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Chapter 2
High-Speed PM Machines: Applications,
Trends and Limits

2.1 Introduction

High-speed permanent magnet machines are the focus of this thesis; this chapter
offers an overview of their current and prospective applications and a theoretical
study of their limits.

The following section explains the reasons behind the increased use of PM
machines with particular attention to small-size, high-speed applications. Several
prominent and promising applications of very high-speed machines are reported. In
Sect.2.3 the term high-speed is discussed and its meaning in this thesis is specified.
Sect.2.4 presents results of an empirical survey of the correlation between rated
powers and speeds of existing high-speed machines; in particular, the section points
out trends of speed increase of slotted and slotless PM machines.

The rest of the chapter is dedicated to speed limits of PM machines. Physi-
cal factors that lie behind speed limits of PM machines in general are defined in
Sect.2.5. Finally, Sect.2.6 attempts to theoretically correlate maximum rated pow-
ers and speeds of PM machines with respect to their inherent limits defined in the
preceding section.

2.2 PM Machines: Overview

Permanent magnet machines have become increasingly popular in the last two
decades. They have replaced induction machines in a great number of converter-fed
electrical drives and motion control systems1 [1, 2]. Besides, many new
applications, which require high-performance electrical machines, are invariably

! A simple indicator of the prevalence of PM machines can be achieved by examining the increase
of the relative number of associated academic papers. For illustration, the ratio between number
of papers that is associated with PM/PM synchronous/brushless DC and induction/asynchronous
motors in the IEEE internet base grew from 0.13 for the period before 1990 to 0.54 after 1990 and
to 0.65 after year 2000.
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linked to PM machines. Two factors may be singled out as crucial for such develop-
ment.

Cost competitiveness and availability of rare-earth magnets. After years of rather
slow advance of SmCo magnets on the market, in the eighties, rapid commercializa-
tion of NdFeB magnets took place [3]. In the beginning of the nineties the production
of rare-earth magnets started booming in China, relying on its large deposits of rare
earths and cheap mining [3]. The price of rare-earth magnets went down which
removed the main obstacle for using strong magnets in a wide range of applica-
tions; accordingly, PM machines became cost-competitive [4, 5]. However, not only
has the price of the magnet been reduced in the past 20 years, a palette of differ-
ent high-energy magnets has become readily available: sintered and plastic-bonded
magnets with different energy products, Curie’s temperatures, corrosion resistance,
shape flexibility, etc [6, 7]. This has allowed the use of PM machines by even highly
demanding customers such as the aircraft industry or military.

Emergence of efficiency-driven applications. Importance of economical exploita-
tion of resources (fuel in particular) has brought about need for compact and effi-
cient electromechanical systems. In practice it means that more-efficient electrical
machines are to either replace traditionally pneumatic, hydraulic and combustion
engines (e.g. in aircraft sub-systems, electric cars) or become physically integrated
and directly coupled with mechanical systems (e.g. machining spindles, flywheels,
turbines).

Qualities of PM machines make them a preferred choice for such systems. Owing
to strong magnets, PM machines can have high power densities and also achieve
high efficiencies due to no excitation losses, no magnetizing currents and very low
rotor losses.

Virtue of high power density becomes particularly important for applications
where low volume/weight and high-speeds are important. Undoubtedly, PM machines
dominate the field of small high-speed machines [8]. This can be ascribed to their
magnetic excitation—air-gap flux density of PM machines is determined mainly by
the quality of utilized permanent magnets and does not depend on the size of the
machine. Current-excited machines, on the other hand, lack space for conductors in
small volumes and thus have comparatively smaller power densities.

For the same power requirement, a high-frequency design reduces size and weight
of an electrical machine. High-frequency also often means elimination of power
transmission elements. Thus, with downsizing and integration the resulting machin-
ery becomes more efficient, lighter and even portable [9]. In the rest of this section
a few typical applications for high-speed PM machines are discussed.

Miniature gas turbines are an exemplary application for high-speed generators.
Small gas turbines are a promising means of converting fuel energy into electricity.
Unlike large turbines whose output power is transmitted to generators via gears, these
small gas turbines are conceived to be directly coupled with high-speed generators
[9]. Resulting device would be a highly efficient power unit suitable as a portable
power supply or a part of a distributed power network. Reliable gas turbines that
utilize PM generators are available on the market [10]. Still, there is a great interest
in academia for developing reliable high-speed generators that would keep pace with
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newly developed turbines which are capable of rotating at speeds beyond 1 million
rpm [11, 12]. A good example of such an effort in academia is work on high-speed
generators in ETH Zurich [13].

Waste heat from a gas turbine may be further used to heat water or space. As stated
in [14]: “Because electricity is more readily transported than heat, generation of heat
close to the location of the heat load will usually make more sense than generation
of heat close to the electrical load.” Such an idea lies behind concept of combined
heat and power (CHP) [9, 15] systems which, according to current predictions, will
be employed as highly efficient heating, cooling and power systems of buildings in
coming years [16].

Machining spindles were already thoroughly discussed in Introduction: integra-
tion of a PM motor with a spindle gives way to efficiency, compactness and high
speeds for production of complex 3D parts. Spindles for medical tools represent also
an attractive application for small high-speed machines. Today, dental drilling spin-
dles are mostly driven by air turbines, however, replacing the turbines with electrical
drives would facilitate adjustable speed and torque of the spindles and reduce number
of hand-pieces needed by a dentist [17].

The new trend of replacing mixed secondary power systems in aircraft with elec-
trical ones has brought forth requirements for light-weight, fault-tolerant machines
[18]. To achieve powerful engines in small volumes high-speed machines are neces-
sary.

Integrated with flywheel a high-speed PM machine forms an electro-mechanical
(EM) battery which is efficient and long-lasting device for energy storage [19,
20]. These EM batteries have been used in many applications, such as hybrid cars,
locomotives [8] and spacecraft [21].

2.3 Defining High-Speed

At this point, it would be wise to define the speed which will be taken as the decisive
factor in this thesis when naming a machine a high-speed machine. As long as
technology permits, arbitrary high rotational speeds could be simply achieved by
scaling down the machine. Therefore, it would not be sensible to take rotational
speed as a sole criterion for the high speed.

The tangential speed at the outer rotor radius is often taken as a criterion when
defining high-speed because it also takes into account the size of a machine. Such
reasoning could make sense since one of major limiting factors for the rotational
speed, mechanical stress in the rotor, is dependent on the tangential rotor speed.
However, this criterion practically represents the degree of machine’s mechanical
utilization and it would favor very large generators that operate at 50/60 Hz which
are hardly perceived as high-speed machines [8]. For that reason, as Binder and
Schneider [8] point out, only inverter-fed or variable-speed machines can, in common
understanding, be called high-speed.
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Fig. 2.1 Diagram of rated speeds and powers of existing high-speed machines, [10, 13, 17, 20,
21, 25-48] © 2010 IEEE

In [22] super high-speed machines are classified according to operating power and
rotational speed. A numerical limit proposed in [23] correlating power limit with the
rotational speed of an electrical machine was used as a criterion for super high-speed
in [22]. This type of relationship has commonly been used to evaluate operating
speed range of machines [13, 24]. Binder and Schneider [8] also empirically found
a correlation between rated powers and speeds of super-high-speed machines.

Consequently, this thesis will focus on variable-speed PM machines of small
and medium size that have high speed with respect to their power. This correlation
will be discussed more in the rest of this chapter. Rated power of the machines of
interest is typically below 500 kW—the power range where PM machines appear to
be prevalent. Nevertheless, a good part of the analyses found in the thesis is applicable
to a broad range of high-speed electrical machines.

2.4 Survey of High-Speed Machines

Based on collected data on commercially available high-speed machines and
machines developed in academia [10, 13, 17, 20, 21, 25-48], a diagram of rated
powers and speeds of high-speed permanent magnet and induction machines was
made.”

Relation between rated powers and speeds in the diagram is in a good agreement
with the correlation empirically found by Binder and Schneider [8]. Namely, from

2 Most of the content of this section has been taken from Borisavljevic et al. [49], © 2010 IEEE.
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Fig. 2.2 Cross-section of a a slotted machine with a large air gap and b slotless machine © 2009
IEEE

a study on published data on high-speed AC machines, the authors obtained the
relationship: log f = 4.27 — 0.275log P (consequently, P ~ 1/f39), which is
presented with a dashed line in the diagram.

The diagram (Fig. 2.1) shows prevalence of PM machines among small high-speed
machines. To the author’s knowledge, no machine other than permanent magnet has
been reported to operate beyond speed of 100.000 rpm.

Slotless PM machines show a trend of the highest increases in speeds and
extremely fast examples have been reported both on the market and in academia
[17, 25]. Bianchi et al. [50] illustrated advantages of using a slotless, rather than
a slotted, stator in high-speed PM machines. The authors optimized, constructed
and, finally, assessed performance of machines of both types. Optimum flux density
in very high-speed PM machines is usually low [50], affecting designs to result in
machines with large effective air-gaps. Instead of increasing mechanical air-gap, it is
sensible to replace stator teeth with conductors. In this manner, the increase of con-
ductors’ area enables rise of the rated current, and that, in turn, partly compensates
loss of power density due to reduced air-gap flux density.

2.5 Speed Limits of PM Machines

Boost in speeds of PM machines is linked with overcoming or avoiding a num-
ber of machine limitations. Various physical parameters (stress, temperature, reso-
nant frequencies) can limit the speed of an electrical machine. Aside from speed,
these variables are also affected by power, size and machine electrical and magnetic
loading.?

Only a small number of academic papers discuss the limits of high-speed
machines. In the paper by Slemon [51] parameters of surface-mounted PM machines

3 A good part of this section has been taken from Borisavljevic et al. [17], © 2010 IEEE.
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were correlated with respect to physical and technological constraints. The paper
derived general approximate expressions for acceleration and torque limits.

Bianchi et al. [50] evaluated thermal and PM-demagnetization limits of different
types of high-speed PM machines. Those limits were taken into account in the pro-
posed optimization procedure through constraints imposed on the design variables.
In a later paper by the same authors [52] the demagnetization limit was disregarded
in slotless PM machine design as it is too high to be reached.

In extremely high-speed machines, however, mechanical factors such as stress
and vibrations, rather than electromagnetically induced heating, are likely to cause
failure of the machine. A good modeling of elastic behavior and constraints of a
rotor of an electrical machine can be found in the thesis of Larsonneur [53]. Other
authors also took mechanical constraints into account when designing a PM rotor, e.g.
[54, 55]. Finally, stability of rotation has been analyzed comprehensively in the field
of rotordynamics [56-59], however some important conclusions on rotordynamical
stability have not been included in literature on electrical machines.

Speed limitations of PM machines in general are the topic of this section. Only
physical limits that are inherent to PM machines will be discussed; speed limitations
associated with bearing types, power electronics, control or technological difficulties
will not be considered. Defining and quantification of the machine speed limits in
the rest of the thesis will have an essential impact on the design of the test machine.

The limit that is common to all machines is the thermal limit. The thermal behavior
of a machine depends on power losses that are further dependent on current and
magnetic loading, as well as rotational speed. These parameters will be correlated
with machine size and rated power in the next section in order to see how the speed
is limited.

The strength or stress limit is inherently connected with the elastic properties
of the materials used in the rotor. Mechanically, a PM rotor can be modeled as a
compound of two or three cylinders: a rotor magnet that either leans on a rotor iron
shaft or is a full cylinder, and an enclosure of the magnet. Given the interference fits
between the adjacent cylinders, maximum tangential speed v; 4, Of the rotor can
be determined (see Chap.4) at which either maximum permissible stress is reached
in one of the cylinders or contact at boundary surface(s) is lost (Fig.2.2).

