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400 kW Six Analytical High Speed Generator
Designs for Smart Grid Systems
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Stator core losses may be minimized by using laméhateel

Abstract—High Speed PM Generators driven by micro-turbine#1 stator construction and by not generating fregies that

are widely used in Smart Grid System. So, this pgpeposes
comparative study among six classical, optimizedi agenetic
analytical design cases for 400 kW output powetimispeed 200
m/s. These six design trials of High Speed Permamédagnet
Synchronous Generators (HSPMSGs) are: ClassicalingSiz
Unconstrained optimization for total losses and rigimization;
Constrained optimized total mass with bounded caitds are
introduced in the problem formulation. Then a giEnetgorithm is
formulated for obtaining maximum efficiency and miizing
machine size. In the second genetic problem fortiauawe attempt
to obtain minimum mass, the machine sizing thatoisstrained by
the non-linear constraint function of machine lassEinally, an
optimum torque per ampere genetic sizing is predicAll results are
simulated with MATLAB, Optimization Toolbox and it&enetic
Algorithm. Finally, six analytical design examplesmparisons are
introduced with study of machines waveforms, THE astor losses.

Keywords—High Speed, Micro - Turbines, Optimization, PM

Generators, Smart Grid, MATLAB.

. INTRODUCTION

increasing, particularly onsite generation [1]. § hiterest

are too high. The main applications of PMSG arepfower
generation as part of renewable energy resourcdsnain
generators for aircraft, etc. [5-12]. The sizing WEPMSG
design must address system topology for good pewlerhe,

low cost, and superior efficiency. The influencetlodé choice

of stator lamination material on iron loss in athgpeed, high
power, and permanent magnet generator is investigat/e
study the optimum design of high speed PM altemsafor
applications in distributed power generation systgir17].
The high speed PM machine has been widely used in
distributed power generation. The high speed gé¢oera
distributed generation system, in comparison wlie PM
doubly-fed reluctance generator, for the same eattin, has
better electromagnetic properties, and (the PM efgl
reluctance machine exhibits better mechanical Hehd25].
Aspects of PM motor technology and the design ofbless
PM machines, as introduced in Hanselmann [15] and
Hendershot [16], are used in this paper.

HE Smart Grid Energy Systems (SGES) is recentl,e-?_ s o " ;ETZI
S5 e G

is because larger power plants are economicallgasitle
in many regions due to increasing system and fasis¢ and
more strict environmental regulations. In additioecent
technological advances in small generators, Povesti®nics,
and energy storage devices have provided a newrjoity
for distributed energy resources at the distributevel [1-3].
So, more attention has been paid to the developofehigh
speed PM generators driven by micro-turbines, dmepr
movers with local conversion at load points [4]gHlispeed

permanent magnet (PM) generators provide a sulmtant

reduction in size and weight over other types afegators,
and they are also higher in power density, sinseghea speed
of a machine increases, its size decreases fovem giutput
power. Size, weight, and cost are the major factors
successful design. For high-speed applications;dtwe aspect
ratio, defined as length-to-diameter, is a critipalrameter.
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Il. MACHINE DESIGN PARAMETERS

A. Machine Materials

for a wound rotor machine is 0.5 — 1.0, comparetl a3 for a
PM machine [20]. So, here it is selected to be 2He rotor
radius and rotational speed also determine thepged of the

The rare earth magnets, SmCo and NdFeB, have becomechine, which is the surface velocity of the rotor

popular because of their greater power
Coercivity, high flux densities, and the linearitf their
demagnetization curves [16] and [18]. NdFeB is gmeid
because it is cheaper and more readily availabteréfore,

density, h hig

Vi = Irw
tip m (1)

whereo,,: angular speed (rad/sec); r: rotor radius (m)

NdFeB magnets are selected for use in PMG, withesom The tip speed here is desired to be 200 m/s.

conservatively assumed values [17]. The rotorsigally built

from the same material as the stator for ease w$taaction,
but it can be made of any economical steel, pravideis

strong enough for its function [16], [19]. TM19, 2fauge
electrical silicon steel is selected for the PMQaese it is
economical, its thin laminations minimize powerdes due to
the circulating eddy current, and because it hastaration
flux density of about 1.8 T [16], [17].

B. Mechanical Design

The stator is an important part of the machine bseat
serves as the main structural component, it pravithe
housing for the armature windings, and it completes flux
path for the magnetic circuit. Slotted stators theetraditional
stator design and consist of openings around #tersfor the
armature windings. In this paper, the slots arpezaidal, but
assumed to be approximately rectangular. They goftam-
wound windings so that the depression width isstiree as the
top slot width. Slotting is used because of itsaadages, such
as the achievement of a narrow air gap length teimize the
flux linkage, the increase in surface contact dre@veen the
windings, and a path of low thermal resistanceyvided by
stator steel for good heat conduction [17]. Thaahtesign of
the generator assumes a three-phase machine.aA&® slots
machine is chosen for the initial generator dedi]. A
general machine mechanical shape is shown in figure

Fig.2 Surface mounted PM machine shape.

C. Number of Poles and Magnets Pole Design

An even number of poles is always used, here B,
because this provides a balanced rotational de8gguming a
constant mechanical rotation speed, electrical ugagy is
given as.

N (2P)=120f
(2P) @

where N = speed (rpm); P = pole pairs; f = eleatrirequency

If a PM generator is going to be the source of D& through
a rectifier system, a high pole number is desirdideause as
the electrical frequency increases, support compsrgich as
filter capacitors and inductors can be much smallberefore,
for a given rotational speed, one cheap and effficgelution is

to have a higher number of pole pairs and frequency

However, as the frequency increases, higher dtadees result
because core losses are proportional to frequenagred. In
addition, as the pole number gets larger, the nurobslots
per pole per phase decreases and can cause thagevolt
waveforms to become less sinusoidal so all factoust be
considered. The pole arc of the magnets can alseakied.
Magnets seldom span the full pole pitch becauséukeat the
transition between north and south poles leaks dxtvpoles
without linking the coils in the stator. The gapstkeen the
poles usually contain non — magnet pieces, susbfagon, so
that no flux crosses over the air gap between ntagad full
pole arc is’ e = 180°E and produces a full voltage waveform
but has increased harmonic content. As the polésarduced
(up to 20 — 30 %) and those areas are filled ih wiift — iron
pieces, the resulting flux waveform is more sindaband has
fewer harmonics and therefore lower rotor lossé® magnet
poles are sometimes skewed to reduce cogging toanae
smooth out variations in air gap reluctance, flard voltage
waveforms. Skewing of magnets occurs axially aldhg
length of the rotor to provide a constant rotatidnague and
prevent pole pieces from exactly lining up withtstateeth.
Magnet poles skew factor is selected to reduceingggrque
and smooth out variations in air gap reluctancex, fland
voltage waveforms.

K = sin( ng,)

sn 05

2 ®)

The surface mounted permanent magnets in the @Eor wherefs: Skew angle, rad E; n: Harmonic number

shown in fig. 2 are selected here due to its silitgfior high
speed applications. For high-speed applications, rbtor
aspect ratio, defined as length-to-diameter (LiB)a critical
parameter. PM machines offer flexibility in selectipole
sizes, which allows for smaller diameters. A norind ratio

D. Magnetic Dimensions

The magnetic dimensions that affect a PM machire air
gap and magnet height. The air gap flux density @n be
represented by Eq. 4. The radial air gap is madenadl as
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possible to maximize the air gap flux density, mmize the
flux leakage, and to produce a lower reluctancaeal
h

m

® h,+g

r

4
where k: Magnet height (mm); g: Air gap (mm);:BMagnet
Remnant Flux Density (T)

Magnets losses are reduced, using smaller magifets.
uniform magnetic fields, the magnet height is ugukdrger
than the air gap, by a factor 5 — 10.

E. Jotsper Pole, Per Phase

Three-phase machines are typically used inpher as the
standard choice for most motors and generators.th&no
important design parameter is the number of sletgple, per
phase (m), as in Eq. 5.

N

m=—7
2 * P * q
Varying the number of slots/pole/phase is usedraayce a

where: R: Armature resistance;sl. Synchronous inductance;
E.: Back e.m.f voltage and VTerminal voltage.
H. Winding Resistances

Resistance of copper phase windings is caledlat Eq. 7
I

o r A, )
where I: length of conductog : winding conductivity; Aq
winding cross — sectional area

- AS * /]S
ac 2 * N c
where A: slot Area, N: turns per coil

(8)

But the above stator resistance equation may e asé low
frequencies applications, so it has to be develofatte the
machine rotates at high speed, and high frequendysa the
skin depth may be affected. In conductors thatycaigh

(5) frequency currents, skin effect can become an iasdeaffect

the operation of the machine. Skin effect is causgdeddy

more sinusoidal voltage waveform and reduce machiférents in the windings themselves due to the gihan

harmonics.

F. Sator Windings

The pitch of a winding of refers to the angular
displacement between the sides of a coil. The Mineatl a
stator winding results from the coils occupyingistribution
of slots within a phase belt. In smaller machinesi)s are
composed of round insulated wires that are placebd stator
slot, along with insulation material. A slot fila€tor ¢ is
used to determine how much of the slot’s crossieait area
is occupied by winding material, as in Eq. 6.

Winding Area
*  Total Yot Area (6)

Typically, machines contain two coils sides pert,sinaking
the winding a double-layer design [16]. Overallptsfill
factors vary in value from 0.3 — 0.7, dependingta number
and size of the conductors in the slots, as wethasamount of
labor utilized. In this paper, a slot fill factof @.5 is assumed.
Almost all machines use series, wye — connectedlings
because they provide the safest alternative. Toerefwye
series connected windings are selected for udeeiésigns in
this study.

G. Machine Calculated Parameters
Each phase of the machine is modeled, as shofig. 3.

R,

M\

Fig. 3 A Per Phase teleal model.

magnetic field. These eddy currents force the ctirflewing

in the conductor to crowd to the outer edges ofcitreductor.
This in turn causes the current to flow throughvealter cross
— sectional area and increase the resistance abtiductor. It
is well known that, when conductive material is @s@d to an
ac magnetic field, eddy currents are induced inntlagerial in
accordance with Lenz’'s law. The power loss resglfiom

eddy currents which can be induced in the slot ootads

appears as an increased resistance in the windiing.
understand this phenomenon, let us consider a ngaa

conductor as shown in fig. 4. The average eddyecuioss in
the conductor due to a sinusoidal magnetic fieldtha y

direction is given approximately by Hanselman [15].

L

) 7

X

Fig.4 Rectangular conductenrgetry

=1

12
where H,: the turn field intensity valuejupermeability of
free space.

P

ec

3,,2,,2 2
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C)

Since skin depth is defined as

5= 2
wu,o (10)
Equation (9) can be written as
_Lw.nh® ,
© " gt " 1§1
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Using this expression it is possible to compute #e
resistance of the slot conductors. If the slot cmbors are
distributed uniformly in the slot, and substitutitige field
intensity into eq. (11) and summing over all ns dimtors
gives a total slot eddy current loss of

d.Lh?*n?

P = (S I ?

909 "w, (12)
where 1 is the rms conductor current;: Slot width(m); &
Slot depth(m)

The slot resistance of a single slot containingar®uctors
connected in series is

2

n:L

Ry = PN
kcp wsd s
the ratio of cross sectional area occupied by cotodsi to the
entire slot area angt electrical resistivity @.m).

Using eq. (13), the total slot resistance can btenras

Ry =Ry *+ R, =Ry (1+A),) (14)

In this equationfe = RJRy is the frequency-dependent term

Using eq. (13) and eq. (12), this term simplifies t

ao=Re =22y

Ry 9°J o (15)

This result shows that the resistance increaseomigtas a

function of the ratio of the conductor height te tkin depth

but also as a function of the slot depth to tha skipth. Thus,

to minimize ac losses, it is desirable to minintize slot depth
as well as the conductor dimension. For a fixed sloss-
sectional area, this implies that a wide but skaltot is best.

1. Winding and Magnet Factors

Winding are short-pitched and have breadthcatsl with
them. To account for these effects, a winding fackw) is
utilized, as in Equation 16.

kwn = kpn * kbn

Short-pitching is an important means for
harmonics and improving the power quality of thechiae.

The pitch factor is shown in Equation 17.
.. n*a ..o n*n
k., =sin(——) * sin(——
= SIN(—=) * sin(—=)

17)
The breadth factor explains the effect of the wiggi
occupying a distribution or range of slots withimplaase belt.
The breadth factor is derived in Equation 18.
..on*m*

sm(iy)
Kpy = —%1*;/
m* sin(—=—)
2 (18)

where m: slots per pole per phagesoil electrical angle

The magnetic flux factor equation [15], for thettdd stator
and surface magnet configuration is shown in Equati.

13)
where L: the slot length;ck the conductor packing factor, is

eIimingti)n where g: eff. air gap; w average slot width; ywtooth width

_ Rnp71 np np+l np+1:
k = * \ * — +
gn &an _ R2np [( np+l} (Rz R1 ) (19)
np * D 2P % —np _ pl-np
oo R RT-RT

where R: outer magnetic boundary,,Router boundary of
magnet; R inner magnetic boundary,;Rinner boundary of
magnet

J. Fluxand Voltage

For useful voltage, only the fundamental congris are
used to determine the internal voltage (back e.mwifthe
generator, as shown in Equations 20, 21, and 22.

E, = G, (20)
P :2* R*Ly * N, *k,*k,* B,
P (21)
4 . Pé
B, = —* B, * k, * sin(—™)
T (22)
whereb,,,; magnet physical angle
B, = NCo .p
[¢] r
1+ kr * urec
(23)
where ¢ recoil permeability; B remnant flux density
h
PC = *—m
9." Cy (24)
where PC: permeance coefficient;: @ux concentration
factor (Am/Ag)
N_=2*P*N,
a (25)

where N : Turns per coil; N: Number of armature turns (each
slot has 2 half coils)

r =w, +w.;0,=k.*g

< S t e c (26)

Here, a leakage factor (K1 0.95) and a reluctance factor (Kr
[1.05) are both used for surface magnets. The presefithe
slots in the stator also affects the air gap flexgity because
of the difference in permeance caused by the s(@aster’s
coefficient (k) is used to account for this effect [15].

1

ke = [1- I

Ts « (5 * 9 +1)
Ws s (27)
The terminal voltage (Y is calculated from the internal
voltage (E), and the synchronous reactance voltage drop. The
armature resistance is usually ignored becauss itnuch
smaller than synchronous reactance. The voltafmuisd as a
relation in output power (), e.m.f, and reactance from the

resulting quadratic equation.
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V. =

\/— BB + /BB 2 - 4CC
: 2 (28)
BB=2Xp, -E° CC = 2% R,

3 - 9

K. Machine Inductances

In a slotted PM machine, there are three rdisti
components of inductance: the largest, air gapdtathce slot
leakage inductance, and the smallest, end-turrctadae. The
total inductance for the phase is the sum of theeeth
inductances, ignoring other small factors.

