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Preface

Growing interest in new topologies of permanent magnet (PM) brushless ma-
chines has prompted the authors to update the first edition of Azial flux per-
manent magnet brushless machines, which was originally published in 2004.
In the second edition new sections (non-overlap concentrated coil windings,
rotor dynamics, miniature axial flux PM motors, in wheel motors), new ex-
amples of applications and more numerical examples have been added. On
request of engineers involved in axial flux PM motors technology, a CD with
all numerical examples solved in Mathcad has been attached.

The importance of PM brushless machines technology and its impact on
energy conversion systems are receiving increasing attention each year. While
d.c. brush machines production is shrinking, PM brushless machines are re-
placing d.c. brush and sometimes induction motors in consumer electronics,
kitchen and bath equipment, public life, instrumentation and automation sys-
tem, clinical engineering, industrial electromechanical drives, automobile man-
ufacturing industry, electric and hybrid electric vehicles, marine vessels, toys,
more electric aircrafts and many other applications on larger scale. New appli-
cations have emerged in distributed generation systems (wind turbine genera-
tors, high-speed microturbine generators), miniature power supplies, flywheel
energy storages, aircraft and rotorcraft actuators, missile fin actuators, naval
integrated motor-propellers (rim driven thrusters). The role of axial flux PM
brushless machines is increasing especially in applications where integration
of motors with other mechanical parts is imperative.

We believe that the new edition will provide the most up-to-date knowledge
on the analysis, design, control and applications of axial flux PM brushless
machines. It will increase awareness and stimulate innovations in this field.

Jacek F. Gieras
Rong-Jie Wang
Maarten J. Kamper
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1

Introduction

1.1 Scope

The term azial fluz permanent magnet (AFPM) machine in this book relates
only to permanent magnet (PM) machines with disc type rotors. Other AFPM
machine topologies, e.g. transverse flux machines, have not been considered.
In principle, the electromagnetic design of AFPM machines is similar to its
radial flux PM (RFPM) counterparts with cylindrical rotors. However, the
mechanical design, thermal analysis and assembly process are more complex.

1.2 Features

The AFPM machine, also called the disc-type machine, is an attractive alter-
native to the cylindrical RFPM machine due to its pancake shape, compact
construction and high power density. AFPM motors are particularly suitable
for electrical vehicles, pumps, fans, valve control, centrifuges, machine tools,
robots and industrial equipment. The large diameter rotor with its high mo-
ment of inertia can be utilised as a flywheel. AFPM machines can also operate
as small to medium power generators. Since a large number of poles can be
accommodated, these machines are ideal for low speed applications, as for
example, electromechanical traction drives, hoists or wind generators.

The unique disc-type profile of the rotor and stator of AFPM machines
makes it possible to generate diverse and interchangeable designs. AFPM
machines can be designed as single air gap or multiple air gaps machines, with
slotted, slotless or even totally ironless armature. Low power AFPM machines
are frequently designed as machines with slotless windings and surface PMs.

As the output power of the AFPM machines increases, the contact surface
between the rotor and the shaft in proportion to the power becomes smaller.
Careful attention must be given to the design of the rotor-shaft mechanical
joint as this is usually the cause of failures of disc type machines.
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Table 1.1. Specifications of double-sided disc type AFPM brushless servo motors

manufactured by E. Bautz GmbH, Weiterstadt, Germany

Quantity S632D  S634D  ST12F  S714F  S802F  S804F
Rated power, W 680 940 910 1260 1850 2670
Rated torque, Nm 1.3 1.8 2.9 4.0 5.9 8.5
Maximum

torque, Nm 7 9 14 18 28 40
Standstill

torque, Nm 1.7 2.3 3.5 4.7 7.0 10.0
Rated current, A 4.0 4.9 4.9 6.6 9.9 11.9
Maximum current, A 21 25 24 30 47 56
Standstill current, A 5.3 6.3 5.9 7.8 11.7 14.0
Rated speed, rpm 5000 5000 3000 3000 3000 3000
Maximum

speed, rpm 6000 6000 6000 6000 6000 6000
Armature constant,

V/1000 rpm 23 25 42 42 42 50
Torque constant,

Nm/A 0.35 0.39 0.64 0.64 0.64 0.77
Resistance, 2 2.5 1.8 2.4 1.5 0.76 0.62
Inductance, mH 3.2 2.8 5.4 4.2 3.0 3.0
Moment of inertia,

kgm? x 1073 0.08 0.12 0.21 0.3 0.6 1.0
Mass, kg 4.5 5.0 6.2 6.6 9.7 10.5
Diameter

of frame, mm 150 150 174 174 210 210
Length

of frame, mm 82 82 89 89 103 103
Power

density, W/kg 151.1 188.0 146.8 190.9 190.7 254.3
Torque

density, Nm/kg 0.289 0.36 0.468 0.606 0.608 0.809

In some cases, rotors are embedded in power-transmission components to
optimise the number of parts, volume, mass, power transfer and assembly
time. For electric vehicles (EVs) with built-in wheel motors the payoff is a
simpler electromechanical drive system, higher efficiency and lower cost. Dual-
function rotors may also appear in pumps, elevators, fans and other types of
machinery, bringing new levels of performance to these products.

Most applications use the AFPM machine as a d.c. brushless motor. En-
coders, resolvers or other rotor position sensors are thus a vital part of brush-
less disc motors.

Table 1.1 shows specifications of AFPM brushless servo motors rated up
to 2.7 kW, manufactured by E. Bautz GmbH, Weiterstadt, Germany.
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1.3 Development of AFPM Machines

The history of electrical machines reveals that the earliest machines were axial
flux machines (M. Faraday, 1831, anonymous inventor with initials P.M., 1832,
W. Ritchie, 1833, B. Jacobi, 1834). However, shortly after T. Davenport (1837)
claimed the first patent [P1] for a radial flux machine, conventional radial
flux machines have been widely accepted as the mainstream configuration for
electrical machines [33, 53].

The first primitive working prototype of an axial flux machine ever
recorded was M. Faraday’s disc (1831) - see Numerical Example 1.2. The disc
type construction of electrical machines also appears in N. Tesla’s patents,
e.g. U.S. patent No. 405 858 [P2] entitled Electro-Magnetic Motor and pub-
lished in 1889 (Fig. 1.1). The reasons for shelving the axial flux machine were
multi-fold and may be summarised as follows:

e strong axial (normal) magnetic attraction force between the stator and
rotor;

e fabrication difficulties, such as cutting slots in laminated cores and other
methods of making slotted stator cores;
high costs involved in manufacturing the laminated stator cores;
difficulties in assembling the machine and keeping the uniform air gap.

Although, the first PM excitation system was applied to electrical machines
as early as the 1830s, the poor quality of hard magnetic materials soon dis-
couraged their use. The invention of Alnico in 1931, barium ferrite in the
1950s and especially the rare-earth neodymium-iron-boron (NdFeB) mater-
ial (announced in 1983) have made a comeback of the PM excitation system
possible.

It is generally believed that the availability of high energy PM materials
(especially rare earth PMs) is the main driving force for exploitation of novel
PM machine topologies and has thus revived AFPM machines. Prices of rare-
earth PMs have been following a descending curve in the last decade of the
20th century with a sharp decline in the last three years. A recent market
survey shows that the NdFeB PMs can now be purchased in the Far East
for less than U.S.$ 20 per kilogram. With the availability of more affordable
PM materials, AFPM machines may play a more important role in the near
future.

1.4 Types of Axial Flux PM Machines

In principle, each type of a radial flux machine should have its corresponding
axial flux (disc type) version. In practice, disc type machines are limited to
the following three types:

e PM d.c. commutator machines;
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INVEXTNAR

Fig. 1.1. Electro-magnetic motor with disc rotor according to N. Tesla’s patent No.
405 858, 1889 [P2].

e PM brushless d.c. and synchronous machines;
e induction machines

Similar to its RFPM counterpart, the AFPM d.c. commutator machine uses
PMs to replace the electromagnetic field excitation system. The rotor (arma-
ture) can be designed as a wound rotor or printed winding rotor.

In the wound rotor, the armature winding is made of copper wires and
moulded with resin. The commutator is similar to that of the conventional
type, i.e. it can be either a cylindrical or radial commutator.

The disc-type printed armature winding motor is shown in Fig. 1.2. The
rotor (armature) does not have a ferromagnetic core and its winding is similar
to the wave winding of conventional d.c. commutator machines. The coils are
stamped from pieces of sheet copper and then welded, forming a wave winding.
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Fig. 1.2. AFMPM 8-pole d.c. commutator motor with printed rotor winding: (a)
stator with PMs, (b) cross section, (c) rotor (armature) windings and brushes, (d)
construction of 2p = 8 winding with 145 bars. 1 — rotor with double-sided printed
winding, 2 — PMs, 3 — brushes.

When this motor was invented by J. Henry Baudot [18], the armature was
made using a similar method to that by which printed circuit boards are
fabricated. Hence, this is called the printed winding motor. The magnetic
flux of a d.c. printed winding commutator motor with a large air gap can be
produced using cost effective Alnico magnets with high remanence.

i

Phase A

b —L Phase B
_] Phase C

0 60 120 180 240 300 360 0 120 240
(a)

Fig. 1.3. Current waveforms for AFPM brushless machines: (a) square-wave ma-
chine, (b) sinewave machine.

AFPM d.c. commutator motors are still a versatile and economical choice
for certain industrial, automotive and domestic applications such as fans,
blowers, small EVs, power tools, appliances, etc.

Practically, d.c. brushless and a.c. synchronous machines have almost the
same structure, though their theory and operation principles are somewhat
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different [106, 122, 187]. The main difference is in the shape of the operation
current waveform (Fig. 1.3), i.e.:

e the d.c. brushless machine generates a trapezoidal EMF waveform and is
operated with a rectangular line current waveform (also called a square-
wave machine);

e the a.c. synchronous machine generates a sinusoidal EMF waveform and
is operated with sinewave currents (also called a sinewave machine).

It is difficult to manufacture a laminated rotor with cage winding for a disc-
type induction machine [160]. If the cage winding is replaced with a non-
magnetic high conductivity (Cu or Al) homogenous disc or steel disc coated
with copper layer, the performance of the machine drastically deteriorates.
Therefore, there is little interest in disc type induction machines so far [160,
267].

1.5 Topologies and Geometries

From a construction point of view, brushless AFPM machines can be designed
as single-sided or double-sided, with or without armature slots, with or with-
out armature core, with internal or external PM rotors, with surface mounted
or interior PMs and as single stage or multi-stage machines.

In the case of double-sided configurations, either the external stator or
external rotor arrangement can be adopted. The first choice has the advantage
of using fewer PMs at the expense of poor winding utilisation while the second
one is considered as a particularly advantageous machine topology [38]. The
diverse topologies of AFPM brushless machines may be classified as follows:

e single-sided AFPM machines
— with slotted stator (Fig. 1.4a)
— with slotless stator
— with salient-pole stator
e double-sided AFPM machines
— with internal stator (Fig. 1.4Db)
with slotted stator
with slotless stator
with iron core stator
with coreless stator (Fig. 1.4d)
without both rotor and stator cores
with salient pole stator (Fig. 1.5)
— with internal rotor (Fig. 1.4c)
with slotted stator
with slotless stator
with salient pole stator (Fig. 1.6)
e multi-stage (multidisc) AFPM machines (Fig. 1.7)
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Fig. 1.4. Basic topologies of AFPM machines: (a) single-sided slotted machine, (b)
double-sided slotless machines with internal stator and twin PM rotor, (c) double
sided machine with slotted stator and internal PM rotor, (d) double-sided coreless
motor with internal stator. 1 — stator core, 2 — stator winding, 3 — rotor, 4 —
PM, 5 — frame, 6 — bearing, 7 — shaft.

The air gap of the slotted armature AFPM machine is relatively small. The
mean magnetic flux density in the air gap decreases under each slot opening
due to increase in the reluctance. The change in the mean magnetic flux
density caused by slot openings corresponds to a fictitious increase in the air
gap [121]. The relation between fictitious g’ and physical air gap g is expressed
with the aid of Carter coefficient ko > 1, i.e.,

9" = gkc (L.1)
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Fig. 1.5. Double-sided AFPM brushless machine with internal salient-pole stator
and twin external rotor [185]: (a) construction; (b) stator; (c) rotor. 1 — PM, 2 —
rotor backing steel disc, 3 — stator pole, 4 — stator coil.
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Fig. 1.6. Double-sided AFPM brushless machine with three-phase, 9-coil external
salient-pole stator and 8-pole internal rotor. 1 — PM, 2 — stator backing ferromag-
netic disc, 3 — stator pole, 4 — stator coil.
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Fig. 1.7. Coreless multidisc AFPM machine with three coreless stators and five PM
rotor units: 1 — stator winding, 2 — rotor unit, 4 — PM, 3 — frame, 4 — bearing,
5 — shaft.

For AFPM machines with slotless windings the air gap is much larger and
equal to the mechanical clearance plus the thickness of all non-magnetic mate-
rials (winding, insulation, potting, supporting structure) that is passed by the
main magnetic flux. Since there are no slots, Carter coefficient k¢ = 1. Com-
pared to a conventional slotted winding, the slotless armature winding has
advantages such as simple stator assembly, elimination of the cogging torque
and reduction of rotor surface losses, magnetic saturation and acoustic noise.
The disadvantages include the use of more PM material, lower winding in-
ductances sometimes causing problems for inverter-fed motors and significant
eddy current losses in slotless conductors [49].

In the double-sided, salient-pole AFPM brushless machine shown in Fig.
1.5, the stator coils with concentrated parameters are wound on axially lam-
inated poles. To obtain a three-phase self-starting motor, the number of the
stator poles should be different from the number of the rotor poles, e.g. 12 sta-
tor poles and 8 rotor poles [173, 174, 185]. Fig. 1.6 shows a double-sided AFPM
machine with external salient pole stators and internal PM rotor. There are
nine stator coils and eight rotor poles for a three-phase AFPM machine.

Depending on the application and operating environment, slotless stators
may have ferromagnetic cores or be completely coreless. Coreless stator con-
figurations eliminate any ferromagnetic material from the stator (armature)
system, thus making the associated eddy current and hysteresis core losses
nonexisting. This type of configuration also eliminates axial magnetic attrac-
tion forces between the stator and rotor at zero-current state. It is interesting
that slotless AFPM machines are often classified according to their winding
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arrangements and coil shapes, namely, toroidal, trapezoidal and rhomboidal
forms [38, 49, 87].

)._._

»
>

Fig. 1.8. Solid cylindrical shaft loaded with two masses m; and mao.

1.6 Rotor Dynamics

All spinning shafts, even in the absence of external load, deflect during rota-
tion. Fig. 1.8 shows a shaft with two rotating masses my and my. The mass
my can represent a disc-type rotor of an AFPM machine while the mass mo
can represent a load. The mass of the shaft is my,. The combined mass of
the rotor, load and shaft can cause deflection of the shaft that will create
resonant vibration at certain speed called whirling or critical speed. The fre-
quency when the shaft reaches its critical speed can be found by calculating
the frequency at which transverse vibration occurs.
The critical speed in rev/s of the ith rotating mass can be found as [227]
L /g
n; = 5n\ o (1.4)
where g = 9.81 m/s? is the acceleration due to gravity and d; is the static
deflection at the ith position of the rotor due to ith rotor only, i.e.,

B m;ga?(L — a;)?

- 1.
7 3E.LL (1.5)
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Fig. 1.9. Twin-stator double-sided AFPM machine in Cartesian coordinate system.

In the above equation E; is the modulus of elasticity (for steel E = 200 x 10°
Pa), I; is the area moment of inertia of cross-sectional area, L is the length of
the shaft and a; is the location of the ith rotor from the left end of the shaft
(Fig. 1.8). The area moment of inertia can be found as

D}
64

The resultant angular critical speed (2., = 27n,, for the shaft loaded with
i number of rotors (£2; = 2mn;) can be found on the basis of Dunkerley’s
equation [80] as

I =

(1.6)

1 1
A2 (1)

or Rayleigh’s equation [227]

Qe = /% (1.8)

The shaft is also considered a rotor with mass mg, concentrated at 0.5L where
L is the length of the shaft (bearing—to—bearing).

Dunkerley’s empirical method uses the frequencies that each individual
load creates when each load acts alone and then combines them to give an
approximation for the whole system [80]. Thus eqn (1.7) is an approximation
to the first natural frequency of vibration of the system which is assumed
nearly equal to the critical speed of rotation. Rayleigh’s method is based
on the fact that the maximum kinetic energy must be equal to maximum
potential energy for a conservative system under free vibration [227].
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1.7 Axial Magnetic Field Excited by PMs

A double-sided AFPM machine with twin PM rotor in zyz rectangular co-
ordinate system is shown in Fig. 1.9. Assuming that the radius of curvature
is higher than the pole pitch and the centre axes of the opposite rotor poles
are shifted by a linear distance zg, the normal component of the magnetic
flux density on the surface of the rotor can be described in the stationary zyz
coordinate system by the following equations:

e at z=0.5d
> T
Bp.i(z,t) = By Z:l by cos(w,t F B — ) (1.9)
e at z=—-0.5d
B — B b T 1.1
sz(IL’,t) — Lo ; v COS |:Wyt + ﬂu(x - ZO) - §j| ( . O)

where By is the value of the normal component in the center axis of the North
pole, and

8, =vl (1.11)
T
wy, = PBuv = B,mDn (1.12)
Al ¢ 1\*1 1\° 2
=—|5Lt=sinha—6(— | — cosh — h
- c%+ﬁzsma 6(@/) beOS a+3<6y> T—prOS a]
X sin(ug)sin(u%bt)
4 ﬁy ]- 3 ]- ]. . iy
= — | 5- = h - b 1.1
- cf,+ﬁ3+6<ﬁl,> 2 51/] cos asm(uQ)cos(ﬂ t) (1.13)

T—0b,

5 cp:2g

b =
¢ b,
In the above eqns (1.9), (1.10), (1.11), (1.12), and (1.13) v = v, is the linear
speed of the rotor in the z-direction, n = wD/v is the rotational speed in
rev/s and the parameter o depends on the shape of the distribution of the
normal component of the magnetic flux density (Fig. 1.10). For the flat-topped



1.7 Axial Magnetic Field Excited by PMs 13

0.9
(a) 0.906
A L
B, (%.0) 03 ] ! I | ' \ ] I '
e i\ . l) ‘
B, (xt
B L L
-0.3 | \} T ‘} { ) 7 |
0.6 J ‘ } ) J | , L
-09_99
0 0.05 0.1 0.15 0.2 0.25 0.3
0 X 2pt
(b)
o /‘ /4| ) /ﬁl k/l‘\
0.6 f v t T
AR NI R
0.3 1 [ [ ] |
L WAl
v TV TT
03 | ! rt 1+ 1
QPO O 1 O A W IS OB
TN W Y
=09 09
0.05 0.1 0.15 0.2 0.25 0.3
0 X 2pt

Fig. 1.10. Distribution of the normal components of the magnetic flux density
according to eqns (1.9), (1.10) and (1.13) for 7 = 0.04 m, b, = 0.03 m, Bg = 0.6 T,
t=0,z0 =057 (a) a=0, (b) a=0.38.

curve o = 0 and for the concave curve (armature or eddy-current reaction)
0 < a < 1. The coefficient b, according to eqn (1.13) has been derived in
[103].

The average diameter D of the PM excitation system and corresponding
average pole pitch are:

D
D = 0.5(Dgut + Din) r== (1.14)

2p
where D;,, is the inner diameter of PMs, D,,; is the outer diameter of PMs
and 2p is the number of poles.
The electromagnetic field analysis in AFPM brushless machines has been
discussed in e.g., [99, 100, 281, 282].
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1.8 PM Eddy-Current Brake as the Simplest AFPM
Brushless Machine

A double-sided, PM excited eddy-current brake with high conductivity non-
magnetic disc-type rotor is one of the simplest brushless AFPM machines (Fig.
1.9). In an eddy-current brake the PM excitation system is stationary and the
conductive rotor rotates at the speed n. Eqns (1.9) to (1.14) are valid since
the stationary PM excitation system and rotating electric circuit (armature)
are equivalent to the rotating PMs and the stationary electric circuit.

It is assumed that the eddy currents in the non-magnetic conductive disc
flow only in the radial direction, i.e., in the y-direction (Fig. 1.9). Thus, the
magnetic vector potential A in the disc is described by the following scalar
equation (2D analysis):

0?2 Ay n 02 Ay
02 0z2

= oy Ay (1.15)

where

ay = /jwupopro = (1+ j)k, (1.16)

k, = /% (1.17)

In eqns (1.16) and (1.17) the electric conductivity o depends on the disc
temperature. The relative magnetic permeability of paramagnetic (Al) or dia-
magnetic (Cu) materials p, =~ 1. The angular frequency for higher space
harmonics is according to eqn (1.12) or

w, =27 f,; fo=vf; v=1,35... (1.18)
General solution to eqn (1.15) can be written, for example, as

Ay = Z sin(w,t + Bz — g)[Ah, exp(—rpz) + A1y exp(k,2)] (1.19)

v=1

where

Ky =Va2+ 02 = (ap, + ax,)k, (1.20)

4 2
ARy = % 44 <i:> + (i’;) (1.21)
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Since the currents in the disc flow only in the radial direction y, E,,, = 0
By, = 0 and By, = 0 for —=0.5d < z < 0.5d. Using the magnetic vector
potential V x A = B and the second Maxwell’s equation V x E = —9B/0t,
the remaining electric and magnetic components in the disc can be found as

Emy = _jqumy

= — ij,, sin(wyt + Bz — g)[Al,, exp(—rpz) + Aoy exp(k,z)]  (1.23)

v=1
0A
Bmm = - idd
0z
= Z Ky sin(w,t 4+ Byx — g)[Al,, exp(—kyz) — Agy exp(ky2)] (1.24)
v=1
0A
BmZ - Y
' Ox

= Z By cos(wyt + Bx — g)(Al,, exp(—kpz) + Agy exp(kyz)) (1.25)
v=1

The integration constants Ay, and As, can be found on the basis of equality
of normal components of the magnetic flux density in the air and in the disc
at z = 0.5d and z = —0.5d, i.e.

e at z=0.5d
By cos(w,t + Ba — g)[Ah, exp(—k,d/2) + Asy, exp(k,d/2)]
T
= Bob,cos(w,t + Bz — 5)
e at z=—-0.5d

By cos|wyt + By (x — xg) — g] [A1, exp(—k,d/2) + Ay exp(k,d/2)]

= Bob, cos|w,t + 8, (x — xg) — g]
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There is only backward-rotating magnetic field in the air gap of an eddy-
current brake, so that the terms §,x and 5, (z — z¢) in eqns (1.9) and (1.10)
are with the 4 sign. Thus,

Ay — Ay — iBobV sinh(k,d/2) 11

1 .
ﬁy W = §IB_V 0 ymslnh(lﬁ,d) (126)

because sinh(2z) = 2 sinh x cosh z. Putting eqn (1.26) into (1.23), (1.24) and
(1.25), the particular solution to eqn (1.15) for E,,,, By, and B,,. compo-
nents are

[ee]
. BObl/ 1 - s
E,=— ;jwu B, coh(nnd)2) sin(w,t + B,x — 5) cosh(k,z)  (1.27)
- BObV 1 . T .
Bo=S k, ot + Box — ) sinh (s, 1.28
; K 3, cosh(nyd)2) sin(w,t + Box 5 ) sinh(k, 2) (1.28)
> 1 us
B, = Bob, ——— ot LT — — h(k, 1.2
; 0 cosh(myd)2) cos(wyt + By 2)cos (kyz) (1.29)

The surface wave impedance for the vth space harmonic is calculated on the

basis of eqns (1.27) and (1.28)

E 21 d
my} = coth(k, =)

Bz, g5qa O Ku 2

2y =Ty +jxu = — oMy |:

ky

= [(BRVARV - BXVAXIJ) + j(BXl/ARV - BRVAXV)]? (130)
where
sinh(ag, k,d)
Ap, = 1.31
R cosh(ag,k,d) — cos(ax,k,d) ( )
—sin(ax,k,d)
Ay, = 1.32
X cosh(apr,k,d) — cos(ax,k,d) ( )
ax, GRy
Br, = ————5— Br, = ———5— 1.33
g, v, T 0, k)
The impedance of the disc for the vth space harmonic
. Dou - D’L’IL 2 10. Dou - Din d
Zl/ — ZVMICZV = &_Mkzy COth(FLD—) (1.34)
T/v o Ky T/v 2
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where D,,; is the outer diameter of PMs, D;,, is the inner diameter of PMs,
7 is the average pole pitch (1.14) and k., is the impedance increase factor
due to circumferential currents (in the x direction). The impedance increase
factor for the vth harmonic is [69]

1 T

S B
t 2 05(Dowt — Din)

(1.35)

1.9 AFPM Machines versus RFPM Machines

In pace with the application of new materials, innovation in manufacturing
technology and improvements in cooling techniques, further increase in the
power density (output power per mass or volume) of the electrical machine has
been made possible. There is an inherent limit to this increase for conventional
radial flux PM (RFPM) machines because of [30, 53, 106, 165, 192]:

e the bottle-neck feature for the flux path at the root of the rotor tooth in
the case of induction and d.c. commutator machines or brushless machines
with external rotors (Fig. 1.11);

e much of the rotor core around the shaft (rotor yoke) is hardly utilised as
a magnetic circuit;

e heat from the stator winding is transferred to the stator core and then to
the frame — there is poor heat removal through the stator air gap, rotor
and shaft without forced cooling arrangements.