The third limit that will be considered is related to rotordynamical properties of
the mechanical system. For every rotor-bearing system two types of vibrations can
occur that can (or will) limit the rotational speed of the rotor: resonant and self-
excited. Resonant vibrations occur when the speed of the rotor coincides with one
of the resonant frequencies. In literature are those rotor speeds referred to as critical
speeds, among which those connected with flexural modes in the rotor are particularly
dangerous. Self-excited vibrations make rotation impossible, that is, unstable, and
they commence after a certain threshold speed [60].

Tackling the problem of rotor vibrations is a very complicated task that includes
the mechanical design of the rotor and design of the bearings. However, the speed
range in which the rotor will operate is usually decided on in the initial design stage:
the working speed range must be sufficiently removed from the resonant speeds and
below the threshold of instability. For a given rotor geometrical profile and bearings’
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stiffness the maximum ratio between the rotor length and diameter can be defined,
Fig.2.3:
[ ) Fe

by = _ = . 2.1
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S0 as to insure stable rotation at the target maximum rotor speed.
From (2.1) maximum ratio between active rotor length (active machine length)
and the rotor radius is determined:

lF
)\Fe,max =-— = O Amax, (2.2)
2r,

where o = I, /[ is ratio between active and total rotor length.
Parameter Apax can be viewed as a figure of the rotor slenderness or, conversely,
robustness, with lower values for a more robust rotor.

2.6 Limits and Rated Machine Parameters

The goal of this section is to theoretically correlate rated power, speed and size of
PM machines and, as a result, account for speed-power relationship in the diagram in
Sect.2.4. The correlation will be drawn considering the limiting factors mentioned in
the previous section. The maximum slenderness Amax and tangential speed v; ;4 Will
be assumed known, as defined by mechanical properties of the system. Temperature
in a machine depends on losses and on the cooling capability thus the surface loss
power density will be maintained constant. The derivation is similar to the one in
[8], with focus on loss influence in different types of PM machines (See footnote 3).

To analyze interdependence of power, size and speed the following approximate
equation for output power will be used:

Poom = QT =27 from - Fa - 2r5lpe 15 = anBgAcrsleefnam~ (2.3)
—— ——

Q F
—
T
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In the equation Py, T and fyom are, respectively, rated power, torque and fre-
quency and Fy ~ By A./2 [61] denotes machine’s maximum force density, where
B, is maximum air-gap flux density and:

A, ~ kywkpyJ hs =5 hiib +b , for a slotted machiTle 2.4)
kvwkfi J Ly, for a slotless machine

is current loading. In (2.4) J is amplitude of sinusoidal stator current density, &g,
by and b; are slot height, slot width and tooth width of a slotted machine, /,, is
conductors’ area thickness of a slotless machine and k,, and k ¢;;; are winding and
fill factors, respectively. If the ratio of slot to tooth width is kept constant and having
hg, L, ~ ry, the expressions (2.4) yield:

Ac ~ Jry. (2.5)
Using (2.1) in Eq. (2.3) and neglecting the air-gap length (r; =~ r,) we obtain:
Puom = 47T2Bg Aca)\maxr;? Snom.- (2.6)

Due to increased losses, to maintain a given cooling capability, magnetic and
current loading must be lowered if frequency is increased. Consequently, the ratio
between maximum permissible power dissipation and cooling surface area is main-
tained constant:

P .
diss _ const, 2.7)

while keeping in mind that § ~ rrz.

An analysis of the influence of the machine size and frequency on dominant,
frequency-dependent losses will follow.

At very high frequencies iron losses in the stator are estimated as:

Ppe=C mpef}B; ~ 1} (2.8)

nom g’

where f,:

poles

Je= Srom (2.9)

is electrical frequency and m r, is mass of the iron core.

Copper losses can be divided into two parts: (i) the conduction loss part Pcy, skin,
that also includes a rise in loss caused by the reduction of effective conductors cross-
section due to skin-effect; and (ii) the proximity loss part Pc, prox, that accounts
for eddy-current loss in the conductors due to the pulsating magnetic fields from the
rotor magnet and neighboring conductors:

PCu = PCu,skin + PCu,prox~ (210)
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According to [62] we can estimate the skin-effect conduction loss as:

Pcuskin = F (@) - Pcu.pc = (F (¢) — 1) I*Rpc + I*Rpc, (2.11)
———
skin-effect DC

where ¢ is the ratio between conductor diameter and the skin-depth:

dcu [Toculto fe
8skin\/§ ! 2

and function F (¢) is defined as:

¢ ' (ber (¢)bei’ (¢) — bei(p)ber’ ($))
2 ber’*(¢) + bei’* (¢) ’

F(¢) = (2.13)

For reasonable conductor diameters and electrical frequencies of high-speed
machines the skin-effect part of Eq.(2.11) comprises less than one percent of the
total value of Pc, skin—see Fig.3.17 in Sect. 3.6.2—and can thus be neglected.
Therefore:

Pcuskin = Ppc = I*Rpc = J*Swpculcu ~ J*r2pe ~ J2r). (2.14)

In Eq. (2.14) S,, is the copper cross-section area of the windings and pcy, is the copper
resistivity.

Regarding the proximity-effect part of the copper losses, in the example of slotless
PM machines, it will primarily be influenced by the rotor permanent magnet field
rather than by the field of the neighboring conductors. This part of losses can be
estimated as [63] (for detail see Sect. 3.6.2):

B; (27 faom)” d,
32pcu

2 2
Pcy, prox siotless = Veu ~ }"E’Bgfnom. (2.15)
where V¢, is volume of the conductors (copper).
In a slotted machine the influence of neighboring conductors on proximity loss
is dominant, but dependence of this loss on frequency takes on a more complicated

form. The loss in a single conductor can be expressed in a following form (see [62]):

G(9)
PCI‘u,prox = . H2 lFe (216)

ocu e,rms
where H, ;s is the rms value of magnetic field strength of the neighboring conduc-

tors and:
(bera(@)ber'(¢) — beir(¢p)bei’(§))
ber®(¢) + bei*(¢) ’

G (¢) =2m¢ (2.17)
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For a constant conductor diameter dependence of the expression G (¢) on fre-
quency is very closely quadratic—see Fig.3.18 and Eq. (3.105) in Sect.3.6.2—and
the total loss caused by proximity effect for the slotted machine case can be approx-
imated as:

PCu,prox,slolted ~ szn2()m VCu ~ JanZOmrrS (218)

To maintain the permissible surface loss density (2.7) in a slotless machine, from
(2.8), (2.15) and (2.14) restrictions for magnetic flux density and current density are
obtained as:

By ~ 1/(/7r faom) (2.19)
and
J ~1/r. (2.20)

Finally from (2.5), (2.6), (2.19) and (2.20) the correlation between the rated power
and size for slotless PM machines is obtained:
Prom ~ 7. (2.21)
In the slotted machine case, expressions for DC- (2.14) and frequency-dependent
copper loss (2.18) yield different restrictions for current density: J ~ 1/,/r and
J ~ 1/(/7r fuom). Correlation between rated parameters of slotted PM machines
can be expressed in a more general form as:

73

Paom ~ 71—, 0 <k <1, (2.22)

nom

where k depends on portion of frequency-dependent losses in total copper loss.
The last two equations explain trend of higher increase in rated speeds of slotless
PM machines with respect to their slotted counterparts, as presented in Sect.2.4.
Further, from (2.21) and (2.22) it is evident that it is not possible to gain power
density by merely scaling down the machine and increasing its rated speed. Unfortu-
nately, with increasing operating speed (to obtain the same machine power), losses in
the machine will increase rapidly. To maintain a given cooling capability, magnetic
and current loading must be lowered if frequency is increased.
However, the rationale behind using high-speed machines is compactness and
efficiency of a particular electro-mechanical system and not of the machine itself.
Air-friction loss has not been analyzed yet in this section and it represents a
great portion of overall losses in high-speed machines. Magnetic and current load-
ing, however, do not influence air-friction and it is dependent solely on mechanical
quantities: size, speed and roughness of the rotor and length of the air-gap. Power of
the air-friction drag is given by:

Pap = kiCy (vi, Lg) pairm2rtl. (2.23)
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Empirical estimations of the friction coefficient C ; for typical rotor geometries
can be found in the thesis of Saari [64]. If the air-friction power is divided with the
rotor surface area 27r,/ a surface density of air-friction loss power is obtained:

1
dar = 5K1Cs (V1> L) pair; (2.24)

Temperature in the air-gap is proportional to this power density. Whether this
temperature will jeopardize operation of a machine depends on the coefficient of
thermal convection on the rotor surface and that coefficient is rather difficult to
assess. In any case, tangential rotor speed is a potential limiting figure for machine
with respect to air-friction loss.

If tangential speed v; = 277, from 1S used in (2.21) and (2.22) instead of the
radius, the following correlations are obtained:

o’ (2.25)

v}/ f3 ., for aslotless machine

v}/ f3k for a slotted machine
Prom ~

Equation (2.25) practically establish connection between the nominal powers of
PM machines, their rotor radii (sizes) and nominal rotational frequencies. Usually,
tangential speed in PM machines is limited by stress in the rotor and today does
not exceed 250m/s (the highest reported rotor tangential speed is 245 m/s and it
is associated with a very large turbine generator in Germany, operating at SOHz
[8]). Hence, correlation between nominal powers of PM machines with their highest
permissible nominal speeds can be expressed in a general form as:

1
Pnom'\’3_+ka 0<k<l, (2.26)

nom

which Binder and Schneider [8] found with an approximate value of k = 0.6 for the
frequency exponent (Fig.2.1), however, by including also induction and homo-polar
machines in the study.

2.7 Conclusions

The chapter gives an introduction to high-speed permanent magnet machines: it ana-
lyzes prominent and prospective applications of these machines, defines the attribute
“high-speed” for the purpose of this thesis and presents a general theoretical study
of speed limits of PM machines. By doing so, the chapter explains the reasoning
behind choosing the slotless PM machine as the type of the test-motor and, more
importantly, it defines the scope and outlook for the modeling and design presented
in the thesis.
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Two reasons are singled out for the prevalence of PM machines in the last two
decades: (i) rapid commercialization and availability of rare-earth magnets and (ii) the
emergence of efficiency-driven applications. Qualities of PM machines—high effi-
ciency and power density—have made them a preferred choice for high-performance
applications, particularly at medium and low powers.

High power density of PM machines can be ascribed to their magnetic excitation—
air-gap flux density of PM machines is determined mainly by the quality of utilized
permanent magnets and does not depend on the size of the machine. At the same
time, relatively simple, cylindrical rotor can be robust enough to sustain the stress
caused by the centrifugal force at high speeds.

In the thesis, high-speed machines are defined as variable-speed machines of small
and medium size (typically, below 500kW) that have high speed with respect to their
power. Empirical study on such machines developed in industry and academia also
showed the predominance of PM machines. Obtained relation between rated powers
and speeds is in good agreement with the correlation empirically found by Binder
and Schneider [8].

Slotless PM machines show a trend of the highest increase in speeds and extremely
fast examples have been reported both on the market and in academia. Since the
optimal air-gap flux density in high-speed PM machines for highest efficiency is
usually low it is sensible to replace stator teeth with conductors and, in that way,
partly compensates loss of power density due to reduced air-gap flux density.

Finally, the chapter identifies inherent (physical) speed limits of PM machines—
thermal, structural (elastic) and rotordynamical. Taking into account their physical
limits, the chapter theoretically correlates speed, power and size of PM machines and
accounts for the correlations appearing from the empirical survey. It is concluded
that, if the cooling method is maintained, it is not possible to gain power density by
merely scaling down the machine and increasing its rated speed. This study can be
viewed as the main contribution of this chapter.
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