Ls = Lag + Ldot + I—e; Xs =) * LS (29)
The air gap inductance is given by Eq. 30.
_A_q* 4*UO*RS*L$*Naz*kWn2
ag~ T o 2% D2
i 2 nir n“*P<*(g+h,) (30)

The slot leakage inductance is presented in EgA8dume the
slot is rectangular with slot depressions, as ig. &, and
assume (m) slots per pole per phase, with a stdrdiauble
layer winding.

leot = Las - Lam ; (3phase)
Ly =2%P* L, * Perm* N * N,*
— 2 2
L =2* P L *Permtfa* N (m-N, ) +2* N, * N,
A slot permeance per unit length is shown in Eigua34.

h, . h,

=%_S 4 _d

Wy Wy

(31)
(32)

(33)

Perm
(34)
The end turn inductance is introduced in Eq. 38u@sng the
end turns are semi-circular, with a radius equaine-half the
mean coil pitch.

L Ut NN * 7,
¢ 2

T.* T

In(-p20)

(39)

L. Basic Losses

Losses in a machine consist of core lossesdwtor losses,
friction and windage losses, and rotor losses. Rhusses will be
discussed later. Stator core losses, per weigit,beagreater than
normal in machines because of higher frequencikesd losses are
minimized by using laminated steel in stator cargtton and by not
generating frequencies that are too high. Coreefosnsist of
hysteresis and eddy current losses. The best wagpmximate core
losses is to use empirical loss data. An exponleatieve fitting is
applied to the empirical data for M-19, 29 gaugeemal, in order to
obtain an equation for estimating core lossesn &gjuation 36, with
constant values in [22].

B fo.f
R=R*()"* (f—)f
BO 0 (36)
where B: Base power; B Base flux densitygs: Flux density
exponent; § Base frequencyg: Frequency exponent

The above commonly used equation considering regiteand
eddy-current loss is not completely satisfactomcduse the
measured iron loss is much higher than theoreyicall
calculated. This is so because it assumes a horoogen
magnetization of the laminations, which is not alidva
representation of what happens during the magnietiza
process. The loss caused by the movements of tigmetia
domain walls is higher than the loss calculatedhwite
commonly used equation. The difference between uneds
and calculated loss is called the excess losseatfomalous
loss. Sometimes, this anomalous or excess lossnisidered
as a third contribution to the iron loss. Greabeff have been
made to calculate this excess loss, because afaimplexity
of the domain patterns. For reasons mentioned &gfbris
useful to represent the core loss by core lossteesie, which
is placed in equivalent circuit. The core loss sesice is
connected across the voltage, VTherefore, the power
dissipated in this resistance is [26-34].

V2
R(@=2
R 37)
_ 3L, N w
Rc(w) - 8c. K (i)ls(i)z{nh(pﬁdot)Z +rns/(i)2}
Fe"Fe a)g Bo bg hs/ (38)

where R: core resistance,zc correction factor for iron loss
calculation, k: stator tooth width, §& specific iron loss, @
stator teeth masBslot: slot angle, §. stator yoke height

When this core loss resistance is depicted in anvalgnt
circuit, it should be noted that the resistancerégjuency
dependent.

The conductor losses are found, using Equation 39.
P,=q*I az *R,

a (39)

For rotors operating at high speed, the frictiod sindage in air can

cause losses which result in inefficiency and Ipeatiuction. These

losses are calculated, using the power necessametcome the drag

resistance of a rotating cylinder, as given by&n[23].
- 4

Pwind _Cf *77*:0air*aﬁ*R * Lst

(40)
The coefficient of friction can be approximatedty. 41.

c, 00.0725* R,

where Rey: Reynold’s Number

(41)

M. Classical Szing

For the basic sizing calculations, an air-edolgenerator is
assumed with 10 psi [16], [24]. The machine powguation is
utilized to derive the rotor radius and stack lengt the machine, as
in Equation 42.

*r
P (42)
where r : rotor radius;d.: stack lengtht : shear stress (psi)

Py S2* T I L %V,

The L/D ratio is substituted forsL Using shear stress, rotor tip speed,
and machine power rating range, the power equadiaalculated to
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obtain rotor radius and stack length, while matghthe desired
rotational speed of the machine with a L/D ratiai@qgto 2.5, as
supposed here. Using a pole pair value of 3, amgight of 10 mm,
and a slot fill fraction of 0.5, the frequency @uhd. Once the basic
sizing of the machine is complete, in-depth analysiconducted to
obtain the overall performance. Using the equatipresented in
previous sections, all the detailed parametersbmambtained. The
lengths, volumes, masses, and overall generatoaners are
calculated, using basic geometric equations aradioaekhips. A 15%
service mass fraction is added to the total massae to account for
the additional services associated with machinedirap [17], [24].
Once the mass of each of the stator parts is knoore, losses are
estimated in accordance with them. The calculatidnlengths,
volumes, and weights are presented. The mass ofat@amen
conductors, core mass, magnet mass, and shaftaresalculated to
give the total mass value. Finally, stator resistéaterminal voltage,
current, loss types, input power, and efficien@y @lculated.

Ill. ANALYTICAL MODEL
This part presents the study of rotor lossesed by stator
winding time and space harmonics slot space hacsoni
A. Rotational Stress and Retaining Seeve
Since the PM generator is spinning at higredpéhe rotor

keep the smaller machine with restriction to thenufiacturer
to firm the magnet rigidly.

B. Rotor Losses
1) Model for Time Harmonics & Winding Space Harmonics

The permanent magnets used in high-speed derei@e
electrically conductive and therefore support eddyrents.
The retaining sleeves are sometimes made fromrieksltt
conductive material that also can carry eddy custefihese
eddy currents are primarily caused by fluctuationsthe
magnetic flux density produced by time and spaagenbaics
of the winding currents. The currents produce Issdgegich can
potentially cause excessive heating or demagnietivaif the
permanent magnets. An analytical model is develapsdg
the winding and current harmonics and the surfageedance
to estimate the rotor losses. Fig. 5 shows the Rkemtor
geometry “flattened out” into rectilinear coordieat This is an
accurate representation provided the dimensions oarea
radial scale that is much smaller than the radiukemachine
so that curvature is not important [40-42]. Theediion of
rotation is in the positive x-direction, the radéitection is vy,
and the armature current flows in the axial dimemsk.

and permanent magnets are subjected to extremely hi

centrifugal forces. These forces can cause sigmfiamounts
of damage if the magnets and rotor are not propesirained.
The rotational components can be strengthened blpsng
them in a retaining sleeve/can which also incredfsesir gap
length. The centrifugal force on the magnets dughéorotor
spinning is calculated in Eq. (43)

MV

m*“mag
R+h,

where M,: mass of magnets;,y; velocity of magnets

F =
cen

(43)

Using the inner surface area of the retaining gleéhis force
is converted to an outward pressure. Treating #tairming

sleeve as a thin-walled vessel, the loop stres®yethe sleeve
is determined as shown in Eq. (44)

Y F,=-20,hL+[PrLsin@)Ldo=0
vert 0 (44)
_Pr
gc h
A suitable safety factor is applied to the hoogsgrto get a
final SF stress for the retaining sleeve. The nétgi sleeve
can be made from many different types of mateiiakiding
metal alloys and composites. A disadvantage of taltite
sleeve is eddy currents are induced in the slegweabations
in the flux density caused by the stator slots 402]. From
our calculations with various materials with ouitial gap
length; it is not sufficient once the retaining esle is
considered (since the air gap dimension includes¢taining
sleeve thickness). So, the machine must thereforevised to
allow for the retaining can and redesigned takhrgretaining
sleeve and hoop stress limits into considerationt, Bhis
updated machine will be bigger one with a muchdagir gap,
greater magnet height, lowerg,Blower voltage, and higher
current density. So, we prefer her not to use theve and

The following assumptions are made in developirey ribtor
analytical loss model:

e Layers of material extend té infinity in the + x
direction.

* Layers effectively extend to negative infinity ihet
negative y direction.

* Motion/rotation is in the + x direction.

e The physical constants of the
homogeneous, isentropic, and linear.

¢ The ferromagnetic material does not saturate.

e The machine is long axially so magnetic variations
the z direction are ignored (H and B only vary jryx
directions).

e All currents flow in the z direction.

e The rotor and stator are constructed of laminateel s
so their conductivity in the z direction is negiitg.

layers

e The time and space variations are approximately

sinusoidal.

e Flux density at y = infinity is zero.

e Atraveling flux wave harmonic can be representgd b
an equivalent current sheet,jkon the surface of the
stator.

e The normal component of the flux density is
continuous at all interfaces.

e« The tangential component of the flux density is

continuous at all interfaces except at the statagép
where it is increased by the current sheet density.

¢ The magnetic flux density crossing the air gap ted
magnets is perpendicular.

e The effect of magnet eddy currents on the magnetic

flux density is negligible — this is accurate bel&@®
kHz [43].

e The magnet flux density is constant over the magnet

breadth

are
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H
Stator
° P _emh
) ¥
a, = J-;-(H—)
Ai z X
Ir Gar P eh
Retaining Sleeve (if added) H
n (50)
Magnets A surface coefficient is defined as the ratio & fhdirected to
Rotor Hub x-directed magnetic field amplitudexr (= HY/HX). At the

bottom of the layer where y = 0, the surface cogffit is

iven by Eq. (51).
Fig. 5 General Magnet Loss Model 9 yEq. (51

H
1 2 p
-<s >=-Zlk | .ReZ -1
< y> 2‘ z‘ e(. s) (45) ok Hn
a, = j.—( )
1 2 E b y H
-<s >:——‘H ‘ Re(—%) P i1
y 2l x H X H
L - n (51)
-<S >-—Re(E_.Hy) i —
) y 2z X . H :Re[HX.eJ'(a't kX)]
Eq. (45) yields the power dissipated at the statwface. This X (52)
is the correct result for the rotor because theseno ji.(at = k)
mechanism for dissipating power between the statdrrotor. H y =Re[Hy.e ]

The power estimated by Poynting’s theorem flowsdtly

from the stator to the rotor [42]. Solving for the magnetic flux densities and magnédiglds

produces Eq. (52), also all these analyses are withé¢he aid

7 = % u.o of Faraday's Law, Maxwell's Law and Ampere Law.
S 0 :
kn In order to calculate the rotor losses, the abowalytical
(46)model is applied to the geometry in fig. 5. Fosthiodel, the
" “n U H stator is assumed to be a smooth surface withots Because
B E surf B,k 0y the slot effects are consider later. The first sgepalculating
Zs = K gt T -H « N -H, the surface coefficient at the bottom of the madagtr. It is

. . . . ._assumed that this is formed by the highly permeadita shaft
Surface impedance {Zis the ratio of the z-directed electrlcbelow the magnets. This assumption allows the serfa
field to the z-directed current, Eq. (46). A firedpression for coefficient at the top of the magnet layer to blewdated also.
the top surface coefficient is determined Eq. (&f)d it is 2) Model for Stator Siot Effects

applicable to any uniform region. - ) o )
The stator slots cause variations in the magfietd which

ko
_ J-;-S'”h( W) + a,.cosh( yh) losses in the retaining sleeve and magnets of tier.r
a, = J-;-[ K _ ] Accurate calculation of the losses in the retainshgeve is
J-;-COSh(Vh)+ab-S'nh( W) extremely difficult. Several different methods habeen

) ) ] ] N (47) developed and in this paper, the technique froeregice [16]
If the region being examined is positioned on tdp a0 js employed. As the rotor spins past the slot amsiof the
ferromagnetic surface, such as the magnets ont¢leé I9tor  giator, the air gap flux density undergoes moduteatiue to the
shaft, the boundary condition at the bottom oflétyer @b —  change in reluctance. The dip i Bshown in fig. 6) travels

® as Hx- 0) produces Eq. (48). along the B-waveform which is otherwise moving
.k synchronously with the rotor.
at = j—COth(}h) Stator
y (48)

In the case of the air gap where the conductistyero, Eq. _I I_
(47) reduces to Eq. (49).

o - j(1:Sinhen) + a,.coshih) ST

t j.cosh(h) + a,.sinh(h) (49) - : v
At the top of the layer (y=h), the surface coefitiis shown Ag=2m/N,
in Eq. (50).
A\ Ae.
B

Fig. 6 Flux Density Variation
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The rotation of the rotor generates an E-fieldha sleeve
and a subsequent axial current density J=E/p. Wi
current density is integrated over the volume & dan, the
average loss per unit area is determined Eq. (B3) [

_ 7% [BN.(R+hm)2t
"~ 3600° )

B
g=_d | £
V2 | 1g

(53)

Ea= 2.V, Sin(pb)
Rz_lodd
n = gAﬂ
dt

(58)

v, WA

n

IV. CLASSICAL SIZING RESULTS

TABLE 1 COMPLETE CLASSICAL DESIGN PARAMETERS

It is evident from Eq. (53) that as the slot widtthreases, the

HFPM Machine Design, Surface Magnet, Slotted Stator

width of the flux density dip[{) gets larger causing the sleeve
losses to increase. The above equation only cassielddy
currents flowing in the axial direction but theree aalso
circumferential components. These portions are wtea for
using a factor Kas shown in Eqg. (54) where the total can
losses are determined [16].

P =K wA
s (54)

A=m2(R+h )L
m’ st

p.L

st
tanhf-— S
anhly Ren )]
m
p'Lst

[2.(R+hm)

]

One way to reduce the retaining losses is to $ipditsleeve
cylinder (if used) into separate rings. The madnsses are
calculated using methods similar to Eq. (53) and &4)

assuming that the eddy current flow in the top 16f4he

magnet volume.

C. Machine THD

HSPM generator produces back EMF waveforms aha
dependent on a number of factors as discussed ebefdre

Machine Size:

Machine Diameter = 0.1397 m  Machine Lengtt0=2023 m
Rotor Radius = 0.0304 m Active Length 0.1519 m
Slot Avg Width 4.1697mm Slot Height = 10.0000mm

Back Iron Thick 7.0890mm Tooth Width  4.6060mm
Machine Ratings:

Power Rating =400.0000kw  Speed 2862.9822RPM
Va (RMS) =980.6144V  Current  1835.9692A

Ea (RMS) =1027.4934V Arm Resistanc8.81191ohm
Synch React.e = 0.33720hm Syn Inductanc@.¢171mH
Tip Speed =200.0000m/s Efficiency 09878
Phases 3.0000 Frequency 3143.1491Hz
Stator Parameters:

Number of Slots = 36.0000

Num Arm Turns12.0000mH

Breadth Factor = 0.9659 Pitch Factor 0.9659
Tooth Flux Dens = 1.7166T  Back Iron Denslz2262mH
Slots/pole/phase = 2.0000

Rotor Parameters:

Magnet Height = 20.0000mm  Magnet Angle ©.0800degm
Air gap 2.0000mm  Pole Pairs= 3.0000
Magnet Remanence = 1.2000T Air Gap Bg 8583mH

Magnet Factor = 1.1871 Skew Facter 0.9886
Machine Losses:

Core Loss = 2.9486kw  Armature Less0.6604kw
Windage Loss = 1.3199kw  Rotor Loss = TBD kw
Machine Weights:

Core = 5.4843kg  Shaft = 3.3918kg
Magnet = 2.3768kg Armature  2:0729kg
Services = 1.9989kg Total = 15.3247kg

goal is to produce a voltage waveform that close§embles a

TABLE Il ROTORLOSSESCAUSED BY HARMONICS

sinusoidal waveform with a low total harmonics ditgbn
(THD) because this results in minimal harmonic eabhtvhich
reduces losses in the machine. THD is a measuréheof

Time Harmonic Losses = 0.2398 kw
Space Harmonic Losses = 0.0145 kw
Total Rotor Losses 0.2544 kw

distortion in a waveform caused by undesirable fesgy Magnet Loss due to Stator Slots Effects = 0.6523 kw

components. It is calculated as shown in Eq. (55).

(55)
The back EMF waveforms are generated using thenbedps

8= Y B,sinpo)

n_odd (56)
4 . npé . NIt
B, =— B, k,, .sin m).sin(—
0 = o Bekan ( 2 ) (2)
Om: magnet physical angle; n: harmonic number
A& = D A sinpd)
n=1
n_odd (57)

_2R.L N, B, k, ki
p

A

n

1

o

S

Flux Desnsity (Tesla)

3 4
Rotor Angle (rad)

Fig. 7 Initial Flux Density Waveform
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Fig. 8 Initial EMF Waveform
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Fig. 9 Initial Harmonic Content (11.2778 %) for eds

V. UNCONSTRAINEDNON-LINEAR OPTIMIZATION
Unconstrained minimization entails findingvactor, x,
that is a local minimum of a scalar function, f,(xithout
restriction.

A. Trust-Region Methods

To understand the trust-region approach taxapétion, we
consider the unconstrained minimization problenrmtoimize
f (X). Suppose we are at a point, X, in n-spacevaadvant to
improve its position. The basic idea is to appratenf with a
simpler function, g, which reasonably reflects behavior of
function f in a neighborhood, N, around point, xhis
neighborhood is the trust region. A trial stegsssomputed by
minimizing over N. This is the trust-region sub-plem, min s
{q(s), sO N} [35]. The current point is updated to be x +f$,
(x + s) < f (x); otherwise, the current point remmaunchanged
and N, the region of trust, is shrunk and the ts&p
computation is repeated. The key questions in othefira
specific trust-region approach to minimizing f(x)eahow to
choose and compute the approximation, g, (definedhe
current point, x,), how to choose and modify thestiregion,
N, and how to accurately solve the trust-region-gudblem.
In the standard trust-region method, the
approximation, g, is defined by the first two termf the
Taylor approximation, to F at x; the neighborhodd, is
usually spherical or ellipsoidal in shape. Matheoadlly, the
trust-region sub-problem is typically stated as

min{ Lohs+sm g _such _that|Ds|< A

2 (59)
where g is the gradient of f at the current poiat,H is the
Hessian matrix (the symmetric matrix of second \dsdives),

D is a diagonal scaling matrig, is a positive scalar, arJH‘ is
the 2-norm. Good algorithms exist for solving thevous
equation; such algorithms typically involve the gartation of
a full Eigen system and a Newton process appliedh&o
secular equation [35].

1 1

~-==0

A g (60)
Such algorithms provide an accurate solution toeteation.
However, they require time, proportional

factorizations of H.

B. Fminsearch Algorithm

Fminsearch uses the Nelder-Mead simplex algoritas
described in [36]. This algorithm uses a simplexnofr 1
points for n-dimensional vectors, x. The algoritfirat makes

a simplex around the initial guess, x0, by addifg & each
component, x0(i) to x0, and using these n vectsrslaments
of the simplex, in addition to x0. (It uses 0.00025
component i, if x0(i) = 0.) Then the algorithm mibe the
simplex repeatedly, according to the following pdare.

1. Let x(i) denote the list of points in the cutrsimplex, i =
1,...,n+1.

2. Order the points in the simplex from the lowksiction
value f(x(1)) to the highest f(x(n+1)). At each pten the
iteration, the current worst point, x(n+1), isaisded, and
another point is accepted into the simplex (orthia case of
Step 7 below, all n points with values above flx(are
changed).

3. Generate the reflected point r = 2m — x(n+1)erehm =
2x(i)/n, i = 1...n, and calculate f(r).

4. If f(x(1)) < f(r) < f(x(n)), accept r and terminate this
iteration. Reflect.

5. If f(r) < f(x(1)), calculate the expansion pqiit s = m +
2(m — x(n+1)), and calculate f(s).

a. If f(s) < f(r), accept s and terminate the itera Expand.

b. Otherwise, accept r and terminate the iteratileflect.

6. If f(r) > f(x(n)), perform a contraction between m and the
better of x(n+1) and r:

a. If f(r) < f(x(n+1)) (i.e., r is better than x(thy), calculate ¢ =
m + (r — m)/2 and calculate f(c). If f(c) < f(r)ceept c and
terminate the iteration. Contract outside. Ot#h®®, continue
with Step 7. (Shrink.)

b. If f(r) > f(x(n+1)), calculate cc = m + (x(n+1) — m)/2 and
calculate f(cc).

If flcc) < f(x(n+1)), accept cc and terminate theration.
Contract inside. Otherwise, continue with StegShrink.)

7. Calculate the n points v(i) = x(1) + (x(i) — Y2 and
calculate f(v(i)), i = 2,...,n+1. The simplex akthext iteration

quadratis x(1), v(2),...,v(n+1). Shrink.

C. Total Losses Minimization Szing

Using the previous technique minimizes totasks. The
first step is to choose the optimizing variablek, X2, and x3;
these variables here are the L/D ratio, the Roadlius, and
Stack length, respectively. The second step istmdilate the
total losses function to be minimized as fitnessobjective
function. The third step, using optimization to@xbGUI with
a proper choice for initial variables values.

Proa_voses™ Fogre * Feonductor * fwind (61)
The L/D ratio (x1) is substituted for Lst (x2) withpole pair
value of 3, a slot height of 10 mm, 36 slots andla fill
fraction of 0.5, the power factor is considered £99999= 1.

D. Results

TABLE Il COMPLETE CLASSICAL DESIGN PARAMETERS

to several HFPM Machine Design, Surface Magnet, Slotted Stator

Machine Size:

Machine Diameter = 0.1605 m  Machine LengttD=1767 m
Rotor Radius = 0.0388 m  Active Length 61189 m
Slot Avg Width 4.9044mm  Slot Height £0.0000mm
Back Iron Thick 9.0533mm  Tooth Width 5.3407mm
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Machine Ratings:

Power Rating =400.0000kw Speed  49223.1783RPM
Va (RMS) =654.1841V  Current  263.8162A

Ea (RMS) =700.7881V  Arm Resistanc8.609800hm
Synch Reactance = 0.22150hm  Syn Inductand®6143mH
Tip Speed =200.0000m/s Efficiency 69888

Phases = 3.0000 Frequency 2461.1589Hz

Stator Parameters:

Number of Slots = 36.0000
Breadth Factor = 0.9659
Tooth Flux Dens = 1.7132T
Slots/pole/phase = 2.0000

Num Arm Turns12.0000mH
Pitch Factor 09659
Back Iron Densl=2237mH

Rotor Parameters:

Magnet Height = 20.0000mm  Magnet Angle 56.0000degm
Air gap = 2.0000mm Pole Pairs 30000

Magnet Remanence = 1.2000T  Air Gap Bg 0:8566mH
Magnet Factor = 1.1404 Skew Factor 0:9886

Machine Losses:

Core Loss = 1.9780kw  Armature Loss 1=2213kw
Windage Loss = 1.3194kw Rotor Loss TBD kw
Machine Weights:

Core = 5.7933kg Shaft 4=3300kg
Magnet = 2.2482kg Armature  2:3601kg
Services = 2.2097kg Total 16.9413kg

TABLE 4 ROTORLOSSESCAUSED BY HARMONICS

Time Harmonic Losses = 0.1780 kw
Space Harmonic Losses = 0.0108 kw
Total Losses = 0.1888 kw

Magnet Loss = 0.5857 kw
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Fig. 11 Initial EMF Waveform
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VI. SIMPLE CONSTRAINED OPTIMIZATION
When trying to use unconstrained optimizatiothis case,
from the beginning, the maximum value for the L/Btio
exceeds its upper limit. Constraints are used asdm from
0.0 to 3.0. The function used here is presentddliasvs.

A. fmincon Active Set Algorithm

In constrained optimization, the general anoi transform

a problem into an easier sub-problem that can beesolved
and used as the basis of an iterative processaracteristic of
a large class of early methods is the translatiénthe
constrained problem into a basic unconstrained lpropby
using a penalty function for constraints that azarror beyond
the constraint boundary. By this means, the coingida
problem is solved using a sequence of parameterized
unconstrained optimizations, which in the limit indbver the
constrained problem. These methods are now comsider
relatively inefficient and have been replaced bythods that
focused on the solution of the Karush-Kuhn-Tucki€KT)
equations. The KKT equations are necessary conditfor
optimality in a constrained optimization problenf. the
problem is a so-called convex programming probléat is,
one in which f(x) and Gi(x), i = 1,...,m, are corvnctions,
then the KKT equations are both necessary andcsaritifor a
global solution point. The Kuhn-Tucker equationsn dae
stated as

Of (%) + > A0G(x) =0

i=1
AG(x) =0 =1.......m
/]I >0 =I'TL+:|_I ........... m (62)

The first equation describes a canceling of thedigras
between the objective function and the active cairgs at the
solution point. For the gradients to be canceledgrange
multipliers Qi, i = 1,..,.m) are necessary to balance the
deviations in the magnitude of the objective fumetiand
constraint gradients. Because only active conggaire
included in this canceling operation, constraittiat tare not
active must not be included in this operation ag,are given
Lagrange multipliers equal to 0. This is statedliaiy in the

last two Kuhn-Tucker equations. The solution of KT
equations forms the basis for many nonlinear progneng
algorithms. These algorithms attempt to compute_ tgrange
multipliers, directly. Constrained quasi-Newton huats
guarantee super-linear convergence by accumulagegnd-
order information regarding the KKT equations usinguasi-
Newton updating procedure. These methods are coiymon
referred to as Sequential Quadratic Programming P{SQ
methods, since a QP sub-problem is solved at eagjorm
iteration. These are known as Iterative Quadratic
Programming, Recursive Quadratic Programming, and
Constrained Variable Metric methods. The ‘active-se
algorithm is not a large-scale algorithm.

B. Large-Scalevs. Medium-Scale Algorithms

An optimization algorithm is large-scale whenses linear
algebra that does not need to store, nor operatesfud
matrices. This algorithm may be done internally dtgring
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sparse matrices and by using sparse linear algédra
computations, whenever possible. Furthermore, nater
algorithms either preserve sparsity, such as inparse
Cholesky decomposition, or they do not generatericest
such as those generated in a conjugate gradiehbohdtarge-
scale algorithms are accessed by setting the LSegke option
to the “On” position, or by setting the Algorithmption
appropriately; this is solver-dependent. In confrasedium-
scale methods internally create full matrices asd dense
linear algebra. If a problem is sufficiently lardall matrices
take up a significant amount of memory, and demseat
algebra may require a long time to execute. Medigale
algorithms are accessed by setting the Large Syatien to
the “Off" position, or by setting the Algorithm dph
appropriately; this is solver-dependent.  Donit tlee term
“large-scale” mislead you; you can use a largeesasjorithm
on a small problem. Furthermore, you do not neespexify
any sparse matrices to use a large-scale algori@tiroose a
medium-scale algorithm to access extra functiopalib
possibly improve performance, such as that by @it
constraint types.

C. Total Mass Minimization Szing

We use the previous technique with the fumctiescribed
above to minimize total mass. The optimizing vaeab x1,
x2, and x3, are the same. We then formulate tha toass
function to be minimized as a fithess functionhe form of a
Matlab m — file. (Later, using optimization tool>b&UI with
a proper choice for initial variables values. Algoshould be
noted that the large-scale trust-region method does
currently solve this type of problem, but that gsa medium
scale (line search) does. The desired optimizatiorction
here is illustrated in Equation (63); each parthef equation is
a function of the optimizing variables.

M Mg et M +Mg 1t M +M

Total =~

Core Magnet Shaft Conductor Service (63)
Mcore: Mct2)+Mct2 (64)
M) =psTT (Rco - Feci ) I—st (65)

where My back iron mass (kg); : steel density (kg/m3)s: R
core outside radius;Rcore inside radius

Ri=R+h+g+h+h (66)
where Ry Magnet thickness(m); g: air gap (m)y: hslot
depression depth(m)glslot depth (m)

R50:R0i+dc 167
where dc: stator core back iron depth (m)
Mct:psl-st(NsWths"'anhj'Nshjwd) (68)

where M teeth mass; Ns: number of slots; Woth width;
wy: slot depression width(m)

MMagnet: 0.5 (pem ((R + h‘n)z - Rz) Lst Pm (69)
wheref,,; Magnet physical angle(rad)m: Magnet density; p:
pole pairs number

Mihaft = TT R LstPs (70)

Mnductor= 3 Lac Aac Pe (71)
where lg¢ armature conductor lengthzAarmature conductor

area (assumes form woung); conductor density
Lac=2Na(Lstt 2 k2
Aac = AS )\S/ (2 '\L)

(72)
(73)

where N: number of armature turngzlend length (half coil);
A slot areaj: slot fill fraction; N.: turns per coll
A 15% service mass fraction is added to the totaksn
estimate to account for the additional services@ated with
machines cooling [37].

MService: 0.15 (M:onductor"' Mshaft+ MMagnet+ MConducto)

D. Results

TABLE V COMPLETE CLASSICAL DESIGN PARAMETERS
HFPM Machine Design, Surface Magnet, Slotted Stator
Machine Size:
Machine Diameter = 0.1331 m  Machine Lengtf0=2145 m
Rotor Radius = 0.0277 m  Active Length 01664 m

(74)

Slot Avg Width = 3.9357mm  Slot Height +0.0000mm
Back Iron Thick = 6.4633mm  Tooth Width 4.3720mm
Machine Ratings:

Power Rating =400.0000kw Speed 68847.9898RPM
Va (RMS) =1142.9559V Current  1%65.6566A

Ea (RMS) =1190.2301V  Arm Resistanc8.81291ohm

Synch Reactance = 0.39750hm Syn Inductand®@184mH
Tip Speed =200.0000m/s Efficiency 0.9869
Phases = 3.0000 Freqyen = 3447.3995Hz
Stator Parameters:

Number of Slots = 36.0000
Breadth Factor = 0.9659
Tooth Flux Dens = 1.7178T
Slots/pole/phase = 2.0000
Rotor Parameters:

Magnet Height = 20.0000mm
Air gap = 2.0000mm
Magnet Remanence = 1.2000T

Num Arm Turns12.0000mH
Pitch Factor 0.9659
Back Iron Dens1=2270mH

Magnet Angle 56.0000degm
Pole Pairs  3.0000
Air Gap Bg 0:8589mH

Magnet Factor = 1.2055 Skew Facter 0.9886
Machine Losses:
Core Loss = 3.4472kw Armature Less0.5269kw

Windage Loss = 1.3183kw Rotor Loss TBD kw

Machine Weights:

Core = 5.4012kg Shaft = 3.0885kg
Magnet = 2.4307kg Armature  2:0016kg
Services = 1.9383kg Total = 14.8603kg

TABLE VI ROTORLOSSESCAUSED BY HARMONICS
Time Harmonic Losses = 0.2664 kw
Space Harmonic Losses = 0.0162 kw
Total Losses = 0.2826 kw

Magnet Loss = 0.6695 kw

1500)
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Fig. 13 Initial Flux Density Waveform
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Fig. 15 Initial Harmonic Content (11.1337 %) fosea3

VII. GENETICALGORITHM HSPMSGSIZING

The genetic algorithm is a method, based enidlea of
natural selection, the process that drives bioklgévolution,

sequence of such optimization problems are appiabein

minimized, using the genetic algorithm, such thet tinear

constraints and bounds are satisfied. A sub - probl
formulation is defined as

Ok As A= 1(9-3 481096 -9+ SA60 2 S(4? -

where the components of the vector X) are nonnegative and
are known as Lagrange multiplier estimates. Thmefgs sof
the vector (s) are non — negative shifts, and the positive
penalty parameter.

The genetic algorithm minimizes a sequence of the s
problem, which is an approximation of the origipabblem.
When the sub-problem is minimized to a requiredueacy
and satisfies feasibility conditions, the Lagrangistimates
are updated. Otherwise, the penalty parametecisdsed by a
penalty factor. This results in a new sub-problemmiulation
and minimization problem. These steps are repeatédtthe
stopping criteria are met. For a complete desonpbf the
algorithm, see [38] and [39].

B. Efficiency Maximizer Genetic Szing

The optimization variables here are the satimat is, x1,
x2, and x3 are the L/D ratio, the rotor radius, dne rotor
stack length, respectively. The efficiency functiois

which is used here in solving both constrained arigplemented in the form of m. file. (After that,ing the

unconstrained optimization problems. At each stage
development, the genetic algorithm selects “indigid,” at
random, from the current “population” to be “pasehtand
uses them to produce the “children” of the nextegation. In
this way, the genetic algorithm repeatedly modifies
population of individual solutions. Over
generations, the population "evolves" towards arninap
solution. We can apply the genetic algorithm torea variety
of optimization problems that are not well-suited $tandard
optimization algorithms, including problems in whiche
objective function is discontinuous, non-differati
stochastic, or highly nonlinear.

A. Description of the Non-Linear Constraint Solver

The genetic algorithm uses the Augmented Lragjeen
Genetic Algorithm (ALGA) to solve non-linear corestit
problems. The optimization problem solved by theGXL
algorithm is min x f (x), such that

i€)<0,i=1...m,

GX)=0,i=m+l..m

A.X b Ag. X =Ny

b x< ub,

where ¢ (x) represents the non-linear inequalitystr@ints, g,
(x) represents the equality constraints, m is tmalver of non-
linear inequality constraints, and; s the total number of
non-linear constraints.

The Augmented Lagrangian Genetic Algorithm (ALGA)
attempts to solve a non-linear optimization probleith non-
linear constraints, linear constraints, and bounlts.this
approach, bounds and linear constraints are harsdjgarately
from non-linear constraints. A sub-problem is fotated by
combining the fitness function and non-linear coaist
function, using the Lagrangian and the penalty patars. A

(75)

genetic algorithm, with the previous technique,naximize
the function and generate the desired variables tfiis
maximization (or by more accurate word by optimigithis
function with a simple constraints that are [1 0a3] lower
limit, and [3 1 1] as upper limit. Using these opting

successivevariables, we can deliver all the detailed variabfer the

desired HSPMSG, at maximum efficiency. Also, it is
important to adjust all options in the Genetic GlJla proper
manner, especially the mutation function, populgtio
selection, and stopping criteria.
/7:@
Fi)nput (77)
Fl)nput: F’TotaLLosses+ I:)out (78)
C. Results

TABLE VIl COMPLETE CLASSICAL DESIGNPARAMETERS
HFPM Machine Design, Surface Magnet, Slotted Stator
Machine Size:
Machine Diameter = 0.1605 m Machine LengtlD=1767 m

Rotor Radius = 0.0388 m Active Length 0.1189 m
Slot Avg Width = 4.9044mm  Slot Height £0.0000mm
Back Iron Thick = 9.0533mm  Tooth Width 5.3407mm
Machine Ratings:

Power Rating = 400.0000kw Speed  49223.1783RPM
Va (RMS) =654.1841V Current = 203.8162A

Ea (RMS) =700.7881V Arm Resistanc@.00980o0hm

Synch Reactance = 0.22150hm Syn Inductand®@143mH
Tip Speed =200.0000m/s Efficiency 0.9888
Phases = 3.0000 Freque = 2461.1589Hz
Stator Parameters:

Number of Slots = 36.0000
Breadth Factor 0.9659
Tooth Flux Dens = 1.7132T
Slots/pole/phase = 2.0000
Rotor Parameters:

Magnet Height = 20.0000mm

Num Arm Turns12.0000mH
Pitch Factor 0.9659
Back Iron Dens1=2237mH

Magnet Angle 56.0000degm
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Air gap = 2.0000mm Pole Pairss  3.0000
Magnet Remanence = 1.2000T  Air Gap Bg 0:8566mH
Magnet Factor = 1.1404 Skew Facter 0.9886
Machine Losses:

Core Loss = 1.9780kw Armatursdo= 1.2213kw
Windage Loss = 1.3194kw Rotor Loss TBD kw
Machine Weights:

Core = 5.7933kg Shaft = 4.3300kg
Magnet = 2.2482kg Armature = 2.3601kg
Services = 2.2097kg Total = 16.9413kg

TABLE VIII ROTORLOSSESCAUSED BY HARMONICS

Time Harmonic Losses = 0.1780 kw
Space Harmonic Losses = 0.0108 kw
Total Losses = 0.1888 kw

Magnet Loss = 0.5857 kw

15,

Flux Density (T)

| i
| |
1 1
3 4 5
Rotor Angle (rad)

Fig. 16 Initial Flux Density Waveform

(V)

Back EMF; Peak Voltage

Fig. 17 Initial EMF Waveform

THD = 11.6276

0 o L L L L L L
4 5 10 15 25 K 35 40

20
Harmonic Number

Fig. 18 Initial Harmonic Content (11.6276 %) fosead

VIIl. MIN. MASSGENETIC SIZING, CONSTR BY MIN. LOSS

We will take one case from the previous exasplsing the
total mass function (m.file) as a fithness functionGA. The
same optimizing variables and the same boundseakinghe
first genetic example, also using non-linear caistrfunction
with the aid of minimum loss value obtained frore thart of
Min. Loss. The non-linear constraint function, whigoverns
the optimization process, is implemented using rtfigimum
losses value at the same values of tip speed amérpo

TABLE IX COMPLETE CLASSICAL DESIGNPARAMETERS

HFPM Machine Design, Surface Magnet, Slotted Stator

Machine Size:

Machine Diameter = 0.1605 m  Machine LengttD=1767 m

Rotor Radius = 0.0388 m
Slot Avg Width 4.9044mm
Back Iron Thick 9.0533mm
Machine Ratings:

Power Rating = 400.0000kw

=654.1841V
=700.7881V

Va (RMS)
Ea (RMS)

Active Length 0.1189 m
Slot Height £0.0000mm
Tooth Width  5.3407mm

Speed  49223.1783RPM
Current =203.8162A
Arm Resistarnc6.009800hm

Synch Reactance = 0.22150hm Syn Inductand®@143mH

Tip Speed = 200.0000m/s
Phases = 3.0000
Stator Parameters:

Number of Slots = 36.0000
Breadth Factor = 0.9659
Tooth Flux Dens = 1.7132T
Slots/pole/phase = 2.0000
Rotor Parameters:

Magnet Height = 20.0000mm

Air gap = 2.0000mm

Magnet Remanence = 1.2000T

Magnet Factor = 1.1404
Machine Losses:

Efficiency 0.9888
Feegy = 2461.1589Hz

Num Arm Turns12.0000mH
Pitch Factor 0.9659
Back Iron Densl=2237mH

Magnet Angle 56.0000degm
Pole Pairs 3.0000

Air Gap Bg 0:8566mH
Skew Facter 0.9886

Core Loss = 1.9780kw Armature Less 1.2213kw
Windage Loss = 1.3194kw  Rotor Loss TBD kw
Machine Weights:

Core = 5.7933kg Shaft = 4.3300kg
Magnet = 2.2482kg Armature  2:3601kg
Services = 2.2097kg  Total 16.9413kg

TABLE X ROTORLOSSESCAUSED BY HARMONICS

Time Harmonic Losses = 0.1780 kw
Space Harmonic Losses = 0.0108 kw

Total Losses = 0.1888 kw

Magnet Loss = 0.5857 kw

Flux Density (T)

|
l
- — -
|
L
1
T
I I
! !

|
I
ol -4 —

Back EMF; Peak Voltage (V)

3 4
Rotor Angle (rad)

Fig. 20 Initial EMF Waveform
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THD = 116276
T

Services = 1.9458kg  Total 14.9176kg

TABLE Xl ROTORLOSSESCAUSED BY HARMONICS
Time Harmonic Losses = 0.2654 kw
Space Harmonic Losses = 0.0161 kw
Total Losses = 0.2815 kw

Magnet Loss = 0.6711 kw

Normalized Back EMF

H

L 1 L

20
Harmonic Number

Fig. 21 Initial Harmonic Content (11.6276 %) fosesb

IX. OPTIMUM TORQUE PERAMPEREGENETIC SIZING

Optimum torque per ampere control is considesee of
the best PM synchronous machine control strate§esas a
new idea or question arises, why can't we desigrofdimum
torque per ampere HSPMSM with, the aid of the denet
algorithm? This trial investigates this idea. Thatimization
variables here are the same; that is, x1, x2, 8nare the L/D 1500
ratio, the rotor radius, and the rotor stack lengtispectively.
(Then implement the optimum torque per ampere fancas
fitness function, in the form of m. file. After thausing the
Genetic Algorithm, with the previous technique,maximize
the function and generate the desired variables tffis
maximization or by more accurate word by optimizitiis
function with a simple constraints that are [1 0a3] lower

Flux Density (T)

g

Back EMF; Peak Voltage (V)

limit, and [3 1 1] as upper limit. Using these wdnles, we can 0 ! 2 ot Angle ) s ¢ !
deliver the detailed variables for the desired HE&RMt an Fig. 23 Initial EMF Waveform
optimum torque per ampere. Also, the main goalto iset all . THOAIL13%¢

options in the Genetic GUI in a proper manner, ety
mutation function one; also the population, setettiand
stopping criteria, etc. must be adjusted. As in thesign
equations above, the torque per ampere could l==med as
MTA = 3 Ea /we, ; this expression is used in the Matlab
m.file function.

TABLE XI COMPLETE CLASSICAL DESIGNPARAMETERS . N ‘

HFPM Machine Design, Surface Magnet, Slotted Stator 0 s 0 B Ham"é“Numberﬁ © B “
Machine Size: ) Fig. 24 Initial Harmonic Content (11.1394 %) fosed
Machine Diameter = 0.1334 m  Machine Length0=2145 m
Rotor Radius = 0.0278 m Active Length 0.1663 m

Slot Avg Width 3.9444mm  Slot Height £0.0000mm X. COMPARATIVE ANALYTICAL MODELS
Back Iron Thick 6.4867mm  Tooth Width 4.3808mm

E
L L L

Normalized Back EM

Machine Ratings: The part introduces comparisons among theasrs which
Power Rating = 400.0000kw Speed  68699.9754RPM are: case 1, for classical sizing, case 2; Totabsks
Va (RMS) =1139.6312V  Current  116.9969A Minimization Sizing, Case 3; Total Mass Minimizati&izing,

Ea (RMS) =1186.8793V  Arm Resistanc€.91288ohm Case 4; Efficiency Maximizer Genetic Sizing, Case 5
Synch Reactance = 0.3961ohm Syn Inductand2G184mH Minimum Mass Genetic Sizing, Constrained by Minimum
Tip Speed =200.0000m/s Efficiency 0.9870 d . . &
Phases = 3.0000 Frequen = 3434.9988Hz Lg;ses, and case 6; Optlmum.Torque per Ampere (8enet
Stator Parameters: Sizing. These examples are at tip speed = 200 ma/Datput
Number of Slots = 36.0000 Num Arm Turns12.0000mH power = 400 Kw.

Breadth Factor = 0.9659 Pitch Factor 0.9659

Tooth Flux Dens = 1.7178T  Back Iron Dens1=2270mH
Slots/pole/phase = 2.0000

Rotor Parameters:

Magnet Height = 20.0000mm  Magnet Angle 56.0000degm

Air gap = 2.0000mm Pole Pairs 3.0000
Magnet Remanence = 1.2000T  Air Gap Bg 0:8589mH
Magnet Factor = 1.2048 Skew Facter 0.9886
Machine Losses:

Core Loss = 3.4362kw Armatursso= 0.5291kw
Windage Loss = 1.3222kw Rotor Loss TBD kw
Machine Weights:

Core = 5.4200kg Shaft = 3.1090kg
Magnet = 2.4356kg Armature  2:0071kg
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Machine Diameter for the Six Cases Air Gap Flux Densities for the Six Cases
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Fig. 26 Overall Machine Length Comparisons
Fig. 30 Back EMF Comparisons

Speed for the Six Cases
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Fig. 27 RPM Speed Comparisons Case Number
Terminal Voltages for the Six Cases Flg 31 Armature Resistance Comparisons
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Fig. 28 Terminal Voltage Comparisons
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Fig. 32 Synchronous Reactance Comparisons
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Fig. 33 Efficiency Comparisons
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Fig. 34 Frequency Comparisons
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Fig. 35 Core Loss Comparisons

Armature Losses for the Six Cases
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Fig. 36 Armature Loss Comparisons

ISSN: 2517-9438
Vol:4, No:3, 2010

Windage Losses for the Six Cases

Case Number

Fig. 37 Windage Loss Comparisons

Total Mass for the Six Cases

Case Number

Fig. 38 Total Mass Comparisons

Rotor Losses caused by Time Harmonic Losses for the Six Cases
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Fig. 39 Rotor Loss Caused by Time Harmonics Corspas

Rotor Losses caused by Space Harmonic Losses for the Six Cases

0.004:

Space Harmonic Rotor Loss (kW)

Case Number

Fig. 40 Rotor Loss Caused by Space Harmonics Casqer
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Magnet Losses for the Six Cases

Magnet Loss (kW)

Case Number

Fig. 41 Magnet Loss Comparisons

XI. CONCLUSIONS

The sizing method presented gives a step dyy stethod
for high speed PM generator design. This papestitites the
benefits of HSPM generators, compared to the alighv
synchronous generators, since it offers significadtictions in
both weights and volumes. It discusses the elettrand
magnetic sizing of HSPMGs, at 400 kW power andspped
of 400 m/s. Unconstrained optimization for the imization
of total loss is performed; this function of minainig total
losses is implemented and results are presentec
optimizing variables are rotor length to diametatia, rotor
radius, and stack length, for each of the functidnsboth
constrained and unconstrained optimization andhéngenetic
algorithm. The constrained optimized total masshveibme
constraints is set up to keep the total mass tmibanized. It
should be noted that the large-scale trust-regiethad does
not currently solve this type of problem, but usimgdium
scale line search has provided an acceptable pmafare. It
was found that using the genetic algorithm in HSEVkizing
will solve both constrained and unconstrained oiattion
problems. The results of the genetic algorithm gnesented
with the same optimization variables, as beforé the fithess
functions, in which the constraints are varied footh
efficiency maximization and genetic sizing. We alsed the
genetic algorithm to maximize efficiency. We havisoa
presented minimum mass genetic sizing, constraibgd
minimum losses. The same optimizing variables &edsame
bounds are used in the genetic example, with nuati
constraint function of minimum losses. This is domeler the
condition of minimum total losses, equal to, orsléisan, the
minimum total losses value. We have observed thiatwill
have the benefit of limiting machines losses. In study, we
have found that a noticeable improvement appearshén
performance parameters.
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