC field due to the slot ripple [10].

2.5.2 Other losses

Copper losses

The copper losses will only occur in the stator windings in PM machines, since
there are no rotor field windings present. Generally, the DC resistance is described
by
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RDC =
lc

σcaSc
(2.50)

where lc is the length of the conductor, σc is the conductivity for the material
which in this case is copper, a is the number of parallel paths in the windings,
and Sc is the cross-sectional area.

In calculation of the copper losses, the losses are divided into DC and AC
losses, where the AC losses include the skin effect [2]. Further, the stator windings
are assumed made by Roebel bars. By use of these bars, the layers in the winding
are revolved periodical [2]. In this way, the skin effect is minimized, since the sum
of partial fluxes in the integration paths, causing eddy currents, are eliminated.

Iron losses

The iron losses can be found by dividing the magnetic circuit into n sections,
where the flux density will be approximately constant. This implies that the iron
losses can be calculated individually for the stator yoke, stator teeth and rotor
yoke [2].

PFe =
∑
n

kFe,nP10

(
B̂n
1[T ]

)2

·mFe,n (2.51)

where kFe is a coefficient including saturation in the iron, which have the
values of 1.5-1.7 for the stator yoke, and 2 for the teeth. P10 is the loss in W/kg
given by the manufacturer at 1 [T].

Mechanical losses

Mainly, the mechanical losses consist of the windage, bearing friction and venti-
lator losses. The windage loss is consisting of the power due to the resisting drag
torque on the rotor, described by a rotating cylinder, and the end surfaces of the
rotor contribute to friction loss, in terms of Pρw1 and Pρw2 respectively [2].

Pρw = Pρw1 + Pρw2 (2.52)

where

Pρw1 =
1

32
kCMπρΩ3D4

r lr (2.53)

and

Pρw2 =
1

64
kCMπρΩ3(D5

r −D5
ri) (2.54)

CM is the torque coefficient defined for different Reynold numbers, Ω is the
mechanical angular velocity, k is a roughness coefficient (for smooth surface k = 1,
usually k = 1 − 1.4). Dr and Dri are the diameters of the rotor and the rotor
shaft respectively. lr is the rotor length.
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The bearing friction and ventilator losses do also belong to the mechanical
losses. It is complicated to express these losses in a generic and analytical way.
Regardless, this is described by empirical equations in [6].

Additional losses

The additional losses are very difficult to calculate and measure. By experience,
these losses will be about 0.05-0.2% of the machine power [2]. These losses mainly
originate from the eddy current losses in the stator construction [6].

2.6 Main dimensions and parameters in machine
design

The area and the height of the PM can be calculated based on the theory pre-
sented in section 2.3.2.

Figure 2.9: Main dimensions of the
cross-section [2].

When designing an electrical machine,
there can be a considerable number of free
parameters [2]. Without any limitation
of the number of free parameters, the op-
timization will be extremely complicated.
Based on that the variation in the value
of numerous of the free parameters will
be slight, these can be assumed constant.
Then only 8 parameters will be considered
as free parameters:

• outer diameter;
• length of the stator stack;
• width of stator slot;
• height of stator slot;
• inner stator diameter;
• air gap length;
• peak value of the air gap flux density;
• pole pair and frequency.

When designing a field winding syn-
chronous machine the height and width of
the rotor slots are also considered as free
parameters.

In the beginning of the design process,
the main dimension have to be selected.
These are the air gap diameter Ds, mea-
sured at the stator bore, as seen in figure 2.9, in addition to the equivalent core
length l′.
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Table 2.1: Permitted values of current in salient-pole SM or PMSM [2]:

Linear current density 35-65 A/kA/m
Current density 3.5-6 J/A/mm2

Some empirically defined intervals of variation of the current as well as the
flux densities can be found in table 2.1 and 2.2. Next, the insulation and the
cooling of the machine are the base of the permitted loading level. In case of
PM machines, values of table 2.2 may be chosen in the lower segment of the
flux density range. This is caused by the limited remanence of the permanent
magnets. In table 2.1, the lower values of the current density J are suitable for
larger machines, and the lower values of the linear current density A suitable for
small machines [2].

Table 2.2: Permitted flux densities in non-salient synchronous machine [2]:

Flux density B[T]

Air gap B̂δ1 0.8 - 1.05
Stator yoke Bys 1.1 - 1.5

Tooth Bd 1.5 - 2.0
Rotor yoke Byr 1.1 - 1.7

2.6.1 Machine constant

The machine constant is given by

C =
S[kV A]

D2
s · l · n

(2.55)

where D is the inner stator diameter, l is the stator length included venti-
lation channels, and n is the mechanical speed of the machine in rpm [7]. This
describe how much power the machine will provide per volume. A typical ma-
chine constant for a machine in range of 10 - 50 MVA, is about 4.5 - 5.5, but can
be significantly greater in machines of a higher power rating [7]. One example for
increasing the machine constant is to have a more efficient cooling system. This
can be provided by integrating water-cooling in the machine.

The machine constant is a result of the following relations [2]

S = mEmIs =
π2

√
2
kws1AB̂δD

2
s ln (2.56)

where

C =
π2

√
2
kws1AB̂δ (2.57)
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In equation (2.56) and (2.57), A is the linear current density related to the
armature loading and armature current. B̂δ is the maximum air gap flux density
related to the induced voltage.

The linear current density is expressed by

A =
Iu
τs

=
IuQs
πDs

=
2IsNsm

πDs
(2.58)

where Iu is the slot current, Is is the armature current and Ns is the number
of turns in series per phase m.

The maximum air gap flux density is related to the maximum flux penetrating
a phase winding

Φ̂m =

∫
S

BδdS = l′τpαPM B̂δ (2.59)

where αPM B̂δ equals the average value of the air gap flux density.

2.6.2 Equivalent core length

The gross length of the core of the machine can be calculated through by equa-
tion (2.55). To provide air-cooling of the machine, the core can be constructed
with radial ventilation ducts [2]. Due to the fringing effect, an edge field may
occur at these ventilation ducts, in addition to at the end of the machine.

The edge field at the machine ends can be approximated by an insignificant
lengthening of the core length

l′ ≈ l + 2δ (2.60)

Due to the insignificance, the real length provide a sufficient accuracy in
calculations. However, the effect of the ventilation ducts have to be taken into
account. The equivalent width of the ducts are given through the Carter factor,
in the same way as for the air gap.

bve = κbv (2.61)

Then the equivalent length of the machine can be calculated by an approxi-
mation

l′ ≈ l − nvbve + 2δ (2.62)

where nv is the number of ventilation ducts.

2.6.3 Air gap

In electrical machine design, the length of the air gap has a substantial impact
regarding the machine characteristics [2]. Principally, a small air gap will make
the machine easier to magnetize, due to the low permeability of air. On the other
hand, a small air gap leads to increased eddy current losses of the rotor and stator
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surfaces, caused by the permeance harmonics created by the slots. In addition,
current linkage harmonics of the stator increase the surface losses of the rotor,
when the air gap is small. No theoretical optimum has been solved for the air
gap length. Hence, empirical equations are used to calculate a suitable length.

When defining the air gap, the permitted armature reaction is essential. The
flux caused by the armature reaction should not reduce the air gap flux density in
too great extent. To assure this requirement the current linkage of the permanent
magnets have to be greater than the current linkage of the armature

ΘPM ≥ Θa (2.63)

For synchronous machines this condition can be rewritten

B̂δ
µ0
δkC ≥

1

2
ατpAa (2.64)

Then the air gap is defined

δ ≥ 1

2
αµ0τp

Aa

B̂δ
= γτp

Aa

B̂δ
(2.65)

where the γ coefficients can be found in table B.4 on page 46. In equa-
tion (2.65) B̂δ is set to be 0.9 T .

As mentioned, it is advantageous to make the physical air gap as small as
possible, then the amount of permanent magnet material can be reduced. Still,
in higher speed machines, the air gap harmonics may cause very high losses in
the permanent magnet material, as well as in the ferromagnetic material below
the magnets. To avoid a critical increase in the magnet temperature, the air gap
length need to be increased in such cases.

The magnetic air gap of surface mounted magnets machines can be calculated
as

δef =
hPM
µrPM

+ δe (2.66)

which will be the experienced air gap of the machine.
The synchronous inductance is a function of the air gap length. Caused by the

large magnetic air gap in PM synchronous machines, the synchronous inductance
will in most cases be low, and the machine maximum torque high [2].
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Chapter 3

Method and design tools

In this chapter, the design programs will be introduced. Firstly, the Matlab
program is to be treated. Next, the application, COMSOL, used for the validation
will be presented.

3.1 GenProg

In 2010 a Matlab program called GenProg was first made. This is well described
and documented in [5] and [6]. Fundamentally, this was made to be an analytic
tool to design and optimize synchronous generators for hydropower application.
GenProg is reading its input from an Excel file, and writing the calculated results
to an output file.

3.2 GenProgv2

GenProgv2 is a modification of the original calculation program GenProg. Fig-
ure 3.1 represents the part of the program that is doing calculations for PM
machines. At node 2, the decision is made of which machine type the calcula-
tions are to be executed for. If the calculations are chosen to be performed for
ordinary synchronous machines with field windings, the design process is exactly
as described in [5] and [6]. This implies that the same Excel files for input and
output are used, regardless of type of calculation.

A more detailed description of how to use the program can be found in chap-
ter A on page 43.
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1. Set initial values of the machine as input

2. Decide if the calculations are for PM machine or not

3. Determining suitable values of Ds and l

4. Select a suitable winding, defining Q

5. Determining Un and Aa

6. Determining slot dimensions including τu and hs

7. Determining necessary B̂δ

8. Determining a suitable air gap δ

9. Iterating hPM until wanted B̂δ is reached

10. Determining the inductances

11. Determining the flux densities in the machine parts

12. Determining the rest of the machine dimensions

13. Output values

O
rd

in
a
ry

S
M

calcu
la

tion
s

Figure 3.1: Flowchart of design process in GenProgv2.

3.2.1 Essential modifications in the new version

The principal change in the new version is the exchange of the part in the Matlab
code, which is describing the rotor. The part, which is including calculations to
dimension the field windings, is replaced by equations to perform calculations to
dimension the permanent magnets.

Overview of PM program parts:

• Iteration of magnet height;
• Calculation of the other geometric dimensions of the PM;
• Calculation of the inductances;
• Calculation of the phasors and phasor diagram;
• Modification of the relevant mechanical calculations.
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In the new version, no calculations of heat flow and temperatures are per-
formed, since the PM loss is not calculated. Some of the other parameters are
set to be zero due to the absence of the field windings.

3.3 COMSOL Multiphysics

COMSOL Multiphysics is a FEM analysis tool, which is used in order to eval-
uate the validity of the analytical Matlab model. All simulations performed in
COMSOL are describing a stationary no-load situation. The applied Physics are
according to Magnetic Fields, No Currents. The permanent magnets are set to
have a remanent flux density defined by Magnetic Flux Conservation, while the
Magnetic Flux Conservation of iron is described by the BH-curve of the mate-
rial. At the boundary, which is mirroring the rest of the machine, Zero Magnetic
Scalar Potential is defined.

Figure 3.2: Arc segment simulated in Comsol including close-up of air gap, stator
teeth and PM.
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Chapter 4

Simulations

At first, in this section the base of the calculations will be treated. The base
include both some input parameters to be able to design an electrical machine,
as well as some constraints of other parameters, which are to be calculated.
Second, the output results will be presented.

Table 4.1: Input design parameters:

Description Parameter Value
Apparent power S 18 [MVA]
Electric frequency fe 50 [Hz]
Phases m 3 [#phases]
Poles 2p 12 [#poles]
Nominal speed n 500 [rpm]
Moment of inertia GD2 225 [tm2]
Machine constant C 5 [−]
Relative pole pitch α 0.7 [−]
Remanence Br,20◦C 1.2 [T ]
Slot/tooth ratio bs/bt 0.6 [−]

4.1 Input design parameters

The input parameters according to table 4.1 were set in cooperation with the
supervisor. These input parameters are the same for every machine simulated in
this study, both in the validation and the rotor design sections. The exception is
Machine 2.4 in the rotor design, where the armature loading was increased, and
thus also the machine constant was increased. The machine, which is described
in [7], is also used as inspiration due to its suitable size with accordance to the
scope of this thesis.

The value of the remanence of the neodymium magnet given in table 4.1 is
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1.2 T. It is assumed that the permanent magnets will operate at a temperature
about 70 ◦C. Then the correct remanent flux density will be 1.14 T.

Some constraints were also given, as described in table 4.2.

Table 4.2: Parameter constraints:

Parameter Value
xd,max 1.1 [pu]
Bt,max 1.8 [T ]
By,max 1.2 [T ]
Js,max 3.5 [A/mm2]

4.1.1 Stator design

The stator is identical as the stator presented in the specialization project [1].
Thus, the results involving the stator will not be treated in depth, but some
important values are presented in table 4.3. In addition, the base of the choice
of the number of slots is presented in table B.2 on page 47.

Table 4.3: Stator slots and connection of windings:

Number
Slots 198
Coil span 14
Turns per coil 1
Parallel circuits 1
Turns per phase 66

4.1.2 Power factor

As seen in figure 4.1, the power factor the machine should be operating at, have to
be considered in relation to the tolerated over-voltage at the generator terminals
in no-load. Since the PMSM has a constant excitation, the generator has to run
at over-voltage in no-load to be able to operate at the rated terminal voltage, Vg,
at nominal loading. The over-voltage is remarkable greater at an inductive power
factor compared to the unity power factor, both are marked by the stippled lines
in the figure. Thus, the over-voltage equals the value of the internal emf, EPM .

In figure 4.1, the phasor plot is describing the exact same machine, where
only the power factor is changed.
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Figure 4.1: Phasor plot for visualization of over-voltage in no-load operation at power
factor equal to 0.9 and 1.

4.2 Output results

In this section, the output results are presented. At first, results due to the
validation of the analytical Matlab program will be treated through ten different
cases. Further, several SM designs will be presented, where four machines will
be treated in total.

4.2.1 Validation of the analytical model

To validate the analytical model, FEM analysis was executed. The validation
was performed for eight cases with different relative pole pitches α and air gaps
δ, while the rest of the dimensions were kept constant. Two additional cases
were also simulated, where the stator bore diameter was varied as described in
table 4.5. The parameters described in table 4.1 were the input parameters for
the simulation.

Values of Bδ,av and Bm obtained from the analytical and the FEM simulation
were compared, and a percentage error was calculated in each case. The results
are presented in table 4.4.

It has been observed divergence in the iteration of the magnet height for low
values of α. For lower values of α than 0.59 at an air gap equal to 15 mm, the
analytical simulation tool seem to be useless.
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Table 4.4: Comparison of analytical and FEM results, where flux densities are given
in [T ], Ds = 3.51 m:

Case Geom. dim. Analytical FEM Error [%]
α δ[mm] hPM [mm] Bδ,av Bm Bδ,av Bm Bδ,av Bm

1.1 0.6 10.0 70.4 0.563 0.944 0.574 0.969 1.92 2.58
1.2 0.7 10.0 32.0 0.563 0.812 0.573 0.821 1.75 1.10
1.3 0.8 10.0 21.2 0.563 0.713 0.572 0.714 1.57 0.14
1.4 0.9 10.0 16.0 0.563 0.636 0.577 0.639 2.43 0.47

1.5 0.6 15.0 131 0.563 0.947 0.585 1.01 3.76 6.24
1.6 0.7 15.0 49.0 0.563 0.817 0.582 0.843 3.26 3.08
1.7 0.8 15.0 31.5 0.563 0.717 0.583 0.735 3.43 2.45
1.8 0.9 15.0 23.5 0.563 0.641 0.586 0.655 3.92 2.14

The error in table 4.4 and 4.5 is calculated in terms of

Error =
FEM results− analytical results

FEM results
· 100% (4.1)

Table 4.5: Additional comparison, where flux densities are given in [T ], Ds = 3.00 m
at case 9 and Ds = 4.00 m at case 10:

Case Geom. dim. Analytical FEM Error [%]
α δ[mm] hPM [mm] Bδ,av Bm Bδ,av Bm Bδ,av Bm

1.9 0.7 12.6 54.9 0.598 0.865 0.620 0.901 3.55 4.00
1.10 0.7 16.8 50.7 0.553 0.802 0.571 0.825 3.15 2.79

Table 4.6 presents values for parameters defined in the theoretical background,
treated in section 2.3.2 on page 6. As expected, the leakage flux described through
the leakage factor KLδ, is increasing at increasing α and increasing δ. When the
leakage flux is increasing, the leakage factor decreases.

The parameters η and λ describe the magnet-to-rotor and magnet-to-magnet
leakage flux, respectively.

Table 4.6: Complementary analytical parameters:

Case Geom. dim. Analytical
α δ[mm] η λ KLδ xd[pu]

1.1 0.6 10.0 0.0142 0.0028 0.9933 0.367
1.2 0.7 10.0 0.0102 0.0015 0.9901 0.650
1.3 0.8 10.0 0.0078 0.0012 0.9881 0.851
1.4 0.9 10.0 0.0062 0.0016 0.9855 1.004

1.5 0.6 15.0 0.0219 0.0077 0.9903 0.226
1.6 0.7 15.0 0.0153 0.0033 0.9846 0.446
1.7 0.8 15.0 0.0116 0.0027 0.9812 0.592
1.8 0.9 15.0 0.0092 0.0032 0.9765 0.700
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Figure 4.2 shows the flux density distribution of the machine segment simu-
lated in COMSOL. This distribution was the base of the FEM values given in
table 4.4, where the average values were calculated through the surface average
of the defined areas of the air gap and the permanent magnet.

Figure 4.2: Flux density distribution for two poles according to case 1.2.

Figure 4.3 visualizes the flux path in the machine segment. As seen, no flux
is going in or escaping radially. In addition, the flux is entering and leaving the
mirror axes perpendicularly.

Figure 4.3: Arrow plot to visualize flux path of machine segment including two poles
according to case 1.2.

As seen in figure 4.4, the air gap flux density is similar to a square wave shape.
This square wave shape was also assumed in the analytical computation. Thus,
the shape is not exactly rectangular; the integral of the air gap flux density is
the most interesting in the dimensioning of the permanent magnets ideally. The
harmonic content in the air gap flux is due to the slotting of the stator. The
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frequency and amplitude of these harmonics are relevant to the induced losses,
primarily in the permanent magnets.

Figure 4.4: Plot of normalized air gap flux close to the magnets according to case 1.2.

4.2.2 Permanent magnet rotor design

In this section, several machines will be evaluated. Firstly, an ordinary machine
equipped with field windings will be designed. Next, PM machines will be de-
signed.

• Machine 2.1: Field winding SM
• Machine 2.2: PMSM
• Machine 2.3: PMSM with reduced air gap
• Machine 2.4: PMSM with increased armature loading

The most relevant result parameters are presented in table 4.7. For additional
parameters, the complete input and output Excel sheets that were used in the
simulations, can be seen in chapter C on page 49.

Although the power factor in the simulations is given at unity, the choice of
the power factor has to be regarded in relation to the accepted over-voltage in
no-load operation, as described in section 4.1.2. If a lower inductive power factor
is chosen, the relative magnetization defined in table 4.7 will be increased.

Machine 2.1 At first, an ordinary SM was constructed by use of the same
Matlab code as found in GenProg. Due to the requirement of the high moment
of inertia, the machine was relatively short at length, and the diameter large.

Machine 2.2 This machine represents a machine equal to machine 2.1, but the
rotor is exchange by a PM rotor.
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Machine 2.3 As the synchronous reactance in PMSMs generally is low, the air
gap can be reduced to make the magnetization of the machine less demanding.
Thus, the amount of permanent material can be reduced.

Machine 2.4 Finally, a more compact machine was computed. In this machine
the armature loading was increased, resulting in an increased armature current.
Thus, the length of the machine was decreased, making the machine more com-
pact in size. Although, the losses in the armature winding are increased, the
total losses are kept approximately constant. In this machine, the rotor ring was
increased, to satisfy the requirement of the moment of inertia, thus making the
machine heavier.

Table 4.7: Results for the different machines:

Parameter Symbol M. 2.1 M. 2.2 M. 2.3 M. 2.4

Apparent power Sn [MVA] 18 18 18 18
System voltage Vn [V ] 7770 7770 7770 7064
Nominal current In [A] 1338 1338 1338 1471
Power factor cos(φ) [−] 1 1 1 1
Efficiency η [%] 97.58 97.96 97.96 97.99
Armature loading As [A/cm] 480.3 480.3 480.3 528.4
Inner diameter Ds [m] 3.51 3.51 3.51 3.51
Gross iron length l [m] 0.64 0.64 0.64 0.59
Slot height hs [mm] 75.1 75.1 75.1 75.1
Height of rotor yoke hyr [m] 0.272 0.227 0.227 0.500
Minimum air gap δ [mm] 21 14.7 11.0 13.0

Air gap flux B̂δ1 [T ] 0.852 0.852 0.852 0.835
Rel. magnetization Ef/EPM [pu] 1.50 1.09 1.14 1.15
Total losses Ptot [kW ] 447 375 375 368
Synch. reactance xd [pu] 1.11 0.455 0.596 0.610
Moment of inertia M [tm2] 227.6 151.2 150.0 224.8
Machine mass m [tons] 85.3 63.4 63.2 82.9
Magnet height hPM [mm] n/a 47.9 35.3 38.6
Magnet mass mPM,tot [kg] n/a 1683 1247 1265

The result of the filtering effect of the stator winding is indicated in figure 4.5.
This distribution of the reduction in the harmonic content is calculated by the
analytical tool, on the base of the winding factor.
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Figure 4.5: Reduced harmonics in percent of the fundamental component.
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Discussion

In this chapter, the simulation results presented in the previous chapter will be
discussed, in addition to other relevant elements in this study.

5.1 Validity of the analytical results

The analytical results for different relative pole pitches and air gaps correspond
fairly well to the results obtained from the FEM simulation. The different cases
simulated had an error from 0.14 % to 6.24 % for the magnet flux density, Bm.
For the cases 1.1-1.8, the distinct error of 6.24 % at case 1.5 was clearly greater
than the error in the other cases. This may have a coherence to that the relative
pole pitch of 0.6 is close to the point of divergence in the iteration of the magnet
height. The error tend to increase at decreasing values of α. For values, lower
than 0.59, the iteration loop to calculate the magnet height is diverging, thus the
Matlab tool is not able to do calculations for such low values of α.

The value of the average air gap flux density, Bδ,av, which was intended to be
constant in the cases simulated, had an error from 1.57 % to 3.92 %. The other
parameters of the machine design were kept constant, where the inner stator
diameter Ds = 3.51 m.

For some variation in the inner stator diameter between 3 and 4 meters, as
described in table 4.5, the error is still in the same range as already discussed.

The method to calculate the magnet height described in [11], validates the
method by simulations based on a small machine with concentrated windings.
The air gap is also significantly smaller in this machine, which is 1 mm. This
may affect the accuracy of the results in this study, since the machine simulated
are remarkably larger.

An alternative method to assess the validity of the analytical tool could be to
perform calculations on a machine with already known specifications, represent-
ing a reference machine.

To make calculations in the range of scope in this thesis, the analytical tool is
considered sufficiently accurate, where the error is calculated to be below 4 % in
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the most relevant cases. Still, the analytical model can be improved to make the
results even more exact. The validated range is relatively narrow, as the apparent
power of the generator as well as the number of stator slots and the number of
poles are kept constant. Further validation is necessary to say if the Matlab tool
is valid for computation of other machines.

5.2 The PM rotor design

At first, in this section the numerical values of the results presented for the
machines 2.1 to 2.4, will be discussed. Further, some interesting topics in this
study will be treated.

The different design alternatives

By exchange of the field winding rotor with a PM rotor, the efficiency was in-
creased from 97.6 to 98.0 %. The machine could may be constructed with even
a higher efficiency, if the machine was constructed to be longer, at a smaller di-
ameter. Still, the proposed dimensions express an effective use of the permanent
magnet material, although no real optimization of the PM material usage was
performed. Further, by additional decrease of the air gap, from 14.7 to 11.0 mm,
in machine 2.2 to machine 2.3, the amount of permanent magnet was decreased
from 1683 to 1247 kg. In the computation of machine 2.4, the machine was made
more compact in size, by a decrease of 5 cm in gross length. In this machine, the
air gap was increased from 11.0 to 13.0 mm, to keep the synchronous reactance
at approximately 0.6 pu. Due to the increased armature loading, the phase cur-
rent was rose. Hence, the system voltage appeared at a lower level, to keep the
apparent power constant at 18 MVA. In machine 2.4 only a slightly increased
demand of PM material is observed, compared to machine 2.3, even if the height
of the PM is was increased by 9.4 %, then rise in PM material usage was only
1.4 %. This have to be seen in relation to that the machine was shortened.

Air gap length Compared to an ordinary field winding SM the air gap in a
PMSM can be reduced. Due to the high effective air gap including both the
physical air gap in addition to the magnet height, the synchronous reactance in
the PMSM will be relatively low. A solution to minimize the required magneti-
zation of the machine, is to make the air gap as small as possible. On the other
hand, this will result in more distinctive slot harmonics in the air gap flux, and
thus increased eddy current losses in the rotor and stator surfaces, especially the
permanent magnets.

In this study, no optimization of the air gap length have been calculated, but
an air gap resulting in a synchronous reactance about 0.6 pu is assumed suitable.
In this way, the air gap is reduced compared to an ordinary field winding SM,
but the effects of the armature reaction and the slot harmonics are not affecting
the magnet flux density in a too great extent.
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Efficiency A design including permanent magnets will occur slightly more ef-
ficient compared to the results calculated for a field winding machine. Since no
exiting field windings are present, the magnetizing losses can be excluded. On
the other hand the permanent magnet can introduce losses in the magnet itself,
mainly due to induced eddy currents, but hysteresis losses can also occur at high
frequencies [9][10].

Some actions can be implemented to minimize the magnet losses. The eddy
current losses can be minimized by introduction of many smaller magnet pieces at
each pole, instead of one massive magnet. This will have some of the same effect
as the laminations in the stator core. If the segmented magnets are introduced,
the relevant equations should include a fill factor, kPM . The introduction of the
magnet fill factor will result in a lower effective magnet flux density, and the
volume of the permanent magnet have to be increased in a limited extent.

Machine and PM temperature In this thesis, the magnet losses are not one
of the objectives. Still, this is of great importance when the machine efficiency is
regarded. Magnet power loss will result in heat with a subsequent temperature
rise at the rotor and within the permanent magnets. It is important to provide a
sufficient cooling of the machine, to keep the temperature within defined limits.
This is crucial to the permanent magnet performance via the remanence, when
neodymium magnets are employed. Some decrease in the remanence are already
accounted for, through the assumption of a relative high operating temperature
of the permanent magnet. The results in this thesis do not describe the actual
temperature in the machine.

Voltage quality The quality of the induced voltage will be influenced by the
shape of the air gap flux density. Ideally, the air gap flux density is of sinusoidal
shape, but the design presented will provide a square wave flux density. Due to the
constant height of the permanent magnet, the flux density will be fairly constant
over the magnet. However, some slot harmonics will be present, as visualized in
figure 4.4. Over the magnet spacers the flux density will be approximately zero.
If the magnets where modelled with greatest height at the middle, and decreasing
height as approaching the ends, the air gap flux density would be smoother and
of more sinusoidal shape. This would be similar to the case of field winding
machine with its pole head shape described in [2]. Regardless, the armature
windings are constructed to filter the air gap flux. Thus, the harmonic content
will be depressed efficiently, as described in figure 4.5, where the percentage
reduction of each harmonic component is presented based on the winding factor.
The reduction of the fifth and the seventh harmonic is remarkable, which is the
lowest harmful harmonics [2]. In a symmetrical three phase machine all even and
triplen harmonics will not be present.

Moment of inertia A PMSM can be remarkably lighter compared to an ordi-
nary SM at the same power. This reduction in mass will mainly be caused by the
alternative rotor construction, since the stator design is kept equal in both cases.
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Furthermore, the requirement to the moment of inertia has to be addressed. The
moment of inertia has to be according to FIKS [13], in addition to the require-
ment given by the costumer. The moment of inertia may be lower than required.
A lower rotor mass will decrease the value, but in PM rotor construction the
equivalent radius of rotation will be larger, as the construction of the poles in a
PMSM is more compact compared to an ordinary SM. Which again will affect
the moment of inertia at second power, according to equation (2.31) at page 11.
If the moment of inertia is calculated to be too low, the height of the rotor yoke
can be increased, as in case of machine 2.4. In extreme cases when the moment
of inertia is still insufficient, the rotor can be equipped with a flywheel to provide
additional moment of inertia.

Transient behavior As described in the results, no values for the transient and
sub-transient reactances and time constants are calculated for the PMSM. Ideally,
it will not be possible to define a transient or sub-transient period in case of a
surface mounted PMSM. These time intervals with the associated parameters are
described in [8], for traditional SM in a short circuit situation. When considering
the absence of both field windings and damper bars, the PMSM is expected to
provide little damping. Still, the permanent magnet itself may provide some
damping due to the induced currents in the permanent magnet material.

Alternative design Surface mounted magnets gives the best utilization of the
permanent magnet material. Interior magnets waste a significant amount of flux,
where approximately 25 % will be leakage flux [2]. On the other hand, embedding
will provide better mechanical protection of the magnets. In addition, it may be
easier to make a more sinusoidal air gap flux by shaping the pole head instead
of shaping the magnet. A machine at the power rating presented should also be
equipped with damper bars according to FIKS [13]. A design including damper
bars may be easier and more suitable in an interior magnet machine, since the
damper bars can be placed in the pole head.
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Conclusion

In this study, an analytical Matlab program has been modified to make com-
putations for PMSMs, in addition to its original capability of field winding SM
computation. The theoretical background, including the relevant equations is
presented in this thesis. When developing the Matlab script the main focus has
been on the rotor, therefore parts of the script, for example the dimensioning of
the stator will be equal for both types of machines.

The analytical design tool has been verified by FEM analysis in COMSOL.
Simulations in no-load operation were executed through ten different cases, where
air gap, magnet width, and diameter of the machine were varied. The other
input parameters were kept constant. When comparing the results an error was
expressed. This was below 4 % in the most relevant cases, regarding both the
magnet and air gap average flux densities. Hence, the accuracy of the analytical
model is found sufficient in this study, but additional verification may be required
considering other machines.

In the proposal of the PMSM design, simulations were performed on four
different machines. The series of simulations were initiated on design of a field
winding machine, by following PM redesign of this machine. Most of the input
parameters were kept constant, but some variation in air gap length, rotor yoke
height and armature loading occurred. It was observed that the field winding
machine could be redesigned by PM magnetization, and increase the efficiency
from 97.6 to 98.0 % of the 18 MVA machine. The losses in the PM itself were
neglected.

By comparison of the machines, the physical air gap in the PMSM can be
reduced, due to the high magnetic air gap. Machine 2.1 had an air gap at 21.0
mm, while machine 2.3 had an air gap equal to 11.0 mm, after reduction. In
regard of the synchronous reactance, this will be low in PMSM. After the air gap
was reduced in machine 2.3 and 2.4, the synchronous reactance was calculated to
be approximately 0.6 pu in both machines, in contrast to xd equal to 1.1 pu in
machine 2.1.

Due to the alternative rotor construction with PM, the rotor can be con-
structed remarkably lighter. The machine mass can be reduced from 85 to 63
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tons. The reduction in rotor mass do also affect the moment of inertia, which
will be reduced in machine 2.2 and 2.3, from 228 to approximately 150 tm2. If a
high moment of inertia is needed, the height of the rotor yoke can be increased,
as for machine 2.4. Then the moment of inertia equals the value of machine 2.1.

The amount of PM material needed is calculated to be 1683 kg in machine
2.2, at a magnet height equal to 47.9 mm. The material demand is reduced to
1247 kg in machine 2.3 at a magnet height of 35.3 mm, after reduction of the air
gap. At last, in machine 2.4, the armature loading was increased from 480 to 528
A/cm. This resulted in a shortening of 5 cm in iron gross length, to a length of
0.59 m. Compared to machine 2.3, only a slight increase in PM mass of 1.4 %
was observed, while the increase in magnet height was of 9.4 %. The efficiency
in this machine was equal to the other PMSMs, at 98.0 %.
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Recommendations for
further work

The following tasks are suggestions for further work:

• Verify the analytical Matlab tool for a wider range of PMSM.

• Include calculation of the losses in the permanent magnets.

• Depending of the previous item, the heat flow can be calculated for the
PMSM, including temperatures for the different parts of the machine.

• Make the computation more efficient. The current solution has an issue
with reading from and writing to the Excel files, this is consuming the
most of the time when running the script.
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Appendix A

Initialization of GenProg

This is primarily a rendering of material described in [6]. To make it easier to
understand how to use the GenProg programs, the technique will be described
briefly in this section. The relevant equations, which make the base of the PM
specific part of the program, are described in section 2. The general part of the
program including the equations is described in [6].

Initially the relevant program files have to be placed in the desired folder:

• GenProgv2.m
• Input.xls
• Output.xls
• sporfil.xls
• Int.m

The files sporfil.xls and Output.xls have to be closed prior the computation
process. If the files are remained open, Matlab will not be able to write to these
files.

In general, the computation process is divided into three parts:

• Input
• Computation/simulation
• Output

Where both reading input and writing output are time-consuming processes.

Input All values in the Required Values in Input.xls have to be defined, to make
the program able to perform the calculations. If the moment of inertia, M is not
known, it can be set to zero. Then the program will calculate a suitable value of
this parameter.

Computation When the current folder are defined to be the folder including
all the necessary files, the simulation can be started. By typing GenProgv2 in
the command window in Matlab, the program will run. When the design of a
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new machine is present, the following values have to be chosen in the command
window:

• Number of slots (can be chosen from sporfil.xls)
• Number of parallel circuits
• Number of turns per coil
• Coil pitch

If these values are satisfying, they should be written into the table Optional
Values in Input.xls prior the next simulation. This will save some time, since the
values do not have be redefined in every simulation. The progress of the program
can be followed in the command window.

Output The computed values will be written into the file Output.xls. Out of
these values several supplementing values can be defined prior the next simula-
tion.

To optimize the design, it may be necessary to repeat the computation process
several times.
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Relevant tables

Table B.1: Characteristics of neodymium and samarium cobalt magnets [2][4]:
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Table B.3: Permeance factors of the end windings in a synchronous machine [2]:

Table B.4: Coefficient γ for definition of the air gap [2]:
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Table B.2: Slot alternatives:
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Appendix C

Input and output for the
rotor design
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C.1 Input machine 2.1
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C.1. INPUT MACHINE 2.1
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C.2 Output machine 2.1

52



C.2. OUTPUT MACHINE 2.1
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C.2. OUTPUT MACHINE 2.1
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C.3 Input machine 2.2
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C.3. INPUT MACHINE 2.2
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C.4 Output machine 2.2
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C.4. OUTPUT MACHINE 2.2
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C.4. OUTPUT MACHINE 2.2
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C.5 Input machine 2.3
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C.5. INPUT MACHINE 2.3
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C.6 Output machine 2.3
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C.6. OUTPUT MACHINE 2.3
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C.6. OUTPUT MACHINE 2.3
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C.7 Input machine 2.4
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C.7. INPUT MACHINE 2.4
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C.8 Output machine 2.4
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C.8. OUTPUT MACHINE 2.4
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C.8. OUTPUT MACHINE 2.4
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Appendix D

Attached files

The following files are regarded as attachment to this thesis:

• GenProgv2.m - The Matlab script performing the computation of the
synchronous machine. This script is capable to do calculations for both
field winding as well as PM synchronous machines.

• Int.m - Matlab function to make calculations for magnetic voltage drop.
GenProgv2 is calling this function.

• Input.xls - Excel sheet to define values of input parameters used in the
computation. GenProgv2 is reading from this file.

• Output.xls - Excel sheet to present output parameters from the compu-
tation. GenProgv2 is writing to this file.

• sporfil.xls - Excel sheet to present different possible number of stator slots.
GenProgv2 is writing to this file.
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