These limitations are inherently bound with radial flux structures and cannot
be removed easily unless a new topology is adopted. The AFPM machine,
recognised as having a higher power density than the RFPM machine, is more
compact than its radial flux counterpart [29, 53, 106, 165].

Moreover, since the inner diameter of the core of an AFPM machine is
usually much greater than the shaft diameter (see Fig. 1.4), better ventilation
and cooling can be expected. In general, the special properties of AFPM
machines, which are considered advantageous over RFPM machines in certain
applications, can be summarised as follows [52, 106]:

e AFPM machines have much larger diameter to length ratio than RFPM
machines;

AFPM machines have a planar and somewhat adjustable air gap;
capability of being designed to possess a higher power density with some
saving in core material;

e the topology of an AFPM machine is ideal to design a modular machine
in which the number of the same modules is adjusted to power or torque
requirements;

e the larger the outer diameter of the core, the higher the number of poles
that can be accommodated, making the AFPM machines a suitable choice
for high frequency or low speed operations.
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@) (b)

Fig. 1.11. Topologies of (a) RFPM machine (b) AFPM machine.

Consequently, AFPM type machines are particularly suitable for servo, trac-
tion, distributed generation and special-purpose applications where their prop-
erties offer distinct advantages over their conventional RFPM counterparts.
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Fig. 1.12. Performance comparison of RFPM and AFPM machines [239].
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The quantitative comparison between traditional RFPM machine and
AFPM machine is always difficult as it may raise the question of this compar-
ison’s fairness. Some published work dealt with quantitative investigations of
RFPM and AFPM machine configurations in terms of sizing and power density
equations [8, 53, 132, 256, 278]. Fig. 1.12 gives the performance comparison
between a conventional RFPM machine and a number of AFPM machines of
different configurations at five different power levels [239], which shows that
the AFPM machine has a smaller volume and less active material mass for a
given power rating than the RFPM machine.

1.10 Power Limitation of AFPM Machines

The power range of AFPM disc-type brushless machines is now from a fraction
of a Watt to sub-MW. As the output power of the AFPM machine increases,
the contact surface between the rotor and shaft becomes smaller in compar-
ison with the rated power. It is more difficult to design a high mechanical
integrity rotor-shaft mechanical joint in the higher range of the output power.
A common solution to the improvement of the mechanical integrity of the
rotor-shaft joint is to design a multidisc (multi-stage) machine (Fig. 1.7).
Since the scaling of the torque capability of the AFPM machine as the
cube of the diameter (see eqn (2.101)) while the torque of a RFPM machines
scale as the square of the diameter times the length, the benefits associated
with axial flux geometries may be lost as the power level or the geometric
ratio of the length to diameter of the motor is increased [189]. The transition
occurs near the point where the radius equals twice the length of RFPM
machine. This may be a limiting design consideration for the power rating
of a single-stage disc machine as the power level can always be increased by
simply stacking of disc machines on the same shaft and in the same enclosure.

Numerical Example 1.1

Find the critical speed of rotation of the system consisting of a disc-type
rotor (steel disc with PMs), steel shaft and driven wheel. Moduli of elasticity,
specific mass densities, diameters and widths (lengths) are as follows:

(a) By = 200 x 10° Pa, p; = 7600 kg/m?, D; = 0.3 m, w; = 0.01 m for the
disc-type rotor;

(b) E5 = 200 x 10° Pa, p3 = 7650 kg/m3, Dy = 0.15, wy = 0.1 m for the
driven wheel;

(c) Egp, = 210 x 10° Pa, py, = 7700 kg/m?, D), = 0.0245 m, L = 0.6 m for
the shaft.
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The location of the rotor from the left end of the shaft is a; = 0.2 m and the
location of the driven wheel from the same end of the shaft is as = 0.35 m
(Fig. 1.8). The acceleration of gravity is 9.81 m/s%.

Solution

Mass of rotor

wD? 70.32
1 Lwy = 7600 1

mi = p1 x 0.01 = 5.372 kg

Mass of driven wheel

D2 0.152
il - 2 10y = 7650~

Mo = Pa x 0.1 =13.519 kg

Mass of shaft

D2 0.02452
Tshy, — 7700”T % 0.6 = 2.178 kg

Msh = Psh
Area moment of inertia of the rotor according to eqn (1.6)

0.34
I = ”64 —3.976 x 10~* m*

Area moment of inertia of the driven wheel to eqn (1.6)

70.15% _
Ip = —— = 2485 x 10 > m?
Area moment of inertia of the shaft according to eqn (1.6)
0.02454
I, = FT —1.769 x 10~5 m*

Static deflection of the shaft at position of rotor due to rotor only as given by
eqn (1.5)

~ 5.372x9.81 x 0.22(0.6 — 0.2)*
3 %200 x 109 x 3.976 x 10~4 x 0.6
Static deflection of the shaft at position of driven wheel due to driven wheel
only as given by eqn (1.5)

13519 x 9.81 x 0.35%(0.6 — 0.35)?
3 %200 x 109 x 2.485 x 107 x 0.6
Static deflection of shaft due to shaft only as given by eqn (1.5)

o1 =92.356 x 107" m

o9 =1.135%x 10" m

2,178 x 9.81 x 0.3%(0.6 — 0.3)?
T 3x210 x 109 x 1.769 x 108 x 0.6

where the mid point of the shaft is 0.5L = 0.5 x 0.6 = 0.3 m. Thus, critical
speeds according to eqn (1.4) are

=259%x10"° m

Osh
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e (ritical speed of the disc-type rotor

! ,/79'81 10 269.2 rev/s = 616 150.9
—_ = 2T = .J I'pm
"= 50\ 2356 x 109 evrs P

e Critical speed of the driven wheel

1 9.81
Nng = % m = 1479.7 reV/S = 88 780 rpm

e C(Critical speed of the shaft

1 9.81
Ngh = % W =97.97 reV/S = bh878.4 rpm

Critical angular speeds for the disc-type rotor is 2y = 2710 269.3 =
64 523.2 rad/s, for the driven wheel is 25 = 271479.7 = 9297 rad/s and for
the shaft is 24, = 2797.97 = 615.6 rad/s. According to Dunkerley equation

1 1 1 1 1 1
T=—5

20, " = 9651 x 1076 s2/rad?
Q%+Q§+~Qsh 615232 0207 T ging  2OPL} 107 s e

Critical angular speed of the system as given by eqn (1.7)

1 1
VT /2651 x 106

Critical speed of rotation of the system according to Dunkerley equation

Qer = 614.21 rad/s

(. _ 614.21
2r o

Nep = = 97.75 rev/s = 5865.3 rpm

Critical speed of rotation of the system according to Rayleigh’s method - eqn
(1.8)

Ner =

1 9.81(5.372 x 2.356 x 109 + 13.519 x 1.135 x 10~7 + 2.178 x 2.59 x 10-5)
27\ 5.372 x (2.356 x 10792)2 + 13.519 x (1.135 x 10=7)2 + 2.178 x (2.59 x 10—3)2

=99.3 rev/s = 5958.15 rpm

The results according to Dunkerley and Rayleigh are similar.
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Numerical Example 1.2

A copper disc with its dimensions as shown in Fig. 1.13 rotates with the
speed of 12 000 rpm between U-shaped laminated pole shoes of a PM. A
sliding contact consisting of two brushes is used to collect the electric current
generated by this primitive homopolar generator: one brush slides on the
external diameter D,,; = 0.232 m and the second brush is located directly
below one of the poles at the distance of 0.5D;,, = 0.03 m from the axis of the
disc. The remanent magnetic flux density of the NdFeB PM is B, = 1.25 T,
coercivity is H. = 950 000 A/m and height 2hy; = 0.016 m. The thickness of
the disc is d = 0.005 m, one-sided air gap is ¢ = 0.0015 m and the width of the
pole is b, = 20 mm. The relative magnetic permeability of the laminated core
is p = 1000 and the conductivity of the disc is o = 57 x 105 S/m at 20°C.
The length of the flux path in the laminated core is g, = 0.328 m. Find:

(a) the magnetic flux density in the air gap;

(b) the EMF between brushes;

(c) the current, if the line resistance is R; = 0.001 Q and load resistance is
Ry, =0.02 Q.

The magnetic flux fringing effect in the air gap, the variation of magnetic
permeability with the magnetic field intensity in the laminated core and brush
voltage drop are neglected.

20 16 20
A A
PM "20 _________
A A
|
|
160 120 !
|
|
A\ D I U
D y nf| -
out 1 __\__,‘20 ,,,,,4 ________ _ _
Y \\\‘ -
>3] I
EIN }
i
i
d = +
v N i
|

Fig. 1.13. Faraday’s disc: a nonmagnetic conductive disc rotating in a stationary
magnetic field according to Numerical example 1.2.
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Solution

This is a homopolar type d.c. generator known as Faraday’s disc and can
be used as a current source, e.g. for electrolysis.

(a) Magnetic flux density in the air gap
The relative recoil magnetic permeability

1 AB 1 1.25 - 0
Hrree =0 AH ~ 0.47 x 10-6 950000 — 0

=1.047

The magnetic flux density in the air gap and saturation factor of the magnetic
circuit can be found on the basis of Kirchhoff’s magnetic voltage law, i.e.

B, B B
2hM = - 2hM + _929 + HFelFe
Hotrrec HoHrrec Mo
B, B B
2hp = g 2hy + —QQQkSM
Holrrec HoHrrec Ho

where the saturation factor of the magnetic circuit

lFe lFe
Fout = 1 =1 = 1.042
N G+ 05d) T 2x 1000(0.0015 + 0.5 x 0.005)

Thus, the air gap magnetic flux density is

B,
1+ (9 + 0-5d)ksat,u/r7‘ec/hM

B, =

1.25

= =0.809 T
1+ (0.0015 4 0.5 x 0.005)1.042 x 1000/0.008

(b) EMF between brushes

Since E/l = v x Bg or dE = Byudr where v = v, = 27wrn is the linear
speed, r is the radius of the disc and n is the rotational speed in rev/s,
dE = By(2mrn)dr. Thus

0.5D

out B

E= By (2mrn)dr = M2 (
0.5D;p, 4

2
Dout

w12000 0.809
= —— (0.232* — 0.06°) = 6.
50 1 (0.23 0.06°) = 6.38 V
(c) Current, if the line resistance is R; = 0.001 © and load resistance is

Ry =0.02 Q.

Neglecting the current fringing effect in the disc, the resistance of the disc
for induced current at 20°C is
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0.5(Dout — Din) 0.5(0.232 — 0.06)
Ry~ = = 0.0000151 ©2
¢ odb, 57 x 105 x 0.005 x 0.02

The current is

E 6.38

Rqg+ R+ Ry, 0.0000151 4 0.001 4 0.02

The terminal voltage is V = I x Ry, = 303.6 x 0.02 = 6.1 V and the line
voltage drop is AV =1 x R; = 303.6 x 0.001 = 0.304 V.

Numerical Example 1.3

Find the impedance of the aluminum disc of a double-sided eddy current brake
at ambient temperature 20°C. The inner diameter of the PMs is D,,, = 0.14
m, the outer diameter of the PMs is D,,; = 0.242, thickness of the disc
d = 3 mm, number of poles 2p = 16 and speed n = 3000 rpm. Assume the
conductivity of the aluminum o = 30 x 10° S/m at 20°C and its relative
magnetic permeability p, ~ 1.

Solution
The average diameter of the disc

D = 0.5(Dyp, + Dout) = 0.5(0.14 + 0.232) = 0.191 m

The average pole pitch

191
D _ 70191 0s7
2p 16

T =
The frequency and angular frequency of the current in the disc for fundamental
space harmonic v = 1

f:pn:S%:lﬂ)O Hz w=2nf =2r400 = 2513.3 1/s

The attenuation factor for the fundamental space harmonic v = 1 of the
electromagnetic field in the disc according to eqn (1.17) is

2513.3 x 047106 x 1.0 x 30 x 106
k:\/ X 91766 1/m

2

The coefficients according to eqns (1.11), (1.21), (1.22), (1.31), (1.32) and
(1.33) for v = 1, are respectively
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™
154 0.037 84.865 1/m

4 2
1 84.865 84.865
— = /4 = 1.038
N * (217.66) i (217.66)
oo = L | [y (34865 T /84.865 270964
X ﬂ\ 217.66 217.66)

sinh(1.038 x 217.66 x 0.003)

Ap —
R cosh(1.038 x 217.66 x 0.003) — cos(0.964 x 217.66 x 0.003)
= 1.699
e — 5in(0.964 x 217.66 x 0.003)
X7 cosh(1.038 x 217.66 x 0.003) — cos(0.964 x 217.66 x 0.003)
= —1.369
964
Bp = 0.96 = 0.961

0.5(1.0382 + 0.9642)

1.038
Bx = = 1.035
X7 0.5(1.0382 + 0.9642)

The surface wave impedance for v = 1 according to eqn (1.30)

217.66

=106 = 22123 x 107° Q

r = [0.961 x 1.699 — 1.035 x (—1.369)]

217.66
5 =3.216 x 1076 Q

= L. 1. 961 x (—1.369)] ——
© = [1.035 % 1.699 +0.961 x (~1.369)] =—

z=2.2123 x 107° +53.216 x 107¢ Q

The impedance increase factor due to circumferential currents (in the
a-direction) according to eqn (1.35) is

1 0.037

= =1.733
12 0.5(0.242 — 0.14)

kzu:1+
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Fig. 1.14. Resistance and reactance of the aluminum disc as a function of higher
space harmonics v according to Numerical example 1.3.

The disc impedance per pole for the fundamental space harmonic v = 1
according to eqn (1.34)

242 — 0.14
Z =(2.2123 x 107° + j3.216 x 10’6)%1.366

=5.231 x 107° + j7.605 x 107¢ ©

R=5231x10"°Q X =7.605%x107%Q

The disc resistance R, and reactance X, for higher space harmonics v > 1 is
plotted in Fig. 1.14.

Numerical Example 1.4

Estimate the cost of materials of a 3-phase, 250 kW, 2300 rpm brushless
AFPM machine. The internal stator does not have any ferromagnetic core.
The twin-type external rotor (Fig. 1.4d) consists of sintered NdFeB PMs (40
poles) glued to two solid steel discs. The mass of the stator copper conductors
is mey, = 18.7 kg, mass of the stator winding insulation (including encapsu-
lation) is m;,s = 1.87 kg, mass of PMs is mpys = 32.1 kg, mass of the twin
rotor core is m,. = 50.8 kg (two discs) and mass of the shaft is mg, = 48.5
kg. The cost of materials in U.S. dollars per kilogram is: copper conduc-
tor cc,, = 10.50, insulating materials ¢;,s = 8.50, sintered NdFeB magnets
cpy = 24.00 and carbon steel cgee; = 1.40. The cost of frame, end discs
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(bells) and bearings is C'y = $164.00. The cost of components that are inde-
pendent of the machine geometry (encoder, terminal leads, terminal board,
nameplate) is Cy = $140.00.

Coeflicients taking into account the manufacturing and utilisation of steel
for the shaft and rotor core (steel discs) are as follows:

total volume of the steel bar to the volume of the shaft, ks, = 1.94
coefficient taking into account the cost of machining of the shaft, ks, =
2.15

total volume of the steel plate to the volume of the rotor discs, k,, = 2.1
coefficient taking into account the cost of machining of the rotor steel discs,

kmr = 1.8

Solution

The cost of the copper winding

Cw = meucoy = 18.7 x 10.50 = $196.35
The cost of the insulation and encapsulation

Cins = MinsCins = 1.87 x 8.50 = $15.90
The cost of PMs

CPM =MmppCppy = 32.1 x 24.00 = $770.40
The cost of the rotor core (two steel discs)

Cre = kurkmrmycCsteer = 2.1 X 1.8 x 50.8 x 1.40 = $268.83

The cost of the shaft

Csh = kushkmshMshCsteer = 1.94 x 2,15 x 48.5 x 1.40 = $283.21

Total cost of materials

C= C(f + C(0 + Cw + Cins + C'PM + C’r‘c + Csh

= 164.00 + 140.00 + 196.35 + 15.90 + 770.40 + 268.93 + 283.21 = $1838.69
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Principles of AFPM Machines

In this chapter the basic principles of the AFPM machine are explained in
details. Considerable attention is given to the magnetic circuits, windings,
torque production, losses, equivalent circuits, sizing procedure, armature re-
action and performance characteristics of AFPM machines.

2.1 Magnetic Circuits

2.1.1 Single-Sided Machines

The single-sided construction of an axial flux machine is simpler than the
double-sided one, but the torque production capacity is lower. Fig. 2.1 shows
typical constructions of single-sided AFPM brushless machines with surface
PM rotors and laminated stators wound from electromechanical steel strips.
The single-sided motor according to Fig. 2.1a has a standard frame and shaft.
It can be used in industrial, traction and servo electromechanical drives. The
motor for hoist applications shown in Fig. 2.1b is integrated with a sheave
(drum for ropes) and brake (not shown). It is used in gearless elevators [113].

2.1.2 Double-Sided Machines With Internal PM
Disc Rotor

In the double-sided machine with internal PM disc rotor, the armature wind-
ing is located on two stator cores. The disc with PMs rotates between two
stators. An eight-pole configuration is shown in Fig. 2.2. PMs are embedded
or glued in a nonmagnetic rotor skeleton. The nonmagnetic air gap is large,
i.e. the total air gap is equal to two mechanical clearances plus the thickness
of a PM with its relative magnetic permeability close to unity. A double-sided
machine with parallel connected stators can operate even if one stator winding
is broken. On the other hand, a series connection is preferred because it can
provide equal but opposing axial attractive forces.
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Fig. 2.1. Single sided disc type machines: (a) for industrial and traction electro-
mechanical drives, (b) for hoist applications. 1 — laminated stator, 2 — PM, 3 —
rotor, 4 — frame, 5 — shaft, 6 — sheave.
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Fig. 2.2. Configuration of double-sided AFPM brushless machine with internal disc
rotor: 1 — rotor, 2 — PM, 3 — stator core, 4 — stator winding.

A practical three-phase, 200 Hz, 3000 rpm, double-sided AFPM brushless
motor with built-in brake is shown in Fig. 2.3 [157]. The three-phase winding
is Y-connected, while phase windings of the two stators are in series. This
motor is used as a flange-mounted servo motor. The ratio Xsq/Xs, =~ 1.0

so the motor can be analysed as a cylindrical non-salient rotor synchronous
machine [128, 155, 157].
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Fig. 2.3. Double-sided AFPM brushless servo motor with built-in brake and en-
coder: 1 — stator winding, 2 — stator core, 3 — disc rotor with PMs, 4 — shaft,
5 — left frame, 6 — right frame, 7 — flange, 8 — brake shield, 9 — brake flange,
10 — electromagnetic brake, 11 — encoder or resolver. Courtesy of Slovak Univer-
sity of Technology STU, Bratislava and Electrical Research and Testing Institute,
Nova Dubnica, Slovakia.

2.1.3 Double-Sided Machines With Internal Ring-Shaped
Core Stator

A double-sided machine with internal ring-shaped stator core has a poly-phase
slotless armature winding (toroidal type) wound on the surface of the stator
ferromagnetic core [101, 173, 244, 276]. In this machine the ring-shaped stator
core is formed either from a continuous steel tape or sintered powders. The
total air gap is equal to the thickness of the stator winding with insulation,
mechanical clearance and the thickness of the PM in the axial direction. The
double-sided rotor simply called twin rotor with PMs is located at two sides
of the stator. The configurations with internal and external rotors are shown
in Fig. 2.4. The three phase winding arrangement, magnet polarities and flux
paths in the magnetic circuit are shown in Fig. 2.5.

The AFPM machines designed as shown in Fig. 2.4a can be used as a
propulsion motor or combustion engine synchronous generator. The machine
with external rotor, as shown in Fig. 2.4b, has been designed for hoist applica-
tions. A similar machine can be designed as an electric car wheel propulsion
motor. Additional magnets on cylindrical parts of the rotor are sometimes
added [173] or U-shaped magnets can be designed. Such magnets embrace
the armature winding from three sides and only the internal portion of the
winding does not produce any electromagnetic torque.
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Fig. 2.4. Double-sided machines with one slotless stator: (a) internal rotor, (b)
external rotor. 1 — stator core, 2 — stator winding, 3 — steel rotor, 4 — PMs,
5 — resin, 6 — frame, 7 — shalft.

Viufwlv]Ufw]-v]yU[ws |
1 - 5 &
1 I ] 1
viylwlv]ylwlv]:

Fig. 2.5. Three phase winding, PM polarities and magnetic flux paths of a double-
sided disc machine with one internal slotless stator. 1 — winding, 2 — PM, 3 —
stator yoke, 4 — rotor yoke.

Owing to the large air gap the maximum flux density does not exceed 0.65
T. To produce this flux density a large volume of PMs is usually required.
As the permeance component of the flux ripple associated with the slots is
eliminated, the cogging torque is practically absent. The magnetic circuit is
unsaturated (slotless stator core). On the other hand, the machine structure
lacks the necessary robustness [244]. Both buried magnet and surface magnet
rotors can be used.

There are a number of applications for medium and large power axial
flux motors with external PM rotors, especially in electrical vehicles [101,
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276]. Disc-type motors with external rotors have a particular advantage in
low speed high torque applications, such as buses and shuttles, due to their
large radius for torque production. For small electric cars the electric motor
mounted directly into the wheel is recommended [101].

2.1.4 Double-Sided Machines With Internal Slotted Stator

The ring-type stator core can also be made with slots (Fig. 2.6). For this type
of motor, slots are progressively notched into the steel tape as it is passed
from one mandrel to another and the polyphase winding is inserted [276]. In
the case of the slotted stator the air gap is small (¢ < 1 mm) and the air gap
magnetic flux density can increase to 0.85 T [101]. The magnet volume is less
than 50% that of the previous design, shown in Figs 2.4 and 2.5.

2.1.5 Double-Sided Machines With Internal Coreless Stator

AFPM machines with coreless stators have the stator winding wound on a
non-magnetic and non-conductive supporting structure or mould. The stator
core losses, i.e. hysteresis and eddy current losses do not exist. The losses in
PMs and rotor solid steel disc are negligible. This type of design offers higher
efficiency at zero cogging torque. In order to maintain a reasonable level of
flux density in the air gap, a much larger volume of PMs in comparison with
laminated stator core AFPM machine is required. The stator winding is placed
in the air gap magnetic field generated by the PMs mounted on two opposing
rotor discs (Fig. 1.4d). When operating at relatively high frequency, significant
eddy current losses in the stator winding conductors may occur [263].
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Fig. 2.6. Double-sided machine with one internal slotted stator and buried PMs.
1 — stator core with slots, 2 — PM, 3 — mild steel core (pole), 4 — nonmagnetic
rotor disc.



34 2 Principles of AFPM Machines

Ih%r . o — \:i:\
ik = = =g
1 i %\c N ;; "—'///. \\\
\ 4 A ://///\ \
7 \ %A:'—J?‘ 2
7 §

SRR o
Y
S

q

it
it
weo
b L4,

. - — A

Fig. 2.7. Double stator, triple rotor AFPM brushless motor with water cooling
system [59]. 1 — PM, 2 — stator core, 3 — stator winding.

2.1.6 Multidisc Machines

There is a limit on the increase of motor torque that can be achieved by
enlarging the motor diameter. Factors limiting the single disc design are:

(a) axial force taken by bearings;
(b) integrity of mechanical joint between the disc and shaft;

(c) disc stiffness.

A more reasonable solution for large torques are double or triple disc motors.

There are several configurations of multidisc motors [5, 6, 7, 59, 81, 82].
Large multidisc motors rated at least 300-kW have a water cooling system
(Fig. 2.7) with radiators around the winding end connections [59]. To minimize
the winding losses due to skin effect, variable cross section conductors may
be used so that the cross section of conductors is bigger in the slot area than
in the end connection region. Using a variable cross section means a gain of
40% in the rated power [59]. However, variable cross section of conductors
means an increased cost of manufacturing. Owing to high mechanical stresses
a titanium alloy is recommended for disc rotors. Multidisc AFPM brushless
machines are also proposed for applications such as light-weight high speed
generators [P66, 222], propeller-driven stratospheric aircraft [81], and brakes
for landing gears of aicrafts [P146, P148].
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2.2 Windings
2.2.1 Three-Phase Windings Distributed in Slots

In a single-layer winding, only one coil side is located in a single slot. The
number of all coils is s1/2 and the number of coils per phase is n. = s1/(2mq)
where s; is the number of stator slots and mq is the number of phases. In a
double-layer winding two sides of different coils are accommodated in each slot.
The number of all coils is s; and the number of coils per phase is n. = s1/mj.
The number of slots per pole is

_5
Q1= o
where 2p is the number of poles. The number of slots per pole per phase is

(2.1)

51
= 2.2
L (2.2)
The number of conductors per coil can be calculated as
e for a single-layer winding
N, = QpGy N1 _ Ap oy N1 _ QpQy N7 (2.3)
Ne 51/(2m1) Pq1
e for a double-layer winding
N, = QpQy Ny _ Ap oy N1 _ QpGoy N1 (2.4)

Ne s1/mq 2pq

where Ny is the number of turns in series per phase, a,, is the number of parallel
current paths and a,, is the number of parallel conductors. The number of
conductors per slot is the same for both single-layer and double-layer windings,
ie.

QpQyy N7

pq1

The full coil pitch measured in terms of the number of slots is y; = ()1 where
Q)1 is according to eqn (2.1). The short coil pitch can be expressed as

Ny = (2.5)

we(r

)

7(r)

where w.(r) is the coil pitch measured in units of length at a given radius r

and 7(r) is the pole pitch measured at the same radius. The coil pitch—to—pole
pitch ratio is independent on the radius, i.e.

@1 (2.6)
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we(r)
7(r)
The distribution factor of a polyphase winding for the fundamental space

harmonic v = 1 is defined as the ratio of the phasor sum—to—arithmetic
sum of EMFs induced in each coil and expressed by the following equation:

p= (2.7)

sin(mw/2mq)
kar = —

qusin[m/(2miqu)]

The pitch factor for the fundamental space harmonic v = 1 is defined as the
ratio of the phasor sum—to—arithmetic sum of the EMFs per coil side and

expressed as:

(2.8)

kp1 = sin (ﬂg) (2.9)

The winding factor for fundamental is the product of the distribution factor
(eqn (2.8)) times pitch factor (eqn (2.9)), i.e.

kwl = kdlkpl (210)
The angle in electrical degrees between neighbouring slots is
360°
7= p (2.11)
S1

Fig. 2.8 shows a single layer winding distributed in s; = 36 slots of a three-
phase, 2p = 6 AFPM machine.

2.2.2 Toroidal Winding

Toroidal stator windings are used in twin-rotor double-sided AFPM machines
(Fig. 2.4). The toroidal stator winding of a three-phase, six-pole AFPM ma-
chine with twin external rotor is shown in Fig. 2.9. Each phase of the winding
has an equal number of coils connected in opposition so as to cancel the possi-
ble flux circulation in the stator core. Those coils are evenly distributed along
the stator core diametrically opposing each other so the only possible num-
ber of poles are 2,6, 10, ... etc. The advantages of the toroidal stator winding
[50, 245] are short end connection, simple stator core and easy design of any
number of phases.

2.2.3 Coreless Stator Winding

Coreless stator windings are used in twin-rotor double-sided AFPM machines
(Fig. 1.4d). For the ease of construction, the stator winding normally consists
of a number of single layer trapezoidally shaped coils. The assembly of the
stator is made possible by bending the ends of the coils by a certain angle, so
that the active conductors lie evenly in the same plane and the end windings
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Fig. 2.8. Single-layer winding of an AFPM machine with m; = 3, 2p = 6, s; = 36,
y1 = Q1 =6 and ¢1 = 2.

Fig. 2.9. Toroidal winding of a three-phase, six-pole, 18-coil AFPM machine with
twin external rotor.
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Fig. 2.10. Coreless winding of a three-phase, eight-pole AFPM machine with twin
external rotor.

nest closely together. The windings are held together in position by using a
composite material of epoxy resin and hardener. Fig. 2.10 shows the coreless
stator winding of a three-phase, eight-pole AFPM machine. Obviously, the
relations used in the slotted stator windings can be directly used for coreless
trapezoidal stator winding with the exception that the term “slot” is replaced
by the “coil side”. Another coil profile that has been used in coreless stator
AFPM machines is the rhomboidal coil. It has shorter end connections than
the trapezoidal coils. The inclined arrangement of the coil’s active sides makes
it possible to place water cooling ducts inside the stator. The main drawback
of rhomboidal coils is the reduction of the torque.

2.2.4 Non-Overlap (Concentrated Coil) Windings

The term non-overlap windings defined here refers to the windings of which
the coils do not overlap. As with overlap windings non-overlap windings can
be of single or double layer, concentrated or distributed, integral or fractional
and air-cored or iron-cored. AFPM machines with non-overlap windings can
be of single-sided or double-sided construction (Figs. 1.5, 1.6, 2.12).

In double-layer, non-overlap slotted iron-cored windings, two coils are shar-
ing a slot (two coil layers per slot), which means that all teeth are wound.
Consequently these windings are sometimes called tooth windings. In air-cored,
double-layer non-overlap windings, the stator coils lie side-by-side against each
other (see e.g. Fig. 1.5b). Note that the term slot can also be visualized when
applied to air-cored windings.

In single-layer, non-overlap slotted iron-cored windings, only one coil layer
is in a slot and therefore every second tooth is wound (alternate teeth wound);
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air-cored, single-layer non-overlap windings have their coils displaced from
each other as shown e.g. in Fig. 2.11. In double-layer, non-overlap windings,
the number of stator coils is always equal to the number of stator slots, i.e.
Q. = ngsmy = s1, where n. is the number coils per phase. In single-layer
non-overlap windings the number of stator coils is equal to half the number
of stator slots i.e. Q. = s1/2.

In concentrated, non-overlap windings, there is only one coil in a coil group
or coil phase belt (z = 1), but in distributed non-overlap windings two or more
coils are distributed and connected in series to form a coil group (z = 2,3,...).
In integral non-overlap windings, the coils in a coil group are distributed
evenly, but in fractional non-overlap windings they are not.

As with overlap windings, a non-overlap winding can also be divided into
a number of sections F' that repeats itself (negative or positive periodicity) in
the machine every unit or section of poles. Such a pole section, thus, consists
of a set of phase coils that completes an mi-phase stator coil layout. The
number of pole sections F' can be determined by taking the greatest common
divisor (GCD) of the number of poles and the number of coils, i.e.

F = GCD(2p, Q.) (2.12)

If the number of poles per pole section, 2p/F, is uneven, then negative
periodic boundary conditions can be applied in finite element analysis. If
2p/F is even, then positive boundary conditions must be applied. With F
known from (2.12), the number of coils in a coil group can be determined by

_ Qe e

mlF F

There are a set of rules for the pole and slot combinations that make
non-overlap windings valid. These are:

(2.13)

the number of poles must be even;
the number of slots must be a multiple of the number of phases and must
be even in the case of single layer windings;

e the number of coils and slots are equal in double layer windings; in single
layer windings the number of coils is equal to half the number of slots;
the number of coils in a coil group (z) must be an integer;
the number of slots can not be equal to the number of poles.

Electromagnetic analysis of AFPM machines with non-overlap stator wind-
ings are the same as those with overlap windings provided that the winding
factors are calculated according to the following equations: the distribution
factor for the fundamental space harmonic is calculated by [240]
sin(mw/2myq)

_ _ (2.14)

kar zsin[(n/(2ma2)]



40 2 Principles of AFPM Machines

For single and double layer slotted iron-cored non-overlap windings, the
pitch factor for the fundamental space harmonic is calculated by using eqn
(2.9) or else

. T2 .
kp1 = sin(=—) = sin(6,,/2) (2.15)
2 S1
where 6,, is the slot pitch angle (also corresponding to the coil span angle
in the case of double layer windings shown in Fig. 1.5b or corresponding to
the coil pitch angle in the case of single layer windings as shown in Fig. 2.11)
given by

_ 2mp

Om (2.16)

51
For air-cored, non-overlap windings, the pitch factor for the fundamental
space harmonic is derived in [146]. For single layer non-overlap windings the
pitch factor is given by

) sin(f,/2)
kpl = Sln(@m/2>w (217)
while for double layer, non-overlap windings, the pitch factor is given by
. sin(f,/2)
kpl = 51n[(9m - ere)/Q]W (218)
where 6,.. is the electrical angle corresponding to the coil-layer width. For
example, for a double layer, air-cored non-overlap winding with m; = 3,

p=12, s1 = Q. = 18 (thus n. = 6) and 6,.. = 0.1 6,,,, the number of winding
sections is F' = 6, the number of coils distributed in a coil group is z = 1, the
angular coil span is 1.3337, the distribution factor is kg; = 1 and the pitch
factor is kp1 = sin[(1.333 — 0.1333)7/2]sin(0.13337/2)/(0.13337/2) = 0.944.
Fig. 1.5b shows a double layer, three-phase, 12-coil non-overlap stator winding
of a double-sided AFPM machine with 2p = 8 rotor poles. Figures 1.6 and 2.11
show a single layer, 9-coil (Q. =9, s1 = 2Q). = 18) non-overlap winding, while
Fig. 2.12 shows a double layer 9-coil (s1 = Q. = 9) non-overlap stator winding.
The difference in the number of the stator coils and rotor poles provides the
starting torque for motors and the reduction of torque pulsations.

2.3 Torque Production

Since the dimensions of AFPM machines are functions of the radius, the elec-
tromagnetic torque is produced over a continuum of radii, not just at a con-
stant radius as in cylindrical machines.

The pole pitch 7(r) and pole width b,(r) of an axial flux machine are
functions of the radius r, i.e.
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Fig. 2.11. Connection diagram of a three-phase, nine-coil winding of an AFPM
brushless machine.

Fig. 2.12. Three-phase, nine-coil stator of a single-sided AFPM brushless machine
with salient-pole stator. Photo-courtesy of Mii Technologies, Lebanon, NH, U.S.A.

7(r) = 227T—; - % (2.19)
by(r) = apr(r) = a/% (2.20)

where a; is the ratio of the average B4 to peak value B,,, of the magnetic
flux density in the air gap, i.e.

B
(r)

2.21
i (221)
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Both the pole pitch 7(r) and pole width b,(r) are functions of the radius r,
the parameter «; is normally independent of the radius.

The line current density is also a function of the radius r. Thus the peak
value of the line current density is

miV2N1I,  miV2Ni,

pr(r) wr
The tangential force acting on the disc can be calculated on the basis of
Ampere’s equation

AHL(T) =

(2.22)

dF, = I,(dr x B,) = A(r)(dS x B,) (2.23)

where I,dr = A(r)dS, A(r) = A,,(r)/v/2 according to eqn (2.22), dr is the
radius element, dS is the surface element and Bg is the vector of the normal
component (perpendicular to the disc surface) of the magnetic flux density in
the air gap. An AFPM disc-type machine provides B, practically independent
of the radius 7.

Assuming the magnetic flux density in the air gap B,,, is independent of
the radius r, dS = 2nrdr and Bg,y = ;B according to eqn (2.21), the
electromagnetic torque on the basis of eqn (2.23) is

dTy = rdF, = r[kw1 A1) BaygdS] = 2miky1 A1) Bpgr’dr (2.24)

The line current density A(r) is the electric loading per one stator active
surface in the case of a typical stator winding distributed in slots (double-
sided stator and internal rotor) or electric loading of the whole stator in the
case of an internal toroidal type or coreless stator.

2.4 Magnetic Flux

For sinusoidal distribution of the magnetic flux density waveform excited by
PMs, the average magnetic fluz density is

w/p

1 m/p . P 1
Buyy = m ; B g sin(pa)do = _;Bmg > cos(pa) .

1 2
=——B,, — 0l = -8B, 2.25
- glcos T — cos 0] —Bing ( )

Since the surface element per pole is 27rdr/(2p), the magnetic flux excited
by PMs per pole for a nonsinusoidal magnetic flux density waveform B, =
; Bpg is

2 Rout

R
out 2w T |r
pr = / OéiBmg %Td'l” = O(iBmg; |:2:|

Rin Rin
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:ai m92 (R?)ut an) (226)

where B, is the peak value of the magnetic flur density in the air gap, p is
the number of pole pairs, Ry = 0.5D,,,; is the outer radius of the PMs and
R;,, = 0.5D;, is the inner radius of the PMs.

It is convenient to use the inner—to—outer PM radius or inner—to—outer
PM diameter ratio, i.e.

R; D;
bk, — in n 297
¢ Rout Dout ( )

Thus,

Dp = ;Bg— % T 1(0.5Dut)? — (0.5D;n)% = L % T2 (1K) (2.28)
The same equation for a cylindrical type machine is [106]

2
Bf = ~7LiByg (2.29)

where 7 is the pole pitch and L; is the effective length of the stack.
The permeance of the air gap in the d-axis at the radius 7 is given by
dGy = Hoiaz’%dT or

po o [Hewr po w [r? fo 1 2 2
Gg = —alg/ rdr = —a;— |::| = Ho—; g Qi o~ (Rout Rm)

g’ R;, g p L2 Rin 2p
- )‘ al (Rgut Ran) (230)

where A\; = po/¢’ is the permeance per unit surface and ¢’ is the equivalent
air gap.
2.5 Electromagnetic Torque and EMF

The average electromagnetic torque developed by AFPM motor according to
eqns (2.22) and (2.24) is

de = 2aim1IaN1kw1Bmgrdr

If the above equation is integrated from D,,:/2 to D, /2 with respect to r,
the average electromagnetic torque may be written as
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1
= Zaimllewlengutu — kI, (2.31)
where kg is according to eqn (2.27). Putting eqn (2.28) into eqn (2.31) the
average torque is

Ty =22 my Nk 8,1, (2.32)
7T

To obtain the rms torque for sinusoidal current and sinusoidal magnetic flux
density, eqn (2.32) should be multiplied by the coefficient 7v/2/4 ~ 1.11, i.e.

TEPN ki Lo = krl, (2.33)

V2

Ty =

where the torque constant

mi

V2

In some publications [92, 244] the electromagnetic force on the rotor is simply
calculated as the product of the magnetic and electric loading B,,4A and
active surface of PMs S = w(R2,, — R?)), i.e. F, = mBu,A(R2,, — R2,),

out
where A is the rms line current density at the inner radius R;,. For a double-

sided AFPM machine S = 27(R2,, — R?,). Thus, the average electromagnetic

out

torque of a double-sided AFPM machine is

kT lekwldjf (234)

Ty = FyRin = 27 By  A(R2

out

- R'LQn)R’Ln = 27TBa'ugAR3 (kd - kz) (235)

out

Taking the first derivative of the electromagnetic torque Ty with respect to
kq and equating it to zero, the maximum torque is for kg = 1/ V/3. Industrial
practice shows that the maximum torque is for kg # 1/ V3.

The EMF at no load can be found by differentiating the first harmonic of
the magnetic flux waveform @, = @ sinwt and multiplying by N1k, i.e.

A% 1
dt

The magnetic flux @ is expressed by eqns (2.26) and (2.28). The rms value
is obtained by dividing the peak value 27 f N1k,,1®¢ of the EMF by V2, ie.

ef:lewl ZQFlekwléfCOSth

Ef = V2 Nikup1®; = 7V2N1kuy1 s = kpn (2.36)

where the EMF constant (armature constant) is

kg = mV2pNiky1 & (2.37)
The same form of eqn (2.36) can be obtained on the basis of the developed
torque Ty = myEyI,/(2mns) in which T} is according to eqn (2.33). For the
toroidal type winding the winding factor k,,; = 1.
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2.6 Losses and Efficiency

2.6.1 Stator Winding Losses

The stator (armature) winding resistance per phase for the d.c. current is

Ryge = Sthiaw (2.38)
QpCay0 Sq

where N7 is the number of armature turns per phase, l14, is the average
length of turn, a,, is the number of parallel current paths, a,, is the number of
parallel conductors, o7 is the electric conductivity of the armature conductor
at given temperature (for a copper conductor o1 ~ 57 x 105 S/m at 20°C
and oy &~ 47 x 10% S/m at 75°C), and s, is the conductor cross section. The
average length of the armature turn is

llav = 2L’L + llin + llout (239)

in which [y, is the length of the inner end connection and [y, is the length
of the outer end connection.

For a.c. current and stator winding distributed in slots (ferromagnetic
core) the stator winding resistance should be divided into the resistance of
bars (radial portions of conductors) Ry; and resistance of the end connections
Rle, i.e.

N
Ry =Ry + Rye = — (2L;k1r + l1in + liout) = k1rR1de (2.40)

aos,

where kip is the skin-effect coefficient for the stator (armature) resistance.
For a double-layer winding and w.(r) = 7(r) or § =1 [161]:

2 _
kg = @1(€1) + [m“3 L ("t sin gﬂ (&) (2.41)

where

sinh 2&; + sin 2&;

pi(6) = &1+ 26, s 2, (2.42)
_ sinh & — sin &

(&) = 2§1m (2.43)

€1 = her | T f oot brcon (2.44)

b1

and mg is the number of conductors per slot arranged above each other in
two layers (this must be an even number), v is the phase angle between the
currents of the two layers, f is the input frequency, b1 .oy, is the width of all the
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conductors in a slot, by; is the slot width and h. is the height of a conductor

in the slot. If there are ng conductors side by side at the same height of the

slot, they are taken as a single conductor carrying ng-times greater current.

In general, for a three-phase winding v = 60° and

2 1 m2
sl sl

— 4 2.45

- ) (2.5
For a chorded winding (w¢(r) < 7 (r)) and v = 60°

m

kir = ¢1(&) + (

m2 —1  3(1 —w./T
kir =~ ¢1(&1) + [ 313 3 16 / )miz} ¥ (&1) (2.46)
The skin-effect coefficient k1 i for hollow conductors is given, for example, in

[161].

(a) If mg; = 1 and v = 0, the skin-effect coeflicient k1r = p1(£1) (the same as
for a cage winding).
(b) If v = 0, the currents in all conductors are equal and

mgl—l
3

For small motors with round armature conductors fed from power frequencies

of 50 or 60 Hz,

kir ~ @1(&1) + 1 (&1) (2.47)

Rl ~ Rldc (248)

The armature winding losses are

A.le = mlLle =~ mlngldcklg (249)

Since the skin effect is only in this part of the conductor which is located in
the slot — eqn (2.40), the armature winding losses should be multiplied by
the coefficient

kir 4 liin/(2L;) + liout /(2L5)
1+ lin/(2L;) 4 liout/(2L;)

(2.50)

rather than by kig.

2.6.2 Stator Core Losses

The magnetic flux in the stator (armature) core is nonsinusoidal. The rotor
PM excitation system produces a trapezoidal shape of the magnetic flux den-
sity waveform. The stator windings are fed from switched d.c. sources with
PWM or square wave control. The applied voltage thus contains many har-
monics which are seen in the stator flux.
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The eddy current losses can be calculated using the following classical
formula
7'('2 OFe

APeFe = Fp
Fe

de%'emFe Z n2 [Brznrn + Brznzn]
n=1

2
T~ OFe r2 12 2 2 2
= Fp_pef dFemFe[Bmml + Bmzl]nd (251)
e
where ope, dpe, pre and mp, are the electric conductivity, thickness, specific
density and mass of laminations respectively, n are the odd time harmonics,
Brgn and B, are the harmonic components of the magnetic flux density
in the 2z (tangential) and z (normal) directions and

2.52
B?n:rl + Bgnzl B72nx1 + B?nzl - ( )

o \/ (3Bm£3)2 + (SBmz3)2 (5Bm15)2 + (5Bmz5)2
na=4/1+
is the coefficient of distortion of the magnetic flux density. For ny = 1, eqn
(2.51) expresses the eddy current losses under sinusoidal magnetic flux density.
In a similar way, the hysteresis losses can be expressed with the aid of
Richter’s formula, i.e.

_f — 212 2
APhFe = EloomFenz::ln [Bmmn +Bmzn]

= e B + Bl (259)
where € = 1.2 to 2.0 m*/(H kg) for anisotropic laminations with 4% Si, e = 3.8
m?/(H kg) for isotropic laminations with 2% Si and € = 4.4 to 4.8 m*/(H kg)
for isotropic siliconless laminations.

Eqns (2.51) and (2.53) exclude the excess losses (due to magnetic anomaly)
and losses due to metallurgical and manufacturing processes. There is a poor
correlation between measured core losses and those calculated using classical
methods. The losses calculated according to eqns (2.51) and (2.53) are lower
than those obtained from measurements. The coefficient of additional core
losses kqq > 1 can help to obtain a better agreement of predicted and measured
core losses

APlFe — kad(APeFe + APhFe) (254)

If the specific core losses are known, the stator core losses APjp. can be
calculated on the basis of the specific core losses and masses of teeth and
yoke, i.e.
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4/3
APipe = Apyso (;;) [kaat BYymat + kady Bi,may) (2.55)

where kqqr > 1 and kqqy > 1 are the factors accounting for the increase in
losses due to metallurgical and manufacturing processes, Ap, /50 is the specific
core loss in W/kg at 1 T and 50 Hz, By, is the magnetic flux density in a
tooth, By, is the magnetic flux density in the yoke, mi; is the mass of the
teeth, and my, is the mass of the yoke. For teeth k,q: = 1.7 to 2.0 and for the
yoke kqqy = 2.4 to 4.0 [159].

2.6.3 Core Loss Finite Element Model

The core losses within the stator and rotor are calculated using a set of finite
element method (FEM) models, assuming constant rotor speed and balanced
three-phase armature currents. The eddy current and hysteresis losses, within
the cores, in the 2D FEM including distorted flux waveforms can be expressed
by eqns (2.51) and (2.53).

The field distribution at several time intervals in the fundamental current
cycle is needed to create the magnetic flux density waveforms. This is obtained
by rotation of the rotor grid and phase advancement of the stator currents.
From a field solution, for a particular rotor position, the magnetic flux density
at each element centroid is calculated. Three flux density components in an
element can be obtained from a single FEM solution.

2.6.4 Losses in Permanent Magnets

The electric conductivity of sintered NdFeB magnets is from 0.6 to 0.85 x 10°
S/m. The electric conductivity of SmCo magnets is from 1.1 to 1.4 x 10% S/m.
Since the electric conductivity of rare earth PMs is only 4 to 9 times lower
than that of a copper conductor, the losses in conductive PMs due to higher
harmonic magnetic fields produced by the stator cannot be neglected.

The most important losses in PMs are generated by the fundamental fre-
quency magnetic flux due to the stator slot openings. In practice, those losses
are only in AFPM machines with slotted stator ferromagnetic cores. The fun-
damental frequency of the magnetic flux density component due to the stator
slot opening is

fs1 = s1pn (2.56)

where s is the number of stator slots, p is the number of pole pairs and n is
the rotor speed in rev/s.
The magnetic flux density component due to slot opening is [121]

le = aslﬂslkCBavg (257)

where Bg,g is the mean magnetic flux density over the slot pitch - eqn (2.4),
k¢ is Carter coefficient (1.2) and
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2

4
== (054+——
el w( o8 _2re

) sin(1.671T") (2.58)

Bsi = 0.5 (1 - \/ﬁ) (2.59)

= b K= bua (2.60)
tl g/
In the above equations (2.58), (2.59) and (2.60) b14 is the stator slot opening,
g = g+ har/prree is the equivalent air gap, 1 is the slot pitch and hjy is the
magnet thickness per pole.
Assuming that the relative recoil magnetic permeability i = 1, the
power losses in PMs can be expressed by the following equation obtained
from a 2D electromagnetic field distribution, i.e.

1 a2 ([ Ba \° k
APPJW = 7CLRV]CZ7 —_— 7SPM 2.61
2 /82 HoMrrec ( )
where ap, is according to eqn (1.21) for v = 1, a« = (1 + j)k is according to
eqn (1.16) for v = 1, k is according to eqn (1.17) for v = 1, § is according
to eqn (1.11) for v = 1 and 7 = 0.5t1, and opyy is the electric conductivity
of PMs. Eqn (2.61) can also be used to estimate the reactive losses in PMs if
apy 1s replaced with ay, according to eqn (1.22).
The coefficient for including the circumferential component of currents
induced in PMs can be found as
=14 — 1 (2.62)
o Dout - Dzn .
where 0.5¢; is the induced current loop span and 0.5(Dgy: — D;y, ) is the radial
length of the PM — see eqn (1.35). The active surface area of all PMs (single-
sided machines) is

Spar = i (D3 — D3,) (2.63)

where the average pole pitch 7 is according to eqn (1.14).

2.6.5 Rotor Core Losses

The rotor core losses, i.e. losses in backing solid steel discs supporting PMs
are due to the pulsating flux produced by rapid changes in air gap reluctance
as the rotor passes the stator teeth.

The magnetic permeability of a solid steel disc varies with the z axis
(normal axis). To take into account the variable magnetic permeability and
hysteresis losses in solid ferromagnetic discs, coefficients ag,, ax, according
to eqns (1.21) and (1.22) must be replaced by the following coefficients:
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[N

1 _ 2 9 2 s |, P ? 2 2 52_
aRFe:ﬁ 4(1Rax+ aR_aX—‘f_ﬁ +aR_a’X+ﬁ (264)
~ - 1
1 52\ 2 , N 2
AxXFe = NG da%ai + <a% —a% + k2> —aptax — 5 (2.65)

where ap = 1.4 to 1.5, ax = 0.8 to 0.9 according to Neyman [201], k, is
according to eqn (1.17) and ( is according to eqn (1.11) for v = 1.
The power losses in solid ferromagnetic discs can be expressed by a similar

equation to eqn (2.61), i.e.
< By )2 k
o fhr OFe

where app. is according to eqn (2.64) for v = 1, «v is according to eqn (1.16)
for v = 1, k is according to eqn (1.17) for v = 1, 8 is according to eqn
(1.11) for v 1 and 7 = 0.5t;, By is according to eqn (2.57), p, is the
relative magnetic permeability and o, is the electric conductivity of the solid
ferromagnetic disc. The frequency in the attenuation coefficient k is according
to eqn (2.56). Eqn (2.66) can also be used to estimate the reactive losses in the
solid ferromagnetic disc if agp, is replaced with ax . according to eqn (2.65).
The flux density By is according to eqns (2.57) to (2.60). The coefficient k.
is according to eqn (2.62) and the surface of the disc is

1 al?
APype = 7aRFekz|/‘ﬁ|2

Ske (2.66)

2

- D2) (2.67)

out

m
SFe = Z(D2

2.6.6 Eddy Current Losses in Stator Conductors

For slotted AFPM machines the eddy current losses in the stator winding are
generally ignored as the magnetic flux penetrates through the teeth and yoke
and only small leakage flux penetrates through the slot space with conductors.

In slotless and coreless machines, the stator winding is exposed to the air
gap magnetic field. The motion of PMs relative to the stator winding produces
an alternating field through each conductor and induces eddy currents. In the
case of a coreless AFPM machine with a solid ferromagnetic rotor discs, there
is also a tangential field component B,,, in addition to the axial field compo-
nent B,,.. This can lead to serious additional eddy current loss especially at
high frequency. Neglecting the proximity effect, the eddy current loss in the
stator winding may be calculated by using a classical equation similar to eqn
(2.51) for calculation of the eddy current losses in laminated cores, i.e.
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e for round conductors [47]

mxn mzn}

_ﬁg22 — 21 2 2
AP, = - f2dmeon »_n*(B,, + B
P n=1

2o

= Z;f2d2mcon [B}o1 + BraIni (2.68)

e for rectangular conductors [47]

2 o
AP, = 71-—gfzazmwn Z n?[B2,,, + B2
n=1

3 p mxn TVLZ”}

2
= L 202000 B2y + B2 03 (2.69)

3 P mal mzl

where d is the diameter of the conductor, a is the width of the conductor
(parallel to the stator plane), o is the electric conductivity, p is specific mass
density of the conductor, m.., is the mass of the stator conductors without
end connections and insulation, f is the stator current frequency, B,,, and
B, are the peak values of tangential and axial components of the magnetic
flux density, respectively, and 74 is the coefficient of distortion according to
eqn (2.52).

2.6.7 Rotational Losses

The rotational or mechanical losses AP, consist of friction losses APy, in
bearings, windage losses AP, inq and ventilation losses AP, (if there is a
forced cooling system), i.e.

Aprot = Apfr + APwind + Apvent (270)

There are many semi-empirical equations for calculating the rotational losses
giving various degrees of accuracy. The friction losses in bearings of small
machines can be evaluated using the following formula

Apfr = O.Oﬁkfb(mT + msh)n w (271)

where ky, =1 to 3 mQ/SQ, m,. is the mass of the rotor in kg, myy, is the mass
of the shaft in kg and n is the speed in rev/s.
The Reynolds number for a rotating disc with its outer radius Ry is

Re — pRoutv _ 2mnpR2,, (2.72)
iz w
where p is the specific density of the cooling medium, v = v, = 2T R,y n is

the linear velocity at the outer radius R, n is the rotational speed and p is
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the dynamic viscosity of the fluid. Most AFPM machines are air cooled. The
air density at 1 atm and 20°C is 1.2 kg/m?3. The dynamic viscosity of the air
at 1 atm and 20°C is 4 = 1.8 x 107> Pa s.

The coefficient of drag for turbulent flow can be found as

3.87

cf = 2.73
"7 VRe (2.73)
The windage losses for a rotating disc are
1

where Ry, is the shaft diameter.
AFPM machines are usually designed without a cooling fan so that the
ventilation losses AP, ¢,; = 0.

2.6.8 Losses for Nonsinusoidal Current

Higher time harmonics generated by static converters produce additional
losses. The higher time harmonic frequency in the stator winding is nf where
n = 5,7,11,.... The armature winding losses, the core losses, and the stray
losses are frequency-dependent. The mechanical losses do not depend on the
shape of the input waveform.

If the stator winding and stator core losses have been calculated for fun-
damental frequency, the frequency-dependent losses of an inverter-fed motor
or generator loaded with a rectifier can be found as

e stator (armature) winding losses:

A.le = Z Alen = m Z Ianln ~ mlRldc Z Ignkan (275)

e stator (armature) core losses

Vin _
APlFe Z APlFen - APIFen n 1 Z <V—1 ) 07 (276)
1r

where kig, is the a.c. armature resistance skin effect coefficient for nf, I,
is the higher harmonic rms armature current, Vi, is the higher harmonic
inverter output voltage, V1, is the rated voltage, [AP) pen|n=1 are the stator
core losses for n = 1 and rated voltage.
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2.6.9 Efficiency

The total power losses of an AFPM machine are

AP = APy, + APipe + APsp. + APppy + AP, + AP,y (2.77)
The efficiency is

Pout
Pout + AP

where P,,; is the mechanical output power for a motor and the electrical
output power for a generator.

n= (2.78)

2.7 Phasor Diagrams

The synchronous reactance of a synchronous machine (sine-wave machine) is
defined as the sum of the armature reaction (mutual) reactance X,q, X4 and
stator (armature) leakage reactance X1, i.e.

e in the d-axis

Xsd - Xad + Xl (279)
e in the g-axis

qu = Xaq + X1 (280)

When drawing phasor diagrams of synchronous machines, two arrow systems
are used:
(a) generator arrow system, i.e.

Ef =V +1I,R; +andXsd +anquq

- Vl + Iad(Rl +.]Xsd) + Iaq<R1 +.7qu) (281>

(b) consumer (motor) arrow system, i.e.

Vi=E; + 1R + jloaXsq + jlagXsq

— Bf + Lu(Ry + jXoa) + Lig(By + jX.) (2.82)

where
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Fig. 2.13. Location of the armature current I, in d—¢q coordinate system.

Ia = Iad + Iaq (283)

and

I,qg = 1,sin¥ log = I cos¥ (2.84)

The angle ¥ is between the g-axis and armature current I,. When the current
arrows are in the opposite direction, the phasors I, 1,4, and 1,4 are reversed
by 180°. The same applies to the voltage drops. The location of the armature
current I, with respect to the d- and g-axis for generator and motor mode is
shown in Fig. 2.13.

Phasor diagrams for synchronous generators are constructed using the
generator arrow system. The same system can be used for motors, however,
the consumer arrow system is more convenient. An overexcited generator (Fig.
2.14a) delivers both active and reactive power to the load or utility grid. An
underexcited motor (Fig. 2.14b) draws both active and reactive power from the
line. For example, the load current I, (Fig. 2.14b ) lags the voltage phasor V;
by the angle ¢. An overexcited motor, consequently, draws a leading current
from the circuit and delivers reactive power to it.

In the phasor diagrams according to Fig. 2.14 [126] the stator core losses
have been neglected. This assumption is justified only for power frequency
machines with unsaturated armature cores.

For an underexcited synchronous motor (Fig. 2.14b) the input voltage V;
projections on the d and ¢q axes are

Vi sind = IpgXaq — LuaRy
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ad
»
=

Fig. 2.14. Phasor diagrams of salient-pole synchronous machine: (a) overexcited
generator (generator arrow system); (b) underexcited motor (consumer arrow sys-
tem).
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Fig. 2.15. Equivalent circuit per phase of an AFPM synchronous machine: (a) for
motoring mode; (b) for generating mode. Stator core losses have been neglected.

Vicosd = Ef + TnaXed + Log R (2.85)

where ¢ is the load angle between the voltage Vi and EMF Ey (g-axis). For
an overezcited motor

Visind = IgXoq + LaaFn
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Vicosd = Ef — ToqXgqg + Iaqu (286)
The currents of an overexcited motor

V1(Xsqco80 — Rysind) — Ef Xy,
XsaXsq + R?

Ly = (2.87)

Vi(Ricosd + Xgqsind) — Ef Ry
XsaXsq + R?

Iaq = (288)

are obtained by solving the set of eqns (2.85). The rms armature current as
a function of Vi, Ef, Xq, Xsq, 0, and R, is

X \/[(qu cosd — Rysind) — EyXgq)? + [(R1cosd + Xgqsind) — EpRq]?
(2.89)
The phasor diagram can also be used to find the input electric power. For a
motor

Py, =myVilgcosp =myVi(Iaqcosd — Iggsind) (2.90)

Thus, the electromagnetic power for a motor mode is

Pelm:Pin_A-le_APlFe
=mq [Iaqu + IadIaq(Xsd — ng)] — Aplpe (291)

On the basis of phasor diagrams (Fig. 2.14), equivalent circuits of a AFPM
synchronous machine can be drawn (Fig. 2.15).

2.8 Sizing Equations

The main dimensions of a double-sided PM brushless motor with internal
disc rotor can be determined using the following assumptions: (a) the electric
and magnetic loadings are known; (b) the number of turns per phase per one
stator is N7; (¢) the phase armature current in one stator winding is I,; (d)
the back EMF per phase per one stator winding is E.

The peak line current density at the average radius per one stator is ex-
pressed by eqn (2.22) in which the radius may be replaced by an average
diameter

D = 0.5(Dout + Din) = 0.5Dgus (1 + kq) (2.92)
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where Dy, is the outer diameter, D;,, is the inner diameter of the stator core
and kg = Dy /Dot (according to eqn (2.27)). Thus,

4v/2mq I, N,
ﬂ-Dout (1 —+ kd)

The EMF induced in the stator winding by the rotor excitation system,
according to eqns (2.36) and (2.28) has the following form

A, = (2.93)

Ej = n1v/2n,pNikuy1&f = %ﬁnlekwlengutu — k2) (2.94)

100000

Fig. 2.16. Outer diameter D,,: as a function of the output power P,,: and pa-
rameter kp for € = 0.9, kyincos¢ = 0.84, ny = 1000 rpm = 16.67 rev/s and
BongAm = 26,000 TA /m.

The apparent electromagnetic power in two stators is

Selm - ml(QEf)Ia = mlEf(QIa)

2
= %kwlnsBmgAngut(l +ka)(1— k) (2.95)
For series connection the EMF is equal to 2F; and for parallel connection

the current is equal to 2[,. For a multidisc motor the number “2” should be
replaced by the number of stators. Putting

kp = %(1 + kg)(1 — k3) (2.96)
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the apparent electromagnetic power is

Seim = WQkawlnsBmgAngut (297)

The apparent electromagnetic power expressed in terms of active output power
is thus

POU
Sepm = e—24 (2.98)
1) COS @
where the phase EMF-to—phase voltage ratio is
Ly
==L 2.99
=7 (299)

For motors € < 1 and for generators € > 1.
In connection with eqns (2.97) and (2.98), the PM outer diameter (equal
to the outer diameter of the stator core) is

PO'LL
Doyt = i/ < out (2.100)

T2k pky1nsBpmgAmn cos ¢

The outer diameter of PMs is the most important dimension of disc rotor
PM motors. Since D,y < v/ P,y the outer diameter increases rather slowly
with the increase of the output power (Fig. 2.16). This is why small power disc
motors have relatively large diameters. The disc-type construction is preferred
for medium and large power motors. Motors with output power over 10 kW
have reasonable diameters. Also, disc construction is recommended for a.c.
servo motors fed with high frequency voltage.

The electromagnetic torque is proportional to D3, i.e.
P, Seimcos¥
T, = 2;71” = e;m = §kaw1DZ’uthgAm cos W (2.101)
S S

where P, is the active electromagnetic power and ¥ is the angle between
the stator current I, and EMF Ejy.

2.9 Armature Reaction

The magnetic fluzes produced by the stator (armature) can be expressed in a
similar way as the field excitation flux — eqn (2.26), i.e.

e in the d-axis

2 TR, — R?
Qsad = ;Bmwﬂ*M

5 (2.102)
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e in the g-axis

2 T R2, — R?,
gzsaq - _Bmaql_t—

2.1
s P 2 (2.103)

where Bi,qq41 s the peak value of the first harmonic of the stator (armature
reaction) magnetic flux density in the d-axis and Bjqq1 is the peak value of
the first harmonic of the stator magnetic flux density in the g-axis. The stator
linkage fluxes are

e in the d-axis

1 1 2 T R2, — R?
Uy = ——=Nikuw1Pad = —= N1k — Bmad) — —t——in 2.104
d \/5 1 1 d \/5 1 lﬂ_ dlp 2 ( )
e in the g-axis
1 1 2 R, — R?,
v, = Ez\akwl@aq = EMU&;BMQGT (2.105)

where Nj is the number of stator turns per phase and k,; is the winding
factor for the fundamental space harmonic.

Neglecting the magnetic saturation, the first harmonic of the stator mag-
netic flux density normal components are

e in the d-axis

fto m1V'2 N1kt

Bunadi = kaBmad = kpadaFag = ka2 Y= I, 2.106
dl fd d fdA\dL ad fd g, = P d ( )
e in the g-axis
3 Ny,
Binagt = kfdBmad = kpalgFaq = kfdgmlﬁ‘/_ 1p Yy (2107)
q

where m is the number of stator phases and the permeance per unit surface
in the d- and g-axis are

Ho Ho
Ad=Ag = ? Ag = E (2.108)
In the above equations (2.106) and (2.107) the form factors of armature re-
action are defined as the ratios of the first harmonic amplitude—to-maximum
value of normal components of armature reaction magnetic flux density in the
d- and g-axis respectively, i.e.

Bma Bma
kfa = Zmadl kig = B—ql
maq

The equivalent air gaps in the d- and g-axis for surface configuration of PMs
are

(2.109)
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e for a stator with ferromagnetic core

h
g = gkcksa + — (2.110)
9y = gkcksatq + har (2.111)
e for a coreless stator
/ hM
g =2|(g+0.5t,) + . (2.112)
gy =2[(g + 0.5ty) + ha] (2.113)

where t,, is the stator winding axial thickness, hj; is the axial height of the
PM and fpiyre is the relative recoil permeability of the PM. To take into
account the effect of slots, the air gap (mechanical clearance) for a slotted
ferromagnetic core is increased by Carter coefficient k- > 1 according to eqn
(1.2). The saturation of the magnetic circuit can be included with the aid
of saturation factors ks > 1 in the d-axis and kgqtq > 1 in the g-axis. For
a coreless stator the effect of magnetic saturation of the rotor ferromagnetic
discs (core) is negligible.
The MMFs F,q and F,, in the d-axis and g-axis are

2 N1k
Fog = Y2 Nibku (.11
T p
m1V2 Nikyi
aqg = 1, 2.115
Fug= T2 Ny (2,115

where I,4 and I,, are the d- and g-axis stator (armature) currents respectively.
The armature reaction (mutual) inductance is calculated as

e in the d-axis

Nikuw1 (R2 + R2 )
Lyg=—= — o k 2.11
SR AP < P ) g I (2:116)
e in the g-axis
aq — Iaq = 1/1'07_(_ D g(,] fq .

For piyrec = 1 and surface configuration of PMs (kyq = kyq = 1), the d- and
g-axis armature reaction inductances are equal, i.e.

2 2
Ny Uﬂ) (Rout Rzn) (2118)

Ly = Lag = Lag = mipio— ( ;
™ p g
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Table 2.1. Armature reaction equations for cylindrical and disc-type machines

Quantity Cylindrical machine Disc-type machine
Armature reaction
: 2 2 2
magnetic flux Pod = = Bmaar1TLi Pad = 7 Bmaaiz; (Ru — Rin)
in the d-axis
Armature reaction
: 2 2 2
magnetic flux Pog = ZBmaqiTLi Pag = % Bmaqr 3, (R2.: — R,)
in the g-axis
Permeance
. 2 2 2
of the air gap Aa=E27L; Ag = lfl;zl(Rout R},)
in the d-axis
Permeance
3 _ Mo 2 . __ Mo 2 7 2 2
of the air gap Ay = E;TLl Ay = E;z(RO“t —R;,)
in the g-axis
Permeance of the
air gap per surface
of one pole Ad = ‘;—9
in the d-axis
Permeance of the
air gap per surface
area of one pole Ag = L7
q
in the g-axis
. E E
Armature reaction Xog = 722 Xad = 724
ad ad
reactance
) , (N1kw1)? 7L; Nk R}, — R},
in the d-axis = 4m1uofﬁ—p—’kq/ kfa| =2mipof (—144&) "y kfa
. E E
Armature reaction Xog = 74 Xaq 74
aq aqg
reactance
2 2
: : _ (Nikw1)? 7L; _ Nikyi )2 Bout—Bj
in the g-axis —4m1uofﬂ—;’?]—lqu —2mluof( Lo ) ng_mqu
. v, 7
Armature reaction Lag = I“d Loa = I”d
. ad ad
inductance
. . Nik \2 R R?
in the d-axis = 2ma1 o (V1 ’“1) TLl kg | = m1,u0% (Nllp““’l) "“tg, i feg
. v, 7,
Armature reaction Log = I;“’ Log = 74
q aq
inductance
. . Nik 2 R R?
in the g-axis —leﬂo( 1 u;al) 1qu :mlﬂol (lewl) out Finf oo
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For surface configuration of PMs kg = kyq = 1 [106]. For other configurations,
equations for MMF's in the d- and g-axis will contain reaction factors krq # kyq
[106].

The armature reaction EMFs in the d- and ¢-axis are

Eoq = 7V2f Niku Pog (2.119)
Eag = ™V2f Niky1Pag (2.120)
where the armature fluxes @,4 and @,, are according to eqns (2.102) and

(2.103).
The armature reaction reactances can be calculated by dividing EMFs E.q4
and E,, according to eqns (2.119) and (2.120) by currents Ioq and I,4, i.e.

e in the d-axis

E
Xad = 27TfLad = —od
Iad
Nikyi \? (R2,, — R
_ 2m1/110f< 1 1) ( out - zn)k_fd (2121)
p g
e in the g-axis
E,
Xag =21 fLag = —%
Lo
Nikw1 \” (R2,, — R
le,uof< - 1> (Fout ; i) ktq (2.122)
p Yq

Table 2.1 compares the armature reaction equations between conventional
cylindrical machines and disc-type machines.

2.10 AFPM Motor

2.10.1 Sine-Wave Motor

The three-phase stator winding with distributed parameters produces sinu-
soidal or quasi-sinusoidal distribution of the MMF. In the case of inverter
operation all three solid state switches conduct current at any instant of time.
The shape of the stator winding waveforms is shown in Fig. 1.3b. The sine-
wave motor works as a PM synchronous motor.

For a sinusoidal excitation (synchronous machine) the excitation flux can
be found on the basis of eqn (2.26) or (2.28), the EMF per phase induced by
PM rotor can be found on the basis of eqn (2.36) and the electromagnetic
torque on the basis of eqn (2.33). The EMF constant kg and torque constant
kr are expressed by equs (2.37) and (2.34), respectively.
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2.10.2 Square-Wave Motor

PM d.c. brushless motors with square-wave stator current (Fig. 1.3a) are
(s

predominantly designed with large effective pole—arc coefficients, «; q)7 where

agsq) = by(r)/7(r). Sometimes concentrated stator windings and salient stator

poles are used. For the Y-connected windings, as in Fig. 2.17, only two of the
three motor phase windings conduct at the same time, i.e. ioap (T1T4),
taac (T1T6), igpc (T3T6), igpa (T3T2), iaca (T5T2), iwep (THT4),
etc. At the on-time interval (120°) for the phase windings A and B, the solid
state switches T1 and T4 conduct (Fig. 2.17a). When T1 switches off the
current freewheels through diode D2. For the off-time interval both switches
T1 and T4 are turned-off and the diodes D2 and D3 conduct the armature
current which charges the capacitor C. If the solid state devices are switched at
relatively high frequency, the winding inductance keeps the on-off rectangular
current waveforms smooth.

For d.c. current excitation w — 0, eqn (2.82) is similar to that describing
a steady state condition of a d.c. commutator motor, i.e.

Vie = Efp_p + 2R 109 (2.123)

where 2R; is the sum of two-phase resistances in series (for Y-connected phase
windings), and Eyr_r is the sum of two phase EMFs in series, Vg is the

d.c. input voltage supplying the inverter and L(lsq) is the flat-topped value of
the square-wave current equal to the inverter input current. The solid switch
voltage drops have been neglected in eqn (2.123). The phasor analysis does not
apply to this type of operation since the armature current is nonsinusoidal.

For a rectangular distribution of B,,, = const with the pole shoe width
b, < 7 being included, the excitation flux is

D7) = 0 By (R~ B2) (2.124)
For a square-wave excitation the EMF induced in a single turn (two con-
ductors) is 2By,qL;v = 4pnB,, 4 L;7. Including b, and fringing flux, the EMF
for Niky1 turns ef = 4pnN1kw1a§Sq)Bmg;—p(Rgut - R?) = 4pnN1kw1¢§fq).
For the Y-connection of the armature windings, as in Fig. 2.17, two phases
are conducting at the same time. The line-to-line EMF of a Y-connected
square-wave motor is
Eir_r =25 = 8pN1k:w1a§S")Bmg(7T/2p)(R2 — R})n

out

= SPlem@chQ)n = kgdacn (2.125)

where the EMF' constant or armature constant kgg. 18

ke = 8pN1ku &7 (2.126)
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Fig. 2.17. Inverter currents in the stator winding of a PM brushless motor: (a)
currents in phases A and B for on—time and off-time intervals, (b) on-off rectangular
current waveform.

The electromagnetic torque developed by the motor is

Petm _ EfL—LLgsq)

T =
d 2mn 2mn

4
= ;lekw@}”)LS”) = kg IS (2.127)
where the torque constant of a square-wave motor is

kpae A \
QE; :;lekwlqs;@ (2.128)

krac =

and Ic(fq) is the flat-top value of the phase current.
The ratio Ty of a square-wave motor—to-T, of a sinewave motor is

Tlgsq) 4 ﬁ@}sq) Itgsq) 0 G@qu) Lgsq)

~ 0. 2.129
Td ™ mq (Pf Ia @f Ia ( )

Assuming the same motor (041(-3(” = «;) and the same values of air gap magnetic
flux densities, the ratio of the square-wave motor flux to sinewave motor flux is
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(S ) s
77 QLB /)R, — R2) 1

= out = — 2.130
7 ik Bugn [P (R — B2 E (2.130)

where [106]

4 . roym
kp = ;sm( : ) (2.131)
and
i

Py =5 = O‘ikamg%(Riut - R3) (2.132)

On the basis of eqns (2.125) and (2.127) the torque-speed characteristic can
be expressed in the following simplified form
n Ia - Td

1 -1
no Iash Tdst

(2.133)

where the no-load speed, locked rotor armature current and stall torque are
respectively
Vi Va
- k < Iash - ?C Tdst - decIash (2134)
E

For half-wave operation R = R; while for full-wave operation R = 2R;.
Note that eqn (2.133) neglects the armature reaction, rotational and switching
losses.

no

peak stall torque

% conéilrj\tl.;,ous 77777

intermittent
duty

torque

peak rated torque

cont.
stall
torque

cont.
rated
torque

speed rated speed speed

Fig. 2.18. Torque-speed characteristics of a PM brushless motor: (a) theoretical,
(b) practical.
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The torque-speed characteristics are shown in Fig. 2.18. Eqns (2.133) and
(2.134) are very approximate and cannot be used in calculation of performance
characteristics of practical PM d.c. brushless motors. Theoretical torque-speed
characteristics (Fig. 2.18a) differ from practical characteristics (Fig. 2.18Db).
The continuous torque line is set by the maximum rated temperature of the
motor. The intermittent duty operation zone is bounded by the peak torque
line and the maximum input voltage.

The rms stator current of a d.c. brushless motor for a 120° square wave

(T =27/w) is
T/2 57r/(6w)
f/ i2(t)dt = / Sq 2dt
/(6w)
5w
=10 J2 (20 2T plsa) \[ 2.135
“ ™ <6w ) ( )

2.11 AFPM Synchronous Generator

2.11.1 Performance Characteristics of a Stand Alone Generator

An AFPM machine driven by a prime mover and connected to an electric load
operates as a stand alone synchronous generator. For the same synchronous
reactances in the d- and g-axis Xsq = Xsg = X = wL,, and load impedance
per phase

1
Z, =R jwly, — 71— 2.136
L LT Jjwhp e ( )
the input current in the stator (armature) winding is
E
I, = ! (2.137)

V(R1+Rp)? + [wLs +wLy — 1/(wC)]?

The voltage across the output terminals is

1 2
V1 = Ia\/R% + <WLL — w) (2138)

Characteristics of EMF per phase Ey, phase voltage Vi, stator (load) cur-
rent I, output power P,,;, input power P;,, efficiency n and power factor
pf = cos ¢ versus speed n of a stand alone AFPM synchronous generator for
inductive load Z;, = Ry, + jwLj are plotted in Fig. 2.19.
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Fig. 2.19. Characteristics of a stand alone AFPM synchronous generator for in-
ductive load Z;, = R + jwLr: (a) EMF E; per phase and phase voltage Vi versus
speed n, (b) load current I, versus speed n, (¢) output power P,,; and input power
P;y, versus speed n, (d) efficiency n and power factor pf= cos ¢ versus speed n.

2.11.2 Synchronization With Utility Grid

An AFPM synchronous generator can be synchronized directly (connected in
parallel) with the utility grid. The number of pole pairs is usually minimum
2p = 6, so that to synchronize a 6-pole generator with a 50 Hz power sys-
tem (infinite bus), the speed of the prime mover must be n = 60(f/p) =
60(50/3) = 1000 rpm. For 2p = 12 and the same frequency, the speed will
drop to n = 500 rpm. In general, direct paralleling of AFPM generators re-
quires low speed prime movers. Before connecting the generator to the infinite
bus, the incoming generator and the infinite bus must have the same:

e voltage
e frequency
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active rectifier d.c. link
_IG -I -I line

impedance

3-phase I +
FI)DM C== output _H./.> filtering {H{~~~~
generator / - Inverter 3-phase

utility

|< voltage

Fig. 2.20. Power circuit of a microturbine driven AFPM generator.

e phase sequence
e phase

In power plants, those conditions are checked using a synchroscope.

AFPM synchronous generators have recently been used in distributed gen-
erator systems as microturbine-driven high speed self-excited generators. A
microturbine is a small, single shaft gas turbine of which the rotor is inte-
grated with a high speed electric generator (up to 200 000 rpm), typically
rated from 30 to 200 kW. If an AFPM generator is driven by a microturbine,
in most cases the speed exceeds 20 000 rpm. The high frequency current of
the generator must first be rectified and then inverted to obtain the same
frequency as that of the power system. To minimize the higher harmonic con-
tents in the stator windings, an active rather than passive rectifier is used
(Fig. 2.20).

Numerical Example 2.1

Find the armature current, torque, electromagnetic power and winding losses
of the S802F AFPM d.c. brushless servo motor (Table 1.1) at n = 3000 rpm
and input voltage 230 V (line-to-line).

Solution

The line to line EMF is

42
1000

where the EMF constant kg4. = 42 V/1000 rpm is for the phase EMF.
Assuming that the d.c. bus voltage is approximately equal to the input
voltage, the armature current at 3000 rpm is

E¢r_ 1 = V3kgaen = V3 x x 3000 = 218.24 V
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230 — 218.24
I(gSfI) ~ 230 —218.24 — 774 A
2 x0.76
where 0.76 €2 is the resistance per phase.
The shaft torque at 3000 rpm is

T = kpae I3 = 0.64 x 7.74 = 4.95 Nm

where the torque constant is krg. = 0.64 Nm/A.
The electromagnetic power (only two phases conduct current at the same
time) is

Popm = EpppI*9 = 218.24 x 7.74 ~ 1689 W
The winding losses for 2 x 0.76 2 line-to-line resistance are

AP, = (2 x0.76) x 7.74* = 91 W

Numerical Example 2.2

A three phase, Y-connected, 2p = 12 pole, AFPM brushless motor has the
surface PM of inner radius R;, = 0.06 m, outer radius R,,; = 0.11 m and
the pole shoe width—to—pole pitch ratio a; = 0.84 (square wave mode), the
number of turns per phase N; = 222, the winding factor k.1 = 0.96 and the
peak value of the air gap magnetic flux density B,,; = 0.65 T. Neglecting
the armature reaction, find approximate values of the EMF, electromagnetic
torque developed by the motor and electromagnetic power at n = 1200 rpm
and rms current I, = 13.6 A for:

(a) sinewave operation (¥ = (0°)

(b) 120° square wave operation

Solution

(a) sinewave operation at ¥ = 0°
The speed in rev/s

1200
n=—e = 20/rev /s

The form factor of the excitation field

kr = —sin
f s 2 T

The excitation flux according to eqn (2.26) is
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2
Gy =Dy == x 1.233 x 0.65 x % x (0.11% = 0.06%) = 0.00114 Wb
T
where By,g1 = k¢Bpg. The EMF constant according to eqn (2.37) is

kp = mpV2N1kyi®p = 7 X 6 x V2 x 222 x 0.96 x 0.00114 = 6.452 Vs
The EMF per phase according to eqn (2.36) is
Ef =kpn=16.452x20=129 V
The line-to-line EMF for Y connection is
Ejp_r =V3E; =v3x129=2235V

The torque constants according to eqn (2.34) is

mi 3
— N1 kp1Pr = —
\/§P1 1Py \/5

The electromagnetic torque developed at 13.6 A according to eqn (2.32) is

kr = X 6 x 222 x 0.96 x 0.00114 = 3.08 Nm/A

Ty =kprl, =3.08 x13.6 =419 Nm
The electromagnetic power is

Pepm = miEplycosW =3 x 129 x 13.6 x 1 = 5264.5 W

where ¥ is the angle between the EMF FE; and stator current I,.

(b) 120° square-wave operation
The flat-topped value of the phase current according to eqn (2.135) is

Sq>—\[1 _fx136—1666A

The excitation flux according to eqn (2.124) is
P9 = 0.84 x 0.65 x 112 x (0.112 — 0.062) = 0.00122 Wb
The ratio of the square-wave flux to sinewave flux

o7 0.00122
oy 0.00114

Note that it has been assumed that «; = 2/7 = 0.6366 for sinewave mode and

ozgsq) = 0.84 for square wave mode. For the same o; the flux ratio is equal to

1/k;.
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The EMF constant according to eqn (2.126) is

kpde = 8pN1ku1 PP = 8 x 6 x 222 x 0.96 x 0.00122 = 12.43 Vs

The line-to-line EMF (two phases in series) according to eqn (2.125) is

1200
EfoL == 1243 X W - 2486 V

The torque constant according to eqn (2.128) is

kEde 12.43
Td 2 2T m/

The electromagnetic torque at IL(LSQ) = 16.66 A according to eqn (2.127) is

Ty = kg I$? = 1.978 x 16.66 = 32.95 Nm

The electromagnetic power is

Popm = By I*9 = 248.6 x 16.66 = 4140.6 W

Numerical Example 2.3

Find the main dimensions, approximate number of turns per phase and ap-
proximate cross section of the stator slot for a three-phase, double-sided,
double-stator disc rotor PM brushless motor with a laminated stator core
rated at: P,y = 75 kW, Vi, =460 V (Y connection), f = 100 Hz, ny = 1500
rpm. The stator windings are connected in series.

Solution
For f =100 Hz and ns = 1500 rpm = 25 rev/s the number of poles is 2p = 8.
Assuming kg = Dy /Dour = 1/\/§7 the parameter kp according to eqn (2.96)

kp = é (1 + Jlg) [1 —~ (%)2] =0.131

For a 75 kW motor the product ncos¢ ~ 0.9. The phase current for series
connected stator windings is

Pou
L ; 75 000

= = =104.6 A
my(2Vyncos¢ 3 x 265.6 x 0.9

where 2V; = 460/v/3 = 265.6 V. The electromagnetic loading can be assumed
as B,y = 0.65 T and A,, = 40,000 A/m. The ratio e = E;/V; ~ 0.9 and the
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stator winding factor has been assumed k,; = 0.96. Thus, the stator outer
diameter according to eqn (2.100) is

0.9 x 75 000
Dyt = ¢ = 0.452
¢ \/7r2 % 0.131 x 0.96 x 25 x 0.65 x 40 000 x 0.9 m

The inner diameter according to eqns (2.27) is
Dour  0.452
V3. V3

The magnetic flux according to eqn (2.28) is

D;y = =0.261 m,

2
fo:;><o.65x87r

1
x 0.4522 <1 — ) = 0.00555 Wb
X 4

(V3)?

The number of stator turns per phase per stator calculated on the basis of
line current density according to eqn (2.93) is

TDout(1 + k) Am ™ x 0452 x (14 1/v/3) x 40 000
Amq V21, 4 x 3v/2 x 104.6

N; = 51

The number of stator turns per phase per stator calculated on the basis of
eqn (2.94) and (2.99) is

%
Ny = —
NI
0.9 x 265.6/2

T 72 x 100 x 0.96 x 0.00555

A double layer winding can be located, say, in 16 slots per phase, i.e. s1 = 48
slots for a three phase machine. The number of turns should be rounded to
48. This is an approximate number of turns which can be calculated exactly
only after performing detailed electromagnetic and thermal calculations of the
machine.

The number of slots per pole per phase according to eqn (2.2) is

o S1 o 48 -
- 2pm;  8x3

a1

The number of stator coils (double-layer winding) is the same as the number
of slots, i.e. 2pgymy = 8 x 2 x 3 = 48. If the stator winding is made of four
parallel conductors a,, = 4, the number of conductors in a single coil for one
parallel current path a, = 1 according to eqn (2.4) is



2.11 AFPM Synchronous Generator 73

wlN' 4 x4
Nc _ a 1 _ X 48 —19

(s1/m1)  (48/3)
The current density in the stator conductor can be assumed J, ~ 4.5 x 106
A/m? (totally enclosed a.c. machines rated up to 100 kW). The cross section
area of the stator conductor is

I, 1046
apd, 4x4.5

= 5.811mm?

Sq =

The stator winding of a 75 kW machine is made of a copper conductor of
rectangular cross section. The slot fill factor for rectangular conductors and
low voltage machines can be assumed to be 0.6. The cross section of the stator
slot should, approximately, be

5.811 x 12 x 2
0.6

~ 233 mm?

where the number of conductors in a single slot is 12 x 2 = 24. The minimum
stator slot pitch is
wD;, ™ x0.262

timin = - = 18 =0.0171 m=17.1 mm

The stator slot width can be chosen to be 11.9 mm; this means that the
stator slot depth is 233/11.9 =~ 20 mm, and the stator narrowest tooth width
iS C1min = 17.1 — 11.9 = 5.2 mm. Magnetic flux density in the narrowest part
of the stator tooth is

Brgtimin  0.65 x 17.1

Bltmaw ~ - =214 T
Clmin 5.2

This is a permissible value for the narrowest part of the tooth and silicon
electrical steel with saturation magnetic flux density of 2.2 T. The maximum
stator slot pitch is

Doy ™ x 0.452

timaz = A = 48 = 0.0296 m = 29.6 mm

The magnetic flux density in the widest part of the stator tooth is

Bm tlmax 065 X 296
Biimin ~ —2 = —1.09T
o Clmas 306119 %

Numerical Example 2.4

A 7.5-kg cylindrical core is wound of isotropic silicon steel ribbon. It can be
assumed that the magnetic field inside the core is uniform and the vector
of the magnetic flux density is parallel to steel laminations. The magnitudes
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of magnetic flux density time harmonics are: B,,; = 1.7 T, B3 = 0.25 T,
Bys = 0.20 T and B,,7 = 0.05 T. Harmonics n > 7 are negligible. The
electric conductivity of laminations is or. = 3.3 x 105 S/m, specific mass
density pp. = 7600 kg/m3, thickness dp. = 0.5 mm and Richter’s coefficient
of hysteresis losses € = 3.8. Find the core losses at 50 Hz.

Solution

Eddy-current losses
The coefficient of distortion of the magnetic flux density according to eqn
(2.52) is

2 2 2
0.25 0.20 0.05
=4/1+ =20 4 i =) =12
1 \/ <3X1.7> (5X1.7) X(7X1.7> o8

The eddy current losses according to eqn (2.51) are

e specific losses at sinusoidal magnetic flux density

12 y 3.3 x 106
6 7600

e specific losses at nonsinusoidal magnetic flux density

Apesin = x 502 x 0.0005% x 1.7% = 1.29 W /kg

Ape = Apesin X 12 = 1.29 x 1.258% = 2.04 W /kg
e losses at sinusoidal magnetic flux density
APesin = Apesinmpe = 1.29 X 7.5 = 9.68 W
e losses at nonsinusoidal magnetic flux density

AP, = Apempe =2.04 x 7.5 =15.32 W

Hysteresis losses
The hysteresis losses may be calculated according to eqn (2.53), in which
Richter’s coefficient of hysteresis losses € = 3.8

e specific losses at sinusoidal magnetic flux density

50
Aphsin = 3.8 X — x 1.7 =5.49 W/k
Ph X 100 X /kg

e specific losses at nonsinusoidal magnetic flux density
Apy, = Appsin X 15 = 5.49 x 1.258% = 8.69 W /kg
e losses at sinusoidal magnetic flux density

APhgin = Aphsinmpe = 549 x 7.5 = 41.18 W
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e losses at nonsinusoidal magnetic flux density
AP, = Appmpe = 8.69 X 7.5 =65.19 W

Specific eddy current and hysteresis losses plotted against frequency are shown
in Fig. 2.21.
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Fig. 2.21. Specific eddy-current and hysteresis losses versus frequency. Numerical
example 2.4.

Total losses

The eddy current and hysteresis losses at sinusoidal magnetic flux density
are calculated as

APFesin - APesin + APhsin = 9.68 + 41.18 = 50.86 W

The eddy current and hysteresis losses at nonsinusoidal magnetic flux density
are

APp, = AP, + AP, = 15.32 + 65.19 = 80.51 W

The ratio of hysteresis—to—total losses is the same for both sinusoidal and
nonsinusoidal magnetic flux density, i.e.
41.18  65.19

e e X3
50.86 8051 O
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Numerical Example 2.5

Find the power losses in PMs and solid rotor backing steel disc of a single-
sided AFPM with slotted stator at ambient temperature of 20°C. The inner
diameter of PMs is D;,, = 0.14 m, the outer diameter of PMs is D,,; = 0.242
m, number of poles 2p = 8, magnet width-to—pole pitch ratio is a; = 0.75,
height of surface permanent magnet is hp; = 6 mm, air gap thickness g = 1.2
mm, number of slots s; = 36 and speed n = 3000 rpm. Assume the peak value
of the air gap magnetic flux density B,,, = 0.7 T, conductivity of NdFeB
PMs op,, = 0.8 x 105 S/m at 20°C, its relative recoil magnetic permeability
frree = 1.05, conductivity of solid disc op, = 4.5 x 10% S/m at 20°C and its
relative recoil magnetic permeability p, = 300.

Solution

The average magnetic flux density is Bqyg = (2/7)Bmg = (2/7) x 0.7 = 0.446
T, the average diameter D = 0.5(Dyyt + D;p) = 0.5(0.242 4+ 0.14) = 0.191 m,
the average pole pitch is 7 = 7D /(2p) = 70.191/8 = 0.075 m, the average slot
pitch tg1 = 7D /sy = 70.191/36 = 0.017 m. The frequency of the fundamental
harmonic of the slot component of the magnetic flux density according to eqn
(2.56) is

3000
for = s1pn =36 x 4 x W:7200HZ

The corresponding angular frequency is wg = 277200 = 45 238.9 rad/s.
The equivalent air gap in the d-axis for k¢ = 1 according to eqn (2.110) is

0.006
g =0.0012 + To05 = 0.006914m

The parameters kK = 0.434, 85 = 0.041, ' = 0.18 and ag = 0.546 have been
found on the basis of eqns (2.60), (2.59) and (2.58) respectively. The Carter
coefficient is ko = 1.012 - eqns (1.2) and (1.3). Thus, eqn (2.57) gives the
magnetic flux density component due to slot opening as

By = 0.546 x 0.041 x 1.012 x 0.446 = 0.01018 T

The parameters k& = 139.283 1/m for pppee = 1.05, A = 1/k = 0.0072 m,
o = 139.283 + 5139.283 1/m, § = 7/(0.5t51) = 7/(0.5 x 0.017) = 377.241
1/m, k = 386.668 + j50.962 1/m, ar, = 2.733 and ax, = 0.366 for v = 1
have been found on the basis of equns (1.17), (1.16), (1.11), (1.17), (1.21) and
(1.22) respectively. The transverse edge effect coefficient k. according to eqn
(2.62) is

0.01666

. = 1 —_— = 1.1
K + 0.242 - 0.14 03

The active surface area of PMs according to eqn (2.63) is
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Spar = 0.75m x [(0.5 x 0.242)% — (0.5 x 0.14)?] = 0.023 m?

The active losses in PMs according to eqn (2.61) are

1 139.983 + 1139.2832
APpyr = 5 X 2733 x 1081 x ( 39.283 + j139.283| )

377.2412

x 0.023 = 1272 W

0.01018 2 . _139.283
0.47 x 10-6 x 1.05 0.65 x 106

The reactive power losses in PMs can be estimated as

axy 0.366
APpyy = —o2
ar, M T 9733

AQpy = x 127.2 = 17.03 VAr

7

For calculation of power losses in the solid steel disc of the rotor, the magnetic
flux density component due to slot openings By; = 0.01018 T is the same. The
relative magnetic permeability p, = 300 and conductivity of the disc op, =
4.5 x 10% S/m are different, so that the attenuation factor (1.17) calculated
for these values will be k = 6194.6 1/m. The coefficients agp. = 1.451 and
axrpe = 0.849 are calculated using eqns (2.64) and (2.65) for ap = 1.45
and ax = 0.85. The remaining field parameters, i.e. & = 8982 + ;5265 1/m,
8 =m/(05ts1) =7/(0.5 % 0.017) = 377.241 1/m and x = 8988 4 ;5362 1/m

have been found from eqns (1.16), (1.11) and (1.17) respectively.
The surface area of the rotor disc according to eqn (2.67) is

Spe = — x (0.242% —0.14%) = 0.031 m?

il
4

The active power losses in the rotor disc according to eqn (2.66) is

1 2 + j5265/2
APpey = 5 x 1451 x 108 x ('898+9565|>

377.2412

x 0.031 =19.79 W

0.01018 2 61946
0.47 x 106 x 300 4.5 x 106

The coefficients k, = 1.081 is the same as for calculation of losses in PMs.

The reactive power losses in the rotor disc can be estimated as

X Fey 0.849

Fe2

= 2% 1182 =11.6 VA
CRFor 1.451 g

AQFGZ =
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Numerical Example 2.6

Find the rotational loss of a 6000 rpm disc type machine with outer radius of
the rotor R,,; = 0.14 m, radius of shaft behind the rotor core Ry, = 0.025
m, mass of the rotor m,, = 1.31 kg and mass of the shaft mg, = 1.49 kg. The
machine is naturally cooled with air. The ambient temperature is 20°C. The
coefficient of bearing friction is ks, = 1.5.

Solution
The bearing friction losses according to eqn (2.71) are

6000
APy =006 % 1.5 x (131 + 1.49) x —-= = 25.23 W

The Reynolds number according to eqn (2.72) is

27 6000
X
1.8 x 105 60

Re=12x x 0.22 = 8.21 x 10°

where the air density is p = 1.2 kg/m? and dynamic viscosity of the air is
p=1.8 x 107° Pa s. The coefficient of drag according to eqn (2.73) is

3.87
Cp = ———o
I Rl x 100

The windage losses according to eqn (2.74) are

=4.271 x 1073

6080) (0.14° —0.025°) = 34.18 W

1
APying = 3% 4271 x 1073 x 1.2 x <27r X

The rotational losses are thus

AP,y = 25.23 + 34.18 = 59.41 W
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Materials and Fabrication

3.1 Stator Cores

Stator cores of AFPM brushless machines are made of laminated steels or soft
magnetic powder materials. Soft magnetic powders simplify the manufactur-
ing process and reduce the cost of AFPM machines.

3.1.1 Nonoriented Electrical Steels

Most laminated cores for stators of AFPM brushless machines are made of
nonoriented (isotropic) silicon steel ribbons with standard thickness from 0.12
to 0.64 mm. Nonoriented steels are Fe-Si alloys with a random orientation of
crystal cubes. Magnetic properties are practically the same in any direction in
the plane of the sheet or ribbon. A secondary recrystallization process is not
needed and high temperature annealing is not essential. Nonoriented grades
contain between 0.5% and 3.25% Si with up to 0.5% Al addition to increase
the resistivity and lower the temperature of the primary recrystallization.

Nonoriented electrical steels are available as both fully processed and
semi-processed products. Fully processed nonoriented electrical steels are
completely processed by the steel manufacturer, ready for use without any
additional processing required to achieve the desired magnetic quality. Semi-
processed nonoriented electrotechnical steels are those which have not been
given the full annealing treatment by the steel producer. In some cases, users
prefer to develop the final magnetic quality and achieve relief of fabricating
stresses in laminations or assembled cores for small machines.

The most universally accepted grading of electrical steels by core losses is
the American Iron and Steel Industry (AISI) system (Table 3.1), the so called
“M-grading”. For small and medium power electrical machines (output power
less that 75 kW), the following grades can be used: M-27, M-36, M-43, M-45
and M-47.

Laminating a magnetic core is ineffective in keeping excessive eddy cur-
rents from circulating within the entire core unless the surfaces of laminations
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Table 3.1. The most important silicon steel designations specified by different
standards

Europe U.S.A. Japan Russia
TEC 404-8-4 AISI JIS 2552 GOST 21427

(1986) (1986) 0-75
250-35-A5 M-15 35A250 2413
270-35-A5 M-19 35A270 2412
300-35-A5 M-22 35A300 2411
330-35-A5 M-36 — —
270-50-A5 — 50A270 —
290-50-A5 M-15 50A290 2413
310-50-A5 M-19 50A310 2412
330-50-A5 M-27 — —
350-50-A5 M-36 50A350 2411
400-50-A5 M-43 50A400 2312
470-50-A5 — 50A470 2311
530-50-A5 M-45 — 2212
600-50-A5 — 50A600 2112
700-50-A5 M-47 50A700 —
800-50-A5 — 50A800 2111
350-65-A5 M-19 — —
400-65-A5 M-27 — —
470-65-A5 M-43 — —
530-65-A5 — — 2312
600-65-A5 M-45 — 2212
700-65-A5 — — 2211
800-65-A5 — 65A800 2112
1000-65-A5 — 65A1000 —

Table 3.2. Specific core losses of Armco DI-MAX nonoriented electrical steels M-27,
M-36 and M-43 at 60 Hz

Specific core losses
Magnetic W/kg
flux
density 0.36 mm 0.47 mm 0.64 mm
T M-27 M-36 M-27 M-36 M-43 M-27 M-36 M-43

0.20 0.09 0.10 0.10 0.11 0.11 0.12 0.12 0.13
0.50 0.47 0.52 0.53 0.56 0.59 0.62 0.64 0.66
0.70 0.81 0.89 0.92 0.97 1.03 1.11 1.14 1.17
1.00 1.46 1.61 1.67 1.75 1.87 2.06 2.12 2.19
1.30 2.39 2.58 2.67 2.80 2.99 3.34 3.46 3.56
1.50 3.37 3.57 3.68 3.86 4.09 4.56 4.70 4.83
1.60 4.00 4.19 4.30 4.52 4.72 5.34 5.48 5.60
1.70 4.55 4.74 4.85 5.08 5.33 5.99 6.15 6.28
1.80 4.95 5.14 5.23 5.48 5.79 6.52 6.68 6.84
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Table 3.3. Magnetization curves of fully processed Armco DI-MAX nonoriented
electrical steels M-27, M-36 and M-43

Magnetic flux Magnetic field intensity
density A/m

T M-27 M-36 M-43
0.20 36 41 47
0.40 50 57 64
0.70 74 80 89
1.00 116 119 130
1.20 175 174 187
1.50 859 785 T
1.60 2188 2109 1981
1.70 4759 4727 4592
1.80 8785 8722 8682
2.00 26 977 26 022 26 818
2.10 64 935 65 492 66 925
2.20 137 203 136 977 137 075

are adequately insulated. Types of surface insulation include the natural ox-
ide surface, inorganic insulation, enamel, varnish or chemically treated surface.
The thickness of the insulation is expressed with the aid of the stacking factor:

d
ki_d+2A

where d is the thickness of bare lamination and A is the thickness of the
insulation layer measured on one side. The stacking factor k; is typically from
0.94 to 0.97.

Core loss curves of Armeco DI-MAX nonoriented electrical steels M-27, M-
36 and M-43 tested at 60 Hz are given in Table 3.2. Core losses when tested at
50 Hz would be approximately 0.79 times the core loss at 60 Hz. Magnetization
curves of the same electrical steels are given in Table 3.3. The specific mass
density of DI-MAX M-27, M-36 and M-43 is 7650, 7700 and 7750 kg/m?
respectively. The stacking factor is k; = 0.95 to 0.96. The prefix DI-MAX,
e.g. DI-MAX M27, designates a registered trademark with a special strip-
annealed process that maximizes punchability. DI-MAX grades have superior
permeability at high magnetic flux density, low core losses and good gauge
uniformity. A smooth surface, excellent flatness and high stacking factor is
obtained as a result of cold finishing and strip annealing.

For frequencies exceeding the power frequency of 50 or 60 Hz nonoriented
laminations thinner than 0.2 mm must be used. Table 3.4 shows magnetiza-
tion and specific core losses of nonoriented grades NO 12, NO 18 and NO
20 capable of operating up to 2.5 kHz (Cogent Power Ltd., Newport, UK).
Typical chemical composition is 3.0 % Si, 0.4 % Al, 96.6 % Fe. The standard
thickness of an inorganic phosphate based insulation is 1 pm (one side). The
maximum continuous operating temperature in the air is 230°C, maximum

(3.1)



82 3 Materials and Fabrication

Table 3.4. Specific core losses and d.c. magnetization curve of nonoriented thin
electrical steels manufactured by Cogent Power Ltd., Newport, U.K.

Specific core losses

W/kg Magn.
Magn. field
flux NO 12 NO 18 NO 20 stren.
dens. 0.12 mm 0.18 mm 0.2 mm kA /m

T 50 400 2.5 50 400 2.5 50 400 2.5
Hz Hz kHz Hz Hz kHz Hz Hz kHz
0.10 0.02| 0.16] 1.65| 0.02] 0.18] 2.18| 0.02] 0.17| 2.79| 0.025
0.20 0.08| 0.71] 6.83| 0.08 0.73| 10.6| 0.07] 0.72| 10.6| 0.032
0.30 0.16/ 1.55| 15.2| 0.16] 1.50| 19.1| 0.14] 1.49| 24.4| 0.039
0.40 0.26| 2.57| 2.54| 0.26] 2.54| 31.7| 0.23] 2.50| 40.4| 0.044
0.50 0.37| 3.75| 37.7| 0.36| 3.86| 45.9| 0.32] 3.80| 58.4| 0.051
0.60 0.48| 5.05| 52.0| 0.47| 5.22| 61.5| 042| 5.17| 78.4| 0.057
0.70 0.62| 6.49| 66.1| 0.61] 6.77| 81.1| 0.54] 6.70| 103.0| 0.064
0.80 0.76| 8.09] 83.1| 0.75| 8.47| 104.0/ 0.66| 8.36| 133.0] 0.073
0.90 0.32| 9.84| 103.0| 0.90| 10.4| 161.0] 0.80| 10.3| 205.0] 0.084
1.00 1.09] 11.8 156 1.07| 12.3] 198.0/ 0.95] 12.2| 253.0/ 0.099

1.10 1.31] 141 1.28| 14.9 1.14] 14.8 0.124
1.20 1.56| 16.7 1.52| 18.1 1.36| 17.9 0.160
1.30 1.89) 19.9 1.84| 21.6 1.65| 21.4 0.248
1.40 2.29| 24.0 2.23| 25.6 2.00] 25.3 0.470
1.50 2.74] 28.5 2.67| 30.0 2.40( 29.7 1.290
1.60 3.14 3.06 2.75 3.550
1.70 3.49 3.40 3.06 7.070
1.80 3.78 3.69 3.32 13

intermittent operating temperature in an inert gas is 850°C, hardness 180 HV
and density 7650 kg/m?.

3.1.2 Amorphous Ferromagnetic Alloys

To minimize core losses at high frequencies, nonoriented electrotechnical steels
should be replaced with amorphous magnetic alloys (Tables 3.5 and 3.6).
Amorphous ferromagnetic alloys, in comparison with electrical steels with
crystal structure, do not have arranged in order, regular inner crystal structure
(lattice).

Amorphous alloy ribbons based on alloys of iron, nickel and cobalt are
produced by rapid solidification of molten metals at cooling rates of about
105°C/s. The alloys solidify before the atoms have a chance to segregate or
crystallize. The result is a metal alloy with a glass-like structure, i.e. a non-
crystalline frozen liquid.

Application of amorphous alloy ribbons to the mass production of electrical
machines is limited by hardness, up to 1100 in Vicker’s scale. Standard cutting
methods like a guillotine or blank die are not suitable. The mechanically
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Table 3.5. Physical properties of iron based METGLAS amorphous alloy ribbons
(Honeywell, Morristown, NJ, U.S.A.)

Quantity

2605CO

2605SA1

Saturation magnetic flux
density, T

Specific core losses
at 50 Hz and 1 T, W /kg

Specific
density, kg/m?

Electric conductivity, S/m

Hardness in
Vicker’s scale

Elasticity modulus, GN/m?
Stacking factor

Crystallization
temperature, °C

Curie temperature, °C

Maximum service
temperature, °C

1.8

less than 0.28

7560

0.813 x 10° S/m

810

100...110

less than 0.75

430

415

125

1.59 annealed
1.57 cast

about 0.125
7200 annealed
7190 cast
0.769 x 10° S/m

900

100...110
less than 0.79

507

392

150

Table 3.6. Specific core losses of iron based METGLAS amorphous alloy ribbons
(Honeywell, Morristown, NJ, U.S.A.)

Magnetic flux density, B Specific core losses, Ap, W/kg
T 2605CO 2605SA1

50 Hz 60 Hz 50 Hz 60 Hz
0.05 0.0024 0.003 0.0009 0.0012
0.10 0.0071 0.009 0.0027 0.0035
0.20 0.024 0.030 0.0063 0.008
0.40 0.063 0.080 0.016 0.02
0.60 0.125 0.16 0.032 0.04
0.80 0.196 0.25 0.063 0.08
1.00 0.274 0.35 0.125 0.16
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stressed amorphous material cracks. Laser and electro-discharge machining
(EDM) cutting methods melt the amorphous material and cause undesirable
crystallization. In addition, these methods make electrical contacts between
laminations which contribute to the increased eddy-current and additional
losses. In the early 1980s chemical methods were used in General Electric to
cut amorphous materials but these methods were very slow and expensive
[191]. The problem of cutting hard amorphous ribbons can be overcome by
using a liquid jet [246]. This method makes it possible to cut amorphous
materials in ambient temperature without cracking, melting, crystallization
and electric contacts between isolated ribbons.

3.1.3 Soft Magnetic Powder Composites

Powder metallurgy is used in the production of ferromagnetic cores of small
electrical machines or ferromagnetic cores with complicated shapes. The com-
ponents of soft magnetic powder composites are iron powder, dielectric (epoxy
resin) and filler (glass or carbon fibers) for mechanical strengthening. Powder
composites for ferromagnetic cores of electrical machines and apparatus can
be divided into [265]:

e dielectromagnetics and magnetodielectrics,
e magnetic sinters.

Dielectromagnetics and magnetodielectrics are names referring to materials
consisting of the same basic components: ferromagnetic (mostly iron pow-
der) and dielectric (mostly epoxy resin) material [265]. The main tasks of
the dielectric material is insulation and binding of ferromagnetic particles. In
practice, composites containing up to 2% (of their mass) of dielectric materials
are considered as dielectromagnetics. Those with a higher content of dielectric
material are considered as magnetodielectrics [265].

TSC International, Wadsworth, IL, U.S.A., has developed a new soft pow-
der material, Accucore, which is competitive to traditional steel laminations
[4]. The magnetization curve and specific core loss curves of the non-sintered
Accucore are given in Table 3.7. When sintered, Accucore has higher satura-
tion magnetic flux density than the non-sintered material. The specific density
is 7550 to 7700 kg/m?3.

Hégands, Hoganas, Sweden, manufactures soft magnetic composite (SMC)
powders that are surface-coated metal powders with excellent compressibility
[242]. Somaloy™™ 500 (Tables 3.8, 3.9) has been developed for 3D magnetic
circuits of electrical machines, transformers, ignition systems and sensors.

3.1.4 Fabrication of Stator Cores
Fabrication of Laminated Stator Cores

Normally, the stator cores are wound from electrotechnical steel strips and
the slots are machined by shaping or planing. An alternative method is first
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Table 3.7. Magnetization and specific core loss characteristics of non-sintered Ac-

cucore (TSC Ferrite International, Wadsworth, IL, U.S.A.)

Magnetization curve Specific core loss curves
Magnetic flux Magnetic field
density, B intensity, H 60 Hz 100 Hz 400 Hz
T A/m W/kg W/kg W/kg
0.10 152 0.132 0.242 1.058
0.20 233 0.419 0.683 3.263
0.30 312 0.772 1.323 6.217
0.40 400 1.212 2.072 9.811
0.50 498 1.742 2.976 14.088
0.60 613 2.315 3.968 18.850
0.70 749 2.954 5.071 24.295
0.80 909 3.660 6.305 30.490
0.90 1107 4.431 7.650 37.346
1.00 1357 5.247 9.039 44.489
1.10 1677 6.129 10.582 52.911
1.20 2101 7.033 12.214 61.377
1.30 2687 7.981 13.845 70.151
1.40 3525 8.929 15.565 79.168
1.50 4763 9.965 17.394 90.302
1.60 6563 10.869 19.048 99.671
1.70 9035 11.707 20.635 109.880
1.75 10,746 12.125 21.407

Table 3.8. Specific core losses of Somaloy”™ 500 +0.5% Kenolube, 800 MPa, treated
at 500°C for 30 min in the air, Hogands, Hoganis, Sweden

Magnetic flux
density, Specific losses
A/m W/kg
50 Hz 100 Hz 300 Hz 500 Hz 700 Hz 1000 Hz
0.4 1.5 3 12 18 27 45
0.5 1.9 3.6 17 27 40 60
0.6 2.7 6 21 34 55 90
0.8 4.6 10 32 52 92 120
1.0 6.8 16 48 80 140 180
2.0 30 50 170 270 400 570

to punch the slots with variable distances between them and then to wind
the steel strip into the form of the slotted toroidal core (R & D Institute
of Electrical Machines VUES in Brno, Republic of Czech). In addition, this
manufacturing process allows for making skewed slots to minimize the cogging
torque and the effect of slot harmonics. Each stator core has skewed slots in
opposite directions. It is recommended that a wave stator winding should be
made to obtain shorter end connections and more space for the shaft. An odd
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Table 3.9. Magnetization curves of Somaloy?™500 +0.5% Kenolube, treated at
500°C for 30 min in the air, Hégands, Hogands, Sweden

Magnetic B B B
field intensity at density at density at density
H 6690 kg/m? 7100 kg/m? 7180 kg/m?
A/m T T T

1 500 0.7 0.83 0.87

3 200 0.8 1.13 1.19

4 000 0.91 1.22 1.28

6 000 1.01 1.32 1.38
10 000 1.12 1.42 1.51

15 000 1.24 1.52 1.61
20 000 1.32 1.59 1.69
40 000 1.52 1.78 1.87
60 000 1.65 1.89 1.97
80 000 1.75 1.97 2.05
100 000 1.82 2.02 2.10

number of slots, e.g. 25 instead of 24 can help to reduce the cogging torque
(VUES Brno).

— 1

> 7

6]

=

Fig. 3.1. Stator core segment formed from lamination strip: 1 — lamination strip,
2 — groove, 3 — folding, 4 — compressed segment, 5 — finished segment.

Another technique is to form the stator core using trapezoidal segments
[257]. Each segment corresponds to one slot pitch (Fig. 3.1). The lamination
strip of constant width is folded at distances proportional to the radius. To
make folding easy, the strip has transverse grooves on opposite sides of the
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alternative steps. The zigzag laminated segment is finally compressed and
fixed using a tape or thermosetting, as shown in Fig. 3.1 [257].

Fabrication of Soft Magnetic Powder Stator Cores

The laminated cores of axial flux machines are much more difficult to fabricate
than those of radial flux machines. SMC powders simplify the manufacturing
process of stator cores with complicated shapes, in general, 3D cores. Mass
production of AFPM machines is much more cost effective if soft magnetic
powder composites are used as materials for stator cores.

Using SMC powders the stator core of an AFPM machine can be made as
a slotted core, slotless cylindrical core and salient pole core with one coil per
pole.

The slotted and slotless cylindrical cores for AFPM machines can be made
in a powder metallurgy process using a ferromagnetic powder with a small
amount of lubricants or binders. The powder metallurgy process generally
consists of four basic steps, namely: (1) powder manufacture, (2) mixing or
blending, (3) compacting and (4) sintering. Most compacting is done with
mechanical, hydraulic or pneumatic presses and rigid tools. Compacting pres-
sures generally range between 70 to 800 MPa with 150 to 500 MPa being the
most common. The outer diameter of the core is limited by the press capabil-
ity. Frequently, the stator core must be divided into smaller segments. Most
powder metallurgy products must have cross sections of less than 2000 mm?.
If the press capacity is sufficient, sections up to 6500 mm? can be pressed.
Figure 3.2 shows the effect of compacting pressure on the density of Hogands
SMC powders.

For Somaloy” 500 the heat treatment temperature (sintering) is typically
500°C for 30 min. After heat treatment the compacted powder has much less
mechanical strength than solid steel.

The thermal expansion of conductors within the stator slots creates ther-
mal expansion stresses in the stator teeth. The magnitude of these stresses
depends upon the difference in the temperature of the winding and core, differ-
ence in coefficients of thermal expansion of both materials and slot fill factor.
This problem is more important in powder cores than in laminated cores since
the tensile stress of powder cores is at least 25 times lower and their modulus
of elasticity is less than 100 GPa (versus 200 GPa for steel laminations).

Slotted stators for small disc-type motors fabricated from SMC powders
are shown in Fig. 3.3 [160, 265]. SMC powder salient-pole stators for small
single-sided AFPM motors manufactured by Mii Technologies, LLC , Lebanon,
NH, U.S.A. are shown in Fig. 3.4. The three-phase stator has 9 poles. A single
SMC powder salient pole manufactured by Hogandas is shown in Fig. 3.5.
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Fig. 3.2. The effect of compacting pressure on the specific mass density of Hoganés
soft magnetic composite powders.

Fig. 3.3. Slotted stators for small single-sided disc-type motors [265].

3.2 Rotor Magnetic Circuits

Magnetic circuits of rotors consist of PMs and mild steel backing rings or discs.
Since the air gap is somewhat larger that that in similar RFPM counterparts,
high energy density PMs should be used.

Normally, surface magnets are glued to smooth backing rings or rings with
cavities of the same shape as magnets without any additional mechanical
protection against normal attractive forces. Epoxy, acrylic or silicon based
adhesives are used for gluing between magnets and backing rings or between
magnets. The minimum required shearing strength of adhesives is 20 x 10°
Pa. There were attempts to develop interior PM rotor for AFPM machines.
According to [221], rotor poles can only be fabricated by using soft magnetic
powders [221]. The main advantage of this configuration is the improved flux
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Fig. 3.4. Powder salient pole stators for small single-sided AFPM motors. Courtesy
of Mii Technologies, LLC, Lebanon, NH, U.S.A.

Fig. 3.5. SMC powder salient pole for small single-sided AFPM motors: (a) single
SMC pole; (b) double-sided AFPM motor. Courtesy of Hégands, Hogands, Sweden.

weakening performance. However, the complexity and high cost of the rotor
structure discourage further commercializing development.

3.2.1 PM Materials

A PM can produce magnetic flux in an air gap with no exciting winding and no
dissipation of electric power. As any other ferromagnetic material, a PM can
be described by its B—H hysteresis loop. PMs are also called hard magnetic
materials, which means ferromagnetic materials with a wide hysteresis loop.

The basis for the evaluation of a PM is the portion of its hysteresis loop lo-
cated in the upper left-hand quadrant, called the demagnetization curve (Fig.
3.6). If reverse magnetic field intensity is applied to a previously magnetized,
say, toroidal specimen, the magnetic flux density drops down to the magni-
tude determined by the point K. When the reversal magnetic flux density is
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removed, the flux density returns to the point L according to a minor hystere-
sis loop. Thus, the application of a reverse field has reduced the remanence,
or remanent magnetism. Reapplying magnetic field intensity will again reduce
the flux density, completing the minor hysteresis loop by returning the core
to approximately the same value of flux density at the point K as before. The
minor hysteresis loop may usually be replaced with little error by a straight
line called the recoil line. This line has a slope called the recoil permeability
Hrec-

As long as the negative value of applied magnetic field intensity does not
exceed the maximum value corresponding to the point K, the PM may be
regarded as being reasonably permanent. If, however, greater negative field
intensity H is applied, the magnetic flux density will be reduced to a value
lower than that at point K. On the removal of H, a new and lower recoil line
will be established.

B 1 B
Bsat
Br /
o=
| N
(BH)__ > B
max N \m
| \AH a
I
| \\
| ~
N
| ~
H ‘ \‘\ w,H
0 w H _ AB
max s Hrec = AH

Fig. 3.6. Demagnetization curve, recoil loop, energy of a PM, and recoil magnetic
permeability.

Remanent magnetic flur density B,., or remanence, is the magnetic flux
density corresponding to zero magnetic field intensity.

Coercive field strength H., or coercivity, is the value of demagnetizing field
intensity necessary to bring the magnetic flux density to zero in a material
previously magnetized.

Both B, and H. decrease as the magnet temperature increases, i.e.

ap
B, = Byoo[l + —2 —2 2
r r20[ + 100 (’&PM O)] (3 )
(0%
H, = Heugo[l + —X (9prr — 20)] (3.3)

100
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Fig. 3.7. Comparison of B—H and B;,—H demagnetization curves and their vari-
ations with the temperature for sintered N48M NdFeB PMs. Courtesy of ShinFEtsu,
Takefu-shi, Fukui Prefecture, Japan.

where ¥ p); is the temperature of PM, B,y and H.og are the remanent mag-
netic flux density and coercive force at 20°C and ap < 0 and ay < 0 are
temperature coefficients for B, and H. in %/°C respectively. Thus, demagne-
tization curves are sensitive to the temperature (Fig. 3.7).

Intrinsic demagnetization curve (Fig. 3.7) is the portion of the B; = f(H)
hysteresis loop located in the upper left-hand quadrant, where B; = B — ugH.
For H = 0 the intrinsic magnetic flux density B; = B,.

Intrinsic coercivity ; H. is the magnetic field strength required to bring to
zero the intrinsic magnetic flux density B; of a magnetic material described
by the B; = f(H) curve. For PM materials ; H. > H.,.

Saturation magnetic flux density Bgq: corresponds to high values of the
magnetic field intensity, when an increase in the applied magnetic field pro-
duces no further effect on the magnetic flux density. In the saturation region
the alignment of all the magnetic moments of domains is in the direction of
the external applied magnetic field.

Recoil magnetic permeability pir. is the ratio of the magnetic flux density—
to—magnetic field intensity at any point on the demagnetization curve, i.e.

AB
AH
where the relative recoil permeability piyrec = 1...4.5.
Mazimum magnetic energy per unit produced by a PM in the external
space is equal to the maximum magnetic energy density per volume, i.e.

Hrec = Holbrrec = (34)
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BH) e
Wmax = ( Q)WGL J/Il’l3 (35)

where the product (BH )4, corresponds to the maximum energy density
point on the demagnetization curve with coordinates By,q. and H,,q. (Fig.
3.6).

Form factor of the demagnetization curve characterizes the concave shape
of the demagnetization curve, i.e.

T Cc T (&
for a square demagnetization curve v = 1 and for a straight line (rare-earth
PMs) v = 0.25.

The leakage flux causes the magnetic flux to be distributed nonuniformly
along the height 2hy; of a PM, where hj; is the height per pole. As a result,
the MMF produced by the PM is not constant. The magnetic flux is higher in
the neutral cross section and lower at the ends, but the behavior of the MMF
distribution is the opposite [106].

The PM surface is not equipotential. The magnetic potential at each point
on the surface is a function of the distance to the neutral zone. To simplify the
calculation, the magnetic flux which is a function of the MMF distribution
along the height hj; per pole is replaced by an equivalent flux. This equivalent
flux goes through the whole height hj; and exits from the surface of the poles.
To find the equivalent leakage flux and the whole flux of a PM, the equivalent
magnetic field intensity needs to be found, i.e.

1 [hw Fur
H=—— H,dr = — 3.7
where H, is the magnetic field intensity at a distance x from the neutral cross
section and F; is the MMF of the PM per pole (MMF = 27, per pole pair).

The equivalent magnetic field intensity (3.7) allows the equivalent leakage

flux of the PM to be found, i.e.

Piv =Py — Py (3.8)

where @) is the full equivalent flux of the PM and @, is the air gap magnetic
flux. The coefficient of leakage fluxz of the PM,

Dy Py
=—=14—>1 3.9
oM o, + o, > (3.9)
simply allows the air gap magnetic flux to be expressed as @, = Par /o
The following leakage permeance expressed in the flux #-MMF coordinate
system corresponds to the equivalent leakage flux of the PM:
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D
Gy = — 3.10
wr=E (3.10)

An accurate estimation of the leakage permeance Gy is the most difficult
task in analytical calculation of magnetic circuits with PMs. Using the field
approach, e.g. the FEM, the leakage permeance can be found fairly accurately.

The average equivalent magnetic flux and equivalent MMF mean that the
magnetic flux density and magnetic field intensity are assumed to be the same
in the whole volume of a PM. The full energy produced by the magnet in the
outer space is

BH

where V), is the volume of the PM or a system of PMs.

For a PM circuit with a rectangular cross section, single PM and two
mild steel pole shoes, the magnetic flux density B, in a given air gap volume
Vy = gwly is directly proportional to the square root of the magnetic energy
product (B Hpy) [106], i.e.

1
1o 2HFEZF€> Vm
By = poHy = | 2% (14 Z2EFe ) Mg
g = poty \/UIM( 9 v, MmH

~ uo‘;ﬂBMHM (312)
9

where Hp, is the magnetic field intensity in the mild steel yoke, H, is the
magnetic field intensity in the air gap, Vas = 2hpswaslyy is the magnet volume,
wys is the PM width, [j; is the PM length and 2[p. is the length of the
magnetic flux path in two mild steel pole shoes. Following the trend to smaller
packaging, smaller mass and higher efficiency, the material research in the field
of PMs has focused on finding materials with high values of the maximum
energy product (BH)mqz-

The air gap magnetic flux density B, can be estimated analytically on the
basis of the demagnetization curve, air gap and leakage permeance lines and
recoil lines [106]. Approximately, it can be found on the basis of the balance
of the magnetic voltage drops, i.e.

B, B,

B
har = hav +—2g
,U/[)Mrrec ,U/[)Mrrec ,U/[)

where fi,rc. is the relative permeability of the PM (relative recoil permeabil-
ity). Hence,

Bhar B,
hM + Mrrecd 1 + ﬂrrecg/hkl

(3.13)

g
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The air gap magnetic flux density is proportional to the remanent magnetic
flux density B, and decreases as the air gap ¢ increases. Eqn (3.13) can only
be used for preliminary calculations.

For rare-earth PMs the approximation of the demagnetization curve is
simple due to practically linear demagnetization curve, i.e.

B(H) = B, (1 - g) (3.14)

The approximation of more complicated demagnetizations curves (Alnico or
ferrites) is given e.g. in [106].

The intersection point of the above demagnetization curve (3.14) and the
following line representing the permeance of the air gap

h
B(H) = o~ H (3.15)
g
gives a point called the operating point. This point corresponds to the air gap
magnetic flux density B, multiplied by the leakage coefficient 07y, according
to eqn (3.9).

3.2.2 Characteristics of PM Materials

There are three classes of PMs currently used for electric motors:

Alnicos (Al, Ni, Co, Fe);
Ceramics (ferrites), e.g. barium ferrite BaO x6Fe2O3 and strontium ferrite
SI‘OXGFegOg;

e Rare-earth materials, i.e. samarium-cobalt SmCo and neodymium-iron-
boron NdFeB.

The demagnetization curves of the above three types of permanent magnet
materials are given in Fig. 3.8.

Alnico

Alnico magnets dominated the PM motor market in the range from a few watts
to 150 kW between the mid 1940s and the late 1960s. The main advantages
of Alnico are its high magnetic remanent flux density and low temperature
coefficients (Table 3.10). The temperature coefficient of B, is —0.02%/°C and
maximum service temperature is 520°C. Unfortunately, the coercive force is
very low and the demagnetization curve is extremely non-linear. Therefore,
it is very easy not only to magnetize but also to demagnetize Alnico. Alnico
has been used in PM d.c. commutator motors of the disc type with relatively
large air gaps. This results in a negligible armature reaction magnetic flux
acting on the PMs. Sometimes, Alnico PMs are protected from the armature
flux, and consequently from demagnetization, using additional mild steel pole
shoes.
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Fig. 3.8. Demagnetization curves for different PM materials.

Table 3.10. Physical properties of a representative selection of PM materials for
small motors offered by Magnaquench GmBH , Essen, Germany

Alnico Hard ferrite Hard ferrite

Property sintered bonded sintered

Koerzit 500 Koerox 12/22p Koerox 350
Remanent flux density, By, T 1.24 0.26 0.39
Coercivity, H., kA/m 51 180 270
Intrinsic coercivity, iH¢, kA/m 51 225 310
(BH)maz, kJ/m? 41.4 13 30
Relative recoil
magnetic permeability 3to4db 1.1 1.1
Temperature coefficient ap
of B, at 20 to 100°C, %/°C —0.02 —0.2 —0.2
Temperature coefficient a; g
of iH. at 20 to 100°C, %/°C +0.03 to —0.07 +0.4 +0.3
Curie temperature, °C 850 450 450
Maximum continuous
service temperature, °C 500 100 to 200 200
Thermal conductivity, W/(m °C) 10 to 100 - 4
Specific mass density, pp, kg/m3 7300 3400 4800
Electric conductivity, S/m 1.4 to 2.5 x10° < 0.0001 < 0.0001
Coefficient of thermal expansion 12 parallel
at 20 to 100°C, x107°/°C 11 to 13 20 to 50 8 vertical
Specific heat, J /(°C kg) 350 to 500 - 800
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Ferrites

Barium and strontium ferrites produced by powder metallurgy were invented
in the 1950s. Their chemical formulation may be expressed as MO x 6(Fe203),
where M is Ba, Sr, or Pb. Ferrite magnets are available in isotropic and
anisotropic grades.

A ferrite has a higher coercive force than Alnico, but at the same time has
a lower remanent magnetic flux density (Table 3.10). Temperature coefficients
are relatively high, i.e. the coefficient of B, is —0.20%/°C and the coefficient of
H.is —0.27 to —0.4%/°C. The maximum service temperature is 450°C. The
main advantages of ferrites are their low cost and very high electric resistance,
which means practically no eddy-current losses in the PM volume. Ferrite
magnets are most economical in fractional horsepower motors. Barium ferrite
PMs are commonly used in small d.c. commutator motors for automobiles
(blowers, fans, windscreen wipers, pumps, etc.) and electric toys.

Rare-Earth Permanent Magnets

The first generation of rare-earth permanent magnets, i.e. alloys based on the
composition of SmCos has been commercially produced since the early 1970s
(invented in the 1960s). SmCos has the advantage of a high remanent flux
density, high coercive force, high energy product, a linear demagnetization
curve and a low temperature coefficient (Table 3.11). The temperature coef-
ficient of B, is —0.02 to —0.045%/°C and the temperature coefficient of H.,
is —0.14 to —0.40%/°C. Maximum service temperature is 300 to 350°C. It
is suitable for motors with low volumes and motors operating at increased
temperatures, e.g. brushless generators for microturbines. Both Sm and Co
are relatively expensive due to their supply restrictions.

With the discovery in the recent years of a second generation of rare-earth
magnets on the basis of inexpensive neodymium (Nd), remarkable progress
with regard to lowering raw material costs has been achieved. The new genera-
tion of rare-earth PMs based on inexpensive neodymium (Nd) was announced
by Sumitomo Special Metals, Japan, in 1983 at the 29th Annual Conference of
Magnetism and Magnetic Materials held in Pittsburgh, PA, U.S.A. The Nd is a
much more abundant rare-earth element than Sm. NdFeB magnets, which are
now produced in increasing quantities have better magnetic properties (Table
3.12) than those of SmCo, but unfortunately only at room temperature. The
demagnetization curves, especially the coercive force, are strongly tempera-
ture dependent. The temperature coefficient of B, is —0.09 to —0.15%/°C
and the temperature coefficient of H, is —0.40 to —0.80%/°C. The maximum
service temperature is 250°C and Curie temperature is 350°C). The NdFeB
is also susceptible to corrosion. NdFeB magnets have great potential for con-
siderably improving the performance—to—cost ratio for many applications. For
this reason they will have a major impact on the development and application
of PM machines in the future.
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Table 3.11. Physical properties of Vacomax sintered SmzCo17 PM materials at
room temperature 20°C manufactured by Vacuumschmelze GmbH, Hanau, Ger-
many

Vacomax Vacomax Vacomax
Property 240 HR 225 HR 240
Remanent flux density, B,, T 1.05 to 1.12 1.03 to 1.10 0.98 to 1.05
Coercivity, Hc, kA/m 600 to 730 720 to 820 580 to 720
Intrinsic coercivity, iH., kA/m 640 to 800 1590 to 2070 640 to 800
(BH)maz, kJ/m3 200 to 240 190 to 225 180 to 210
Relative recoil
magnetic permeability 1.22 to 1.39 1.06 to 1.34 1.16 to 1.34
Temperature coefficient ap
of B, at 20 to 100°C, %/°C —0.030
Temperature coefficient o g
of iH. at 20 to 100°C, %/°C —0.15 —0.18 —0.15
Temperature coefficient ap
of B, at 20 to 150°C, %/°C —0.035
Temperature coefficient a; i
of iH. at 20 to 150°C, %/°C —0.16 —0.19 —0.16

Curie temperature, °C approximately 800
Maximum continuous

service temperature, °C 300 350 300

Thermal conductivity, W/(m °C)
Specific mass density, ppar, kg/m?
Electric conductivity, x10° S/m

approximately 12
8400
1.18 to 1.33

Coefficient of thermal expansion

at 20 to 100°C, x107%/°C 10
Young’s modulus, x10° MPa 0.150
Bending stress, MPa 90 to 150
Vicker’s hardness approximately 640

Chemical reactivity of rare-earth magnets is similar to that of alkaline
earth metals, e.g. magnesium. The reaction is accelerated at increased tem-
perature and humidity. The NdFeB alloy if exposed to hydrogen gas, usually
at a slightly elevated temperature and/or elevated pressure, becomes brittle
and with very little effort, it can be crushed. Diffusion of hydrogen into the
alloy causes it literally to fall apart.

Corrosion protective coatings can be divided into metallic and organic.
For metallic coatings, e.g. nickel and tin, galvanic processes are used as a rule.
Organic coatings include powder coatings applied electrostatically, varnishes
and resins.

Nowadays, for the industrial production of rare-earth PMs the powder
metallurgical route is mainly used [212]. Apart from some material specific
parameters, this processing technology is, in general, the same for all rare-
earth magnet materials. The alloys are produced by vacuum induction melting
or by a calciothermic reduction of the oxides. The material is then size-reduced
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Table 3.12. Physical properties of Hicorex-Super sintered NdFeB PM materials at
room temperature 20°C manufactured by Hitachi Metals, Ltd., Tokyo, Japan

Hicorex-Super

Hicorex-Super

Hicorex-Super

Property HS-38AV HS-25EV HS-47AH

Remanent flux density, B,, T 1.20 to 1.30 0.98 to 1.08 1.35 to 1.43

Coercivity, He, kA/m 875 to 1035 716 to 844 1018 to 1123

Intrinsic coercivity, iH., kA/m min. 1114 min. 1989 min. 1114

(BH) maz, kJ/m? 278 to 319 183 to 223 342 to 390

Relative recoil

magnetic permeability 1.03 to 1.06

Temperature coefficient ap

of B, at 20 to 100°C, %/°C —0.11 to —0.13

Temperature coefficient a;

of iH. at 20 to 100°C, %/°C —0.65 to —0.72

Curie temperature, °C ~ 310

Maximum continuous

service temperature, °C 160 180 140

Thermal conductivity, W/(m°C) ~ 7.7

Specific mass dens., ppas, kg/m? 7500

Electric conductivity, x10° S/m ~ 0.67

Coefficient of thermal expansion

at 20 to 100°C, x107¢/°C -1.5

Young’s modulus, x10° MPa 0.150

Bending stress, MPa 260

Vicker’s hardness ~ 600

Features High energy High Super high
product temperature performance

by crushing and milling to a single crystalline powder with particle sizes less
than 10 pm. In order to obtain anisotropic PMs with the highest possible
(BH)pmaz value, the powders are then aligned in an external magnetic field,
pressed and densified to nearly theoretical density by sintering. The most
economical method for mass production of simply shaped parts like blocks,
rings or arc segments is die pressing of the powders in approximately the final
shape.

Researchers at General Motors, U.S.A., developed a fabrication method
based on the melt-spinning casting system originally invented for the pro-
duction of amorphous metal alloys. In this technology a molten stream of
NdFeCoB material is first formed into ribbons 30 to 50-um thick by rapid
quenching, then cold pressed, extruded and hot pressed into bulk. Hot press-
ing and hot working are carried out while maintaining the fine grain to provide
a high density close to 100% which eliminates the possibility of internal cor-
rosion. The standard electro-deposited epoxy resin coating provides excellent
corrosion resistance.
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The prices of NdFeB magnets ordered in large quantities are now below
US$20 per kg. Owing to a large supply of NdFeB magnets from China it is
expected that the prices will fall further.

3.2.3 Operating Diagram

The energy of a PM in the external space only exists if the reluctance of the
external magnetic circuit is higher than zero. If a previously magnetized PM
is placed inside a closed ideal ferromagnetic circuit, i.e. toroid, this PM does
not show any magnetic properties in the external space, in spite of the fact
that there is the magnetic flux

. = B;Su = Brwmly (3.16)

corresponding to the remanent flux density B, inside the PM.
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Fig. 3.9. Stabilization of a PM: (a) PM alone, (b) PM with pole shoes, (¢) PM inside
an external magnetic circuit, (d) PM with a complete external armature system.

A PM previously magnetized and placed alone in an open space, as in Fig.
3.9a, generates a magnetic field. To sustain a magnetic flux in the external
open space, an MMF developed by the magnet is necessary. The state of
the PM is characterized by the point K on the demagnetization curve (Fig.
3.10). The location of the point K is at the intersection of the demagnetization
curve with a straight line representing the permeance of the external magnetic
circuit (open space):

3 Dy /D, Fe
Gext = ?ﬁ, tan e,y = .,FZ]:C = Geaﬁta: (317)

The permeance G, corresponds to the flux &—MMF coordinate system and
is referred to as MMF at the ends of the PM. In the &—MMF coordinate
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system the remanent flux @, is according to eqn (3.16) and the MMF corre-
sponding to the coercivity H. is

]:c = Hch]\/[ (318)

The magnetic energy per unit produced by the PM in the external space
is wxg = BrHg /2. This energy is proportional to the rectangle limited by
the coordinate system and lines perpendicular to the @ and F coordinates
projected from the point K. It is obvious that the maximum magnetic energy
is for Bg = Bynae and for Hx = H,pa-

\
F Fug Fe  Fly Jet o0 Faa

Fig. 3.10. Diagram of a PM for finding the origin of the recoil line and operating
point.

If the poles are furnished with pole shoes (Fig. 3.9b) the permeance of the
external space increases. The point which characterizes a new state of the PM
in Fig. 3.10 moves along the recoil line from the point K to the point A. The
recoil line K'Gy is the same as the internal permeance of the PM, i.e.

wsl S
GM = Hrec MM = Hrec M (319>
hor har

The point A is the intersection of the recoil line KGj; and the straight line
OG 4 representing the leakage permeance of the PM with pole shoes, i.e.

Dy -/Tc
Ga=—, ta =Gs— 3.20
A }_A n o A @T ( )
The energy produced by the PM in the external space decreases as compared
with the previous case, i.e. wa = BaH /2.
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The next stage is to place the PM in an external ferromagnetic circuit as
shown in Fig. 3.9c. The resultant permeance of this system is

] F
Gp = ?1;, tanozszpa: (3.21)

which meets the condition Gp > G 4 > Gu¢. For an external magnetic circuit
without any electric circuit carrying the armature current, the magnetic state
of the PM is characterized by the point P (Fig. 3.10), i.e. the intersection of
the recoil line KGj; and the permeance line OGp.

When the external magnetic circuit is furnished with an armature winding
and when this winding is fed with a current which produces an MMF magne-
tizing the PM (Fig. 3.9d), the magnetic flux in the PM increases to the value
@y . The d-axis MMF F! , of the external (armature) field acting directly on
the PM corresponds to @ . The magnetic state of the PM is described by the
point N located on the recoil line on the right-hand side of the origin of the
coordinate system. To obtain this point it is necessary to lay off the distance
OZF!, and to draw a line Gp from the point F,, inclined by the angle ap
to the F-axis. The intersection of the recoil line and the permeance line Gp
gives the point N. If the exciting current in the external armature winding is
increased further, the point N will move further along the recoil line to the
right, up to the saturation of the PM.

When the excitation current is reversed, the external armature magnetic
field will demagnetize the PM. In this case it is necessary to lay off the dis-
tance OF , from the origin of the coordinate system to the left (Fig. 3.10).
The line Gp drawn from the point F,; with the slope ap intersects the de-
magnetization curve at the point K’. This point can be above or below the
point K (for the PM alone in the open space). The point K’ is the origin of
a new recoil line K'G",. Now if the armature exciting current decreases, the
operating point will move along the new recoil line K’'G’, to the right. If the
armature current drops down to zero, the operating point takes the position
P’ (intersection of the new recoil line K’G’, with the permeance line Gp
drawn from the origin of the coordinate system).

On the basis of Fig. 3.10 the energies wpr = Bp'Hp/ /2, wp = BpHp/2,
and wp: < wp. The location of the origin of the recoil line, as well as the
location of the operating point, determine the level of utilization of the energy
produced by the PM. A PM behaves differently than a d.c. electromagnet: the
energy of a PM is not constant if the permeance and exciting current of the
external armature changes.

The location of the origin of the recoil line is determined by the minimum
value of the permeance of the external magnetic circuit or the demagnetization
action of the external field.

To obtain the properties of PMs more independent of the external magnetic
fields, PMs need to be stabilized. Stabilization means the PM is demagnetized
up to a value which is slightly higher than the most dangerous demagnetization
field during the operation of a system where the PM is installed. In magnetic
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circuits with stabilized PMs the operating point describing the state of the
PM is located on the recoil line.

More details about how to find the operating point of a PM graphically
and analytically can be found in [106].

3.2.4 Permeances for Main and Leakage Fluxes

Permeances of air gaps and permeances for leakage fluxes can be found analyt-
ically by dividing the magnetic field into simple solids. Permeances of simple
solids shown in Fig. 3.11 can be found using the following formulae:

(a) Rectangular prism (Fig. 3.11a)

G = oMMy (3.22)
g
(b) Cylinder (Fig. 3.11b)
wd3,
= -2
G = o 1y (3.23)
(¢) Half-cylinder (Fig. 3.11c)
G = 0.26/1011\/[ (324)

where the average air gap g,, = 1.22¢g and the average surface S,, =
032291y [15]
(d) Ome-quarter of a cylinder (Fig. 3.11d)

G = 0.52410l0 (3.25)
(e) Half-ring (Fig. 3.11e)
2l
G=pp—m—m—m 3.26
0 g one + 1) 220
For g < 3wy,
l 2

G = po M In (1 + wM) (3.27)

m g

(f) One-quarter of a ring (Fig. 3.11f)

2l

PPN (3.28)

G = o

For g < 3c,

Cc

2
G = uoﬂ In (1 + ) (3.29)
m g
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Fig. 3.11. Simple solids: (a) rectangular prism, (b) cylinder, (¢) half-cylinder, (d)
one-quarter of a cylinder, (e) half-ring, (f) one-quarter of a ring, (g) one-quarter of
a sphere, (h) one-eighth of a sphere, (i) one-quarter of a shell, (j) one-eighth of a
shell.
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(g) One-quarter of a sphere (Fig. 3.11g)

G = 0.07710g (3.30)
(h) One-eighth of a sphere (Fig. 3.11h)

G = 0.308#(]9 (331)
(i) One-quarter of a shell (Fig. 3.111)
c
(j) One-eighth of a shell (Fig. 3.11j)
c
G = o (3.33)

Fig. 3.12 shows a model of a flat electrical machine with smooth armature
core (without slots) and surface PM excitation system. The armature is of
steel laminations. The PMs are fixed to the mild steel yoke.

The pole pitch is 7, the width of each PM is wjs, and its length is [;;. In
an AFPM machine

In = 0.5(Dout — Din) (3.34)
(a) (b) (c)
S &
8| ,~ds 287700
ﬁ/// @ //7/ I 2 I \;\\10 ____g____\1o
AN — 16 63\ . /] \
T7 — | =1 |
/ — | Fyl |
vlm% g ::5: 4 1 4 :5: 9 0!
7 | Ly |
/| | |
77 NN 2 A e —— o
% \ N f :,/7/ 10 8
~NJ \\ ____:3____ //

Fig. 3.12. Electrical machine with flat slotless armature and flat PM excitation
system — division of the space occupied by the magnetic field into simple solids: (a)
longitudinal section, (b) air gap field, (c) leakage field (between the PM and steel
yoke).

The space between the pole face and the armature core is divided into a prism
(1), four quarters of cylinders (2 and 4), four quarters of rings (3 and 5), four
pieces of 1/8 of a sphere (6) and four pieces of 1/8 of a shell (7). Formulae
for the permeance calculations have been found on the assumption that the
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permeance of a solid is equal to its average cross section area to the average
length of the flux line. If we ignore the fringing flux, the permeance of a
rectangular air gap per pole (prism 1 in Fig. 3.12) is

wsl
Gg1 = M07A;[,M (3.35)

The equivalent air gap ¢’ is only equal to the nonmagnetic gap (mechanical
clearance) ¢ for a slotless and unsaturated armature. To take into account
slots (if they exist) and magnetic saturation, the air gap ¢ is increased to
g = gkcksar, where kg > 1 is Carter’s coefficient taking into account slots
(1.2), and kgqt > 1 is the saturation factor of the magnetic circuit defined
as the ratio of the MMF per pole pair to the air gap magnetic voltage drop
(MVD) taken twice [106].

To take into account the fringing flux it is necessary to include all paths
for the magnetic flux coming from the excitation system through the air gap
to the armature system (Fig. 3.12), i.e.

Gyg=Gg1+2(Gg2+ Ggz + Gga + Gy5) + 4(Gy6 + Gy7) (3.36)

where G is the air gap permeance according to eqn (3.35) and G2 to Gg7
are the air gap permeances for fringing fluxes. The permeances Ggo to Ggs
can be found using equns (3.25), (3.28), (3.31) and (3.32).

In a similar way the resultant permeance for the leakage flux of the PM
can be found, i.e.

Giv = 2(Gis + Gro) + 4Gpo (3.37)

where Gz, Gj9 (one-quarter of a cylinder) and Gj19 (one-eight of a sphere) are
the permeances for leakage fluxes between the PM and rotor yoke according
to Fig. 3.12c — eqns (3.25) and (3.31).

3.2.5 Calculation of Magnetic Circuits With PMs

The equivalent magnetic circuit of a PM system with armature is shown in
Fig. 3.13. The reluctances of pole shoes (mild steel) and armature stack (elec-
trotechnical laminated steel) are much smaller than those of the air gap and
PM and have been neglected. The “open circuit” MMF acting along the inter-
nal magnet permeance Gar = 1/R,a is Faro = Harohar, the d-axis armature
reaction MMF is F,4, the total magnetic flux of the PM is @), the leakage
flux of the PM is @57, the useful air gap magnetic flux is ¢, the leakage flux
of the external armature system is @, the flux in the d-axis produced by the
armature is @4 (demagnetizing or magnetizing), the reluctance for the PM
leakage flux is R,ar = 1/Giar, the air gap reluctance is R, = 1/G,, and the
external armature leakage reactance is 5, = 1/G 4. The following Kirch-
hoff’s equations can be written on the basis of the equivalent circuit shown in
Fig. 3.13
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Fig. 3.13. Equivalent circuit (in the d-axis) of a PM system with armature.

Dy =D +§pg

7,
Dy = Fad
§R,ula

Fyvo = PuRunm — o R =0

DPiyRine — PgRyg F Faa =0
The solution to the above equation system yields the air gap magnetic flux:

Gy (Gy+Gi)(Gu + GlM)] GGy

ég: |:‘7:M0:F~7:ad

Gg + Gy GgG]V[ Gg + G+ Gum
or
Gt(GM+G1M):| GGy

Dy = |FroF F, = 3.38
g |: MO F Fad GgGM G+ Gy ( )

where the total resultant permeance G, for the flux of the PM is
Gy = Gg + Gy = UlA]Gg (339)

and the direct-axis armature MMF acting directly on the PM is

G G\~ Fua

vg=Fadr——="7Fa <1+ ) == 3.40
d ng"‘Gl]\,{ d Gg OIM ( )

The upper sign in eqn (3.38) is for the demagnetizing armature flux and the
lower sign is for the magnetizing armature flux.
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The coefficient of the PM leakage flux (3.9) can also be expressed in terms
of permeances, i.e.

Dy Giv

oy=14+—-=1+
IM o, a,

(3.41)

3.2.6 Fabrication of Rotor Magnetic Circuits

Magnetic circuits of rotors of AFPM brushless machines provide the excita-
tion flux and are designed as:

e PMs glued to a ferromagnetic ring or disc which serves as a backing mag-
netic circuit (yoke);
e PMs arranged into Halbach array without any ferromagnetic core.

Fig. 3.14. Shapes of PM rotors of disc-type machines: (a) trapezoidal, (b) circular,
(¢) semicircular.

Shapes of PMs are usually trapezoidal, circular or semicircular (Fig. 3.14).
The shape of PMs affects the distribution of the air gap magnetic field and
contents of higher space harmonics. The output voltage quality (harmonics
of the EMF) of AFPM generators depends on the PM geometry (circular,
semicircular, trapezoidal) and distance between adjacent magnets [83].

Since the magnetic flux in the rotor magnetic circuit is stationary, mild
steel (carbon steel) backing rings can be used. Rings can be cut from 4 to 6
mm mild steel sheets. Table 3.13 shows magnetization characteristics B—H of
a mild carbon steel and cast iron. Electrical conductivities of carbon steels
are from 4.5 x 10° to 7.0 x 10 S/m at 20°C.

Halbach Array

Twin rotors of double-sided coreless AFPM machines (Fig. 1.4d) may use
PMs arranged in Halbach array [114, 115, 116]. The key concept of Halbach
array is that the magnetization vector of PMs should rotate as a function of
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Table 3.13. Magnetization curves of solid ferromagnetic materials: 1 — carbon
steel (0.27%C), 2 — cast iron

Magnetic flux density, B Magnetic field intensity, H
Mild carbon steel 0.27% C Cast iron

T A/m A/m
0.2 190 900
0.4 280 1600
0.6 320 3000
0.8 450 5150
1.0 900 9500
1.2 1500 18,000
1.4 3000 28,000
1.5 1500

1.6 6600

1.7 11,000

distance along the array (Fig. 3.15) [114, 115, 116]. Halbach array has the
following advantages:

e the fundamental field is stronger by a factor of 1.4 than in a conventional
PM array, and thus the power efficiency of the machine is doubled;

e the array of PMs does not require any backing steel magnetic circuit and
PMs can be bonded directly to a non-ferromagnetic supporting structure
(aluminum, plastics);
the magnetic field is more sinusoidal than that of a conventional PM array;
Halbach array has very low back-side fields.

The peak value of the magnetic flux density at the active surface of Halbach
array is

la

Fig. 3.15. Cartesian Halbach array.
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sin(m/nar)

Bmo = Br[]. — exXp (—5hM)] ﬂ'/’rlM

(3.42)
where B, is the remanent magnetic flux density of the magnet, 5 = 27 /I, -
see also eqn (1.11), [, is the spatial period (wavelength) of the array and np;
is the number of PM pieces per wavelength. For the array shown in Fig. 3.15
ny = 4. For example, assuming B, = 1.25 T, hy; = 6 mm, [, = 24 mm,
ngy, = 4 (rectangular PMs), the peak magnetic flux density at the surface of
Halbach array By = 0.891 T.

The tangential B, and normal B, components of Halbach array at the
distance z from the surface of PMs are

B, (x, z) = Bmocos(fz)exp(—[Fz) (3.43)

B.(x,2) = Bposin(fz)exp(—02) (3.44)

For a double-sided configuration of Halbach arrays, i.e. twin disc external
rotors, the tangential and normal component of the magnetic flux density
distribution in the space between discs are

1 1 .
B;L» (l', Z) = Bm()B COS(,B.’,C)W Slnh(ﬂz) (345)
. 1
Bz (Z‘, Z) = Bmoszn(ﬁx)m COSh(,@Z) (346)

where B, is according to eqn (3.42) and ¢ is magnet—to—magnet distance
between two halves of the disc. The origin of the Oxyz coordinate system is
as in Fig. 1.9.

3.3 Windings
3.3.1 Conductors

Stator (armature) windings of electric motors are made of solid copper con-
ductor wires with round or rectangular cross sections.

The electric conductivity at 20°C of copper wires is 57 x 10% > 759 > 56 x
105 S/m. For aluminum wires oo ~ 33 x 10° S/m. The electric conductivity
is temperature dependent and for 6 — 20° < 150°C can be expressed as

o= 920
1+ a(f —20°)

where « is the temperature coefficient of electric resistance. For copper wires
a = 0.00393 1/°C and for aluminum wires o = 0.00403 1/°C. For ¢ — 20° >

(3.47)
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150°C eqn (3.47) contains two temperature coefficients « and [ of the electric
resistance, i.e.

_ 020
1+ a9 —20°) + (9 — 20°)2

o (3.48)

Table 3.14. Maximum temperature rise A¢ for armature windings of electrical
machines according to IEC and NEMA (based on 40°C ambient temperature)

Rated power of machines, Insulation class

length of core A E B F H
and voltage °C °C °C °C °C
1EC

a.c. machines < 5000 kVA

(resistance method) 60 75 80 100 125
1IEC

a.c. machines > 5000 kVA

or length of core > 1 m 60 70 80 100 125
(embedded detector method)

NEMA

a.c. machines < 1500 hp 70 - 90 115 140
(embedded detector method)

NEMA

a.c. machines > 1500 hp and < 7 kV

(embedded detector method) 65 - 85 110 135

The mazximum temperature rise for the windings of electrical machines is de-
termined by the temperature limits of insulating materials. The maximum
temperature rise in Table 3.14 assumes that the temperature of the cooling
medium ¥, < 40°C. The maximum temperature of windings is actually

Drmaz = Ve + AV (3.49)

where A¢ is the maximum allowable temperature rise according to Table
3.14. A polyester-imide and polyamide-imide coat can provide an operating
temperature of 200°C. The highest operating temperatures (over 600°C) can
be achieved using nickel clad copper or palladium-silver conductor wires and
ceramic insulation.

3.3.2 Fabrication of Slotted Windings

Stator windings are usually made of insulated copper conductors. The cross
section of conductors can be circular or rectangular. For large AFPM machines
a direct water cooling system and consequently hollow conductors can be
considered.
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It is difficult to make and form stator coils if the round conductor is thicker
than 1.5 mm. If the current density is too high, parallel conductor wires of
smaller diameter are recommended rather than one thicker wire. Stator wind-
ings can also have parallel current paths.

The armature windings can be either single-layer or double layer (Section
2.2).

After coils are wound, they must be secured in place, somehow, so as to
avoid conductor movement. Two standard methods are used to secure the
conductors of electrical machines in place:

e dipping the whole component into a varnish-like material, and then baking
off its solvent,

e trickle tmpregnation method, which uses heat to cure a catalyzed resin
which is dripped onto the component.

Polyester, epoxy or silicon resins are used most often as impregnating materi-
als for treatment of stator windings. Silicon resins of high thermal endurance
are able to withstand ¥,,4, > 225°C.

Recently, a new method of conductor securing that does not require any
additional material, and uses very low energy input, has emerged [178]. The
solid conductor wire (usually copper) is coated with a heat and/or solvent
activated adhesive. The adhesive which is usually a polyvinyl butyral, utilizes
a low temperature thermoplastic resin [178]. This means that the bonded
adhesive can come apart after a certain minimum temperature is reached,
or it again comes in contact with the solvent. Normally this temperature is
much lower than the thermal rating of the base insulation layer. The adhesive
is activated by either passing the wire through a solvent while winding or
heating the finished coil as a result of passing electric current through it.

The conductor wire with a heat activated adhesive overcoat costs more
than the same class of non-bondable conductor. However, a less than two sec-
ond current pulse is required to bond the heat activated adhesive layer and
bonding machinery costs about half as much as trickle impregnation machin-
ery [178].

3.3.3 Fabrication of Coreless Windings

Stator coreless windings of AFPM machines are fabricated as uniformly dis-
tributed coils on a disc-type cylindrical supporting structure (hub) made of
nonmagnetic and nonconductive material. There are two types of windings:

(a) winding comprised of multi-turn coils wound with turns of insulated con-
ductor of round or rectangular cross section;
(b) printed winding also called film coil winding.

Coils are connected in groups to form the phase windings typically connected
in star or delta. Coils or groups of coils of the same phase can be connected
in parallel to form parallel paths.
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To assemble the winding of the same coils and obtain high density packing,
coils should be formed with offsetting bends, as shown in Fig. 3.16. The space
between two sides of the same coil is filled with coil sides from each of the
adjacent coils.

(a)

(b) .

Fig. 3.16. Disc-type coreless winding assembled of coils of the same shape according
to U.S. Patent No. 5 744 896 [P83]: (a) single coil; (b) three adjacent coils. 1 — coil
side, 2 — inner offsetting bend, 3 — outer offsetting bend.

Coils can be placed in a slotted structure of the mould (Fig. 3.17). With
all the coils in position, the winding (often with a supporting structure or
hub) is moulded into a mixture of epoxy resin and hardener and then cured
in a heated oven. Because of the difficulty of releasing the cured stator from
the slotted structure of the mould (Fig. 3.17a), each spacing block that forms
a guide slot consists of several removable pins of different size (Fig. 3.17b).

For very small AFPM machines and micromachines printed circuit coreless
windings allow for automation of production. Printed circuit windings for
AFPM brushless machines fabricated in a similar way as printed circuit boards
have not been commercialized due to poor performance. A better performance
has been achieved using film coil windings made through the same process as
flexible printed circuits [93]. The coil pattern is formed by etching two copper
films that are then attached to both sides of a board made of insulating
materials (Fig. 3.18). Compact coil patterns are made possible by connecting
both sides of coil patterns through holes [93].

Numerical Example 3.1
A simple stationary magnetic circuit is shown in Fig. 3.19. There are two

Vacomax 240 HR SmCo PMs (Table 3.11) with B, = 1.10 T, H. = 680
kA /m, temperature coefficients ap = —0.03%/°C and ag = —0.15%/°C at
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(a)

(b)

Fig. 3.17. Moulds for positioning the coils: (a) mould with guide slots; (b) mould
with guide pins.

Fig. 3.18. Film coils for AFPM micromotors. Courtesy of EMbest, Soeul, Korea.
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20 < Ypps < 100°C. The height of the PM per pole is hj; = 6 mm and the air
gap thickness ¢ = 1 mm. The U-shaped and I-shaped (top) ferromagnetic cores
are made of a laminated electrotechnical steel. The width of the magnets and
cores is 17 mm. Calculate the air gap magnetic flux density, air gap magnetic
field strength, the useful energy of PMs and normal attractive force per two
poles at: (a) Yppr = 20°C and (b) 9ppr = 100°C. The MVD in the laminated
core, leakage and fringing magnetic flux can be neglected.

Solution:

(a) Magnet temperature 9py; = 20°C

The relative recoil magnetic permeability according to eqn (3.4) for a straight
line demagnetization curve is

1 AB 1 1.10—-0
Hrrec = — = ~ 1.29
o AH  0.47 x 10-6 680,000 — 0

The air gap magnetic flux density according to eqn (3.13) is

N 1.10
97 141.29 x1.0/6.0

B =0.906 T

The air gap magnetic field strength according to eqn (3.14) in which H = H,,
and B = By is

B 1.064
H,=H, (1 - Bi) = 680 x 10° (1 - 1.10) =120.12 x 10° A/m

The useful energy per magnet volume according to eqn (3.5) is

_ ByH,  1.064 x 120,120

= 54 395. 3
5 5 54 395.8 J/m

Wy
The useful energy per pole pair is

Wy =wysVar = 54,395.8(2 X 6 x 15 x 17 x 107%) = 0.166 J

The normal attractive force per 2 poles is

B? 1.0642
F=—"2028,)=——" (15x17x107% =166.5 N
20 23M) = G qo8 (10 X 17X 1075

(b) Magnet temperature 9 pyr = 100°C

The remanent magnetic flux density and coercivity at 100°C according to eqns
(3.2) and (3.3) is

B, =1.10 |1+ %(100 —20)| = 1.074 T
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Fig. 3.19. A simple stationary magnetic circuit with PMs and air gap. Numerical
example 3.1.

—0.15 ,
H. =680 x 10° |1+ oo (100 = 20)| = 5984 10* A/m

At ¥pp; = 100°C the demagnetization curve is nonlinear. Its linear part is only
between 0.5 T and B, parallel to the demagnetization curve at 20°C. Thus,
the relative recoil magnetic permeability fi,,.. at 100°C is approximately the
same as that at room temperature.

The air gap magnetic flux density according to (3.13) is

B 1.074
T 1+41.29%x1.0/6.0

B, — 0884 T

The air gap magnetic field strength at 100°C according to eqn (3.14)

0.884
= 3 e = 3
H, =598.4 x 10 (1 1.074> 105.7 x 10° A/m

The useful energy per magnet volume is

. 0.884 x 105.7 x 10°
Wy ~ B

=46 719.5 J/m®

The useful energy per pole pair is
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W, =46 719.5(2 x 6 x 15 x 17 x 107%) = 0.143 J

The normal attractive force per 2 poles is

0.8842

Numerical Example 3.2

A single-sided, 8-pole AFPM machine with slotted ferromagnetic stator has
the PM outer diameter D,,; = 0.22 m and inner diameter D;, = 0.12 m.
The air gap including the effect of slotting (Carter coefficient) is ¢ = 1.9 mm.
Trapezoidal sintered NdFeB magnets have B, = 1.15 T and H. = 900 kA/m
at 20°C. The temperature coefficient for B, is ap = —0.15 % /°C and the
temperature coefficient for H, is oy = —0.64 % /°C. The coefficient of PM
leakage flux is oy = 1.15 and pole width-to-pole pitch coefficient is a,; = 0.72.

Find PM dimensions to obtain the air gap magnetic flux density B, = 0.64
T at no-load and temperature ¥ py; = 80°C. Sketch operating diagrams in the
B—-H and &-M M F coordinate system at no load. Assume that the magnetic
circuit is unsaturated.

Solution:

The remanence and coercivity at ¥py = 80°C according to eqns (3.2) and
(3.3) is

~0.15
B, =115 |1+ ———(dppr —20)| =1.046 T
100
—0.64

H. = 1+ —
900{ + 100

(9par — 20)} =554.4 kA/m

Approximation of demagnetization curves according to eqn (3.14) at 20°C
and 80°C respectively

H H
Boo(H) =1.15 (1 — B(H) =1.046 1 —
20(H) 5( 900000) (H) 06( 554400)

The relative recoil magnetic permeability according to eqn (3.4) is

1.046

rrec — =15
s 0.47 x 105 x 554 400

The axial height of the PM per pole according to eqn (3.13) is

o1 By 1.15 x 0.64
I_g=15 0.0019 = 0.0068
- — o B, 1.046 — 1.15 x 0.64 o

hy = MTT@CB
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The equivalent air gap is

har 6.8
Jeq = 9 + e =19+ 5= 6.4 mm

The average diameter, pole pitch (1.14), length (3.34) and width of the magnet
are respectively

D 0.1
D =0.5(0.22 +0.12) = 0.17 m = 7;_p - ”08 T 0.0668 m
Inr = 0.5(0.22 — 0.12) = 0.05 m wyr = ;T = 0.72 % 0.0668 = 0.048 m

The permeance of the air gap according to eqn (2.30) is

1a;m

G, = po—— (D?,, — D?
g :U/Og 8p ( out zn)
1 0.72w
= 0471076 0.222 —0.122) =1.59x 107 H
™0 o019 g x4\ ) ”

or

'le]\/[ A x 71_1076 0.048 x 0.05

Q. — -0 =159%x 1075 H
9= HO 0.0019 X

The total permeance for magnetic flux including leakage permeances is

Gy =0mGy=1.15x1.59 x 107 =1.828 x 107 ° H

Approximation of the total permeance (air gap and leakage) line can be ex-
pressed as a linear function of H

H=5146 x 107 %H

b s 0.0068
\(H) =G H=1828x10 65— ""° _
o(H) =G 0,048 % 0.05

The magnetic field intensity corresponding to the operating point of the mag-
net is calculated as

B,
~ Gihar/(warlar) + B/ H.

Hys

B 1.046
 5.146 x 106 4 1.046/554, 400

— 148 795 A/m

The air gap magnetic flux density as obtained from the operating diagram
(Fig. 3.20a) is
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Fig. 3.20. Operating diagram of PM at no load: (a) in B—H coordinate system; (b)
in &-M M F' coordinate system. Numerical example 3.2.

hnm _¢ 0.0068
B, =G Hy =159 x 106 ——"°° 148 705 = 0.666 T
9= ey M 0,048 % 0.05

To plot the operating diagram in the $—M M F coordinate system, eqns (3.16)
and (3.18) are used to find the magnetic flux @, corresponding to B, and the
MMF F. per pole corresponding to H, i.e.

@, = 1.046 x 0.048 x 0.05 = 0.00252 Wb

F. =554 400 x 0.0068 = 3750.6 A

Approximation of the magnetic flux line is

F F
B(F) =&, (1- ) =000252 (1 - ———
(%) ( ]-"C> 0005( 3750.6)

The MMF F); corresponding to the operating point of the magnet in the
&-M MF coordinate system (Fig. 3.20b) is
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- P, 7 0.00252
G+ 9. /F.  1.828 x 10~ + 0.00252/3750.6

Fum = 1006.6 A

The air gap flux line (Fig. 3.20b) is
®y(F) = GyF =159 x 107°F
The total flux line (Fig. 3.20b) is
Dy(F) =G F =1.828x 10°°F
The air gap magnetic flux corresponding to the operating point is @4 (Far) =

0.0016 Wb. The air gap magnetic flux density is B, = 0.0016/(0.048 x 0.05) =
0.666 T.

@) 08 ‘())i
( \ 0.4 / \\
Bxkxf).loo 02 o \\
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Fig. 3.21. Distribution of B, and B. components: (a) in the z direction; (b) in the
z direction. Numerical example 3.3.
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Numerical Example 3.3

The magnetic field in the air gap of an AFPM machine with coreless stator is
excited by sintered NdFeB magnets arranged in Halbach array. The external
twin rotors do not have any backing steel discs (Fig. 1.4d). The remanent
magnetic flux density is B, = 1.25 T, the height of the PM is hyp; = 6 mm,
the wavelength at the average diameter is [, = 27 = 48 mm and the magnet-
to-magnet distance is t = 10 mm.

Find the distribution of the magnetic flux density in the space between
magnets for the 90-degree Halbach array, i.e. ny; = 4. Estimate, how the
number njy; of PMs per wavelength affects the magnetic flux density at the
active surface of PMs.

Solution

The peak value of the magnetic flux density at the active surface of Halbach
array according to eqn (3.42) is

sin(m/4)

Bumo = 1.25[1 — exp(—130.9 x 0.006)]7

=0.612T
where =2 x 7/0.048 = 130.9 1/m.

The distribution of the tangential component B, in the space between
magnets is described by eqn (3.45) and the distribution of the normal compo-
nent B, is described by eqn (3.46). Both components B, and B, are plotted
in Fig. 3.21.

For the 90-degree Halbach array (np; = 4) the peak value of the magnetic
flux density at the active surface of PMs is B,,0 = 0.612 T. Similarly, using eqn
(3.42), the peak value B¢ can be calculated for other Halbach configurations.
For 60-degree Halbach array (ny = 6) Bjo = 0.649 T and for 45-degree
Halbach array (npr = 8) By, = 0.663 T. In general,

0.8 038 Bmolim
7777777777777777777 o > 9 g
0.6
Bmo(nm) 0.4
(Sav)
0.2
0 o
4 6 8 10 12 14 16
Ny 16

Fig. 3.22. Peak value of magnetic flux density B,, as a function of number nas of
PMs per wavelength. Numerical example 3.3.
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lim B = By[1 — exp(1 — fhay)) S/ 10)
np— 00 7T/7’LM

= 1.25[1 — exp(130.9 x 0.006)] x 1 = 0.68 T

since lim, g sinz/x = 1. The peak value B, as a function of number nj; of
PMs per wavelength is shown in Fig. 3.22.
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AFPM Machines With Iron Cores

In Chapter 2, principles of operation, topologies and fundamental equations of
a broad family of AFPM machines were discussed. In this chapter, the focus is
on those types of AFPM machines that make use of the stator and rotor fer-
romagnetic cores. The AFPM machines with ferromagnetic cores are designed
both as single-sided and double-sided. The stator core can be fabricated using
either laminated steels or SMC powders. General equations given in Chapter
2 for the performance calculations will be developed further and adjusted to
the construction of AFPM machines with ferromagnetic cores. Application of
the FEM analysis to performance calculations is also emphasized.

4.1 Geometries

Single-sided AFPM machines with stator ferromagnetic cores have a single
PM rotor disc opposite to a single stator unit consisting of a polyphase wind-
ing and ferromagnetic core (Fig. 2.1). The stator ferromagnetic cores can be
slotted or slotless. The stator winding is always made of flat wound coils
(Fig. 2.8). The PMs can be mounted on the surface of the rotor or embedded
(buried) in the rotor disc. In the case of a slotless stator the magnets are
almost always surface mounted, while in the case of a slotted stator with a
small air gap between the rotor and stator core, the magnets can be either
surface mounted on the disc (Fig. 2.1) or buried in the rotor disc (Fig. 2.6).
Large axial magnetic forces on bearings are the main drawback of single-sided
AFPM machines with ferromagnetic stator cores.

In double-sided AFPM machines with ideal mechanical and magnetic sym-
metry, the axial magnetic forces are balanced. Double-sided AFPM machines
with stator ferromagnetic cores have either a single PM rotor disc with iron-
cored stators on both sides of the discs (Figs 1.4c and 2.3) or outer PM rotor
discs with iron-cored stator fixed in the middle (Figs 2.4, 2.5 and 2.6). As with
single-sided AFPM machines the stator ferromagnetic cores can be slotted or
slotless, and the rotor magnets can be surface mounted, embedded or buried
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(Fig. 2.6). Again, in the case of a slotless stator with a large air gap between
the rotor and stator core the magnets are almost always surface mounted. The
stator windings of double-sided AFPM machines can be flat wound (slotted
or slotless) as shown in Fig. 2.8 or toroidally wound (normally slotless) as
shown in Fig. 2.9.

4.2 Commercial AFPM Machines With Stator
Ferromagnetic Cores

An example of a commercial double-sided AFPM servo motor with ferro-
magnetic core is shown in Figs. 4.1 and 4.2. External stators have slotted
ring-shaped cores made of nonoriented electrotechnical steel ribbon. The in-
ner rotor does not have any ferromagnetic material. PMs are mounted on a
nonmagnetic rotating disc.

Fig. 4.1. Double-sided AFPM brushless servo motor with the stator ferromagnetic
core and built-in brake. Courtesy of Mavilor, Barcelona, Spain.

Fig. 4.3 shows a double-sided AFPM synchronous generator with the stator
core wound of amorphous alloy ribbon manufactured by LE Incorporated, In-
dianapolis, IN, U.S.A. The volume of LE AFPM generators is approximately
60% lower than that of classical synchronous generators of the same rating.
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Fig. 4.2. Longitudinal section of the double-sided AFPM brushless servo motor
shown in Fig. 4.1. Courtesy of Mavilor, Barcelona, Spain.

Fig. 4.3. GenSmart™ AFPM synchronous generator with amorphous alloy stator
core. Courtesy of LE Incorporated, Indianapolis, IN, U.S.A.

4.3 Some Features of Iron-Cored AFPM Machines

Iron-cored AFPM machines are distinguished in two ways from coreless (air-
cored) AFPM machines, namely: (i) iron-cored machines have core losses while
coreless machines do not and (ii) the per unit values of the synchronous reac-
tances of iron-cored machines are much higher than those of coreless machines.

The core losses are functions of amongst other things the frequency and
density of the magnetic flux in the ferromagnetic core — see eqn (2.55). The
frequency of the flux variation in the core is in turn determined by the speed
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and number of pole pairs. As AFPM brushless machines tend to have a high
number of poles (minimum 2p = 6), the speeds of iron-cored AFPM machines
are limited to keep the frequency, and hence the core losses of the machine,
within limits; unless the machines are designed to have low flux densities in
ferromagnetic cores. Flux frequencies are normally kept below, say, 100 Hz
for laminated ferromagnetic cores. If higher frequencies are required, then
silicon steel laminations with a thickness of less than 0.2 mm, amorphous
alloy ribbons or SMC powders must be used.

The higher synchronous inductance of iron-cored AFPM machines affects
negatively the voltage regulation of the machine in generator mode, which
might be considered as a disadvantage. However, for solid-state converter-fed
applications the higher synchronous inductance of iron-cored AFPM motors is
an important advantage as it helps reduce the current-ripple due to converter
switching. Thus the relatively low inductance of coreless AFPM machines can
be a significant disadvantage in switched solid state converter applications.

4.4 Magnetic Flux Density Distribution in the Air Gap

AFPM brushless machines with ferromagnetic stator and rotor cores can pro-
duce strong magnetic flux density in the air gap with a minimum volume of
PMs. The distribution of the normal component of the magnetic flux density
in the z-direction (circumferential) excited by PMs without armature reaction
at the radius corresponding to the average pole pitch 7 can be described by
the following equation

By(x) = - Burar(o) + Bulo) (4.1)

where the PM excitation flux density for smooth stator core is

oo
1
B.pu(z) = Z @ngl, cos [1/ (gx - %)} v=13,5,... (4.2)
v=1

and the magnetic flux density component due to stator slots is

/

Ba(z) = Aa(z) X B.pa () (4.3)
Ho

The peak values of the higher harmonics of the magnetic flux density distri-
bution of eqn (4.2) are By,g, = (By/oinm)by.

In the above equations (4.1), (4.2) and (4.3) k¢ is Carter’s coefficient
according to eqn (1.2), b, is according to eqn (1.13) usually for a = 0, 7 is the
average pole pitch according to eqn (1.14), ¢’ is the equivalent air gap in the
d-axis according to eqn (2.110), By is the flat-topped value of the magnetic
flux density according to eqn (3.13), o;as is the coefficient of the PM leakage
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Fig. 4.4. Magnetic flux density distribution in the air gap of an AFPM machine
with iron slotted core obtained on the basis of eqn (4.1) for p = 3, s1 = 18, 7 = 36.7
mm, «; = 0.78, b, = ay7, Br = 1.2 T, pirrec = 1.061, g = 1.5 mm, b1y = 3.5 mm,
hy =5 mm, a =0 and oy = 1.15.

flux according to eqn (3.9) and A4 is the relative slot leakage permeance given
by
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Fig. 4.5. Magnetic pressure distribution in an AFPM machine with iron slotted
core obtained on the basis of eqn (4.7) for p = 3, s1 = 18, 7 = 36.7 mm, a; = 0.78,
bp = a7, B, = 1.2 T, piyrec = 1.061, g = 1.5 mm, bi4 = 3.5 mm, hyy = 5 mm,
a=0and o = 1.15.
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in which the average slot pitch t; = 2p7/s1, s1 is the number of stator slots
and the amplitude of slot harmonics as derived by W. Weber (71, 121] is

B(k)14 22 .
Ay, = o g, ;; 0.5+ m Sln(l.GV’]TF) (45)

The remaining quantities 3(k), k and I" are expressed by the following equa-
tions:

1 1 bia bi4
— 1— — R =, F = — 46
ﬁ(ﬁ) 2 < vV 1-— K)2> " g + hM/,Ufrrec tl ( )

The distribution of the magnetic flux density in the air gap obtained on the
basis of eqn (4.1) is shown in Fig. 4.4. The magnetic pressure on the stator
and rotor active surfaces can be found on the basis of the normal component
(4.1) of the magnetic flux density distribution in the air gap, i.e.

T 2
p=(z) = ;BQAEO)

The distribution of the magnetic pressure (4.7) is visualized in Fig. 4.5. The
magnetic pressure resolved into Fourier series yields harmonics of magnetic
forces acting on the stator. It is necessary to calculate those harmonics, e.g. in
the noise analysis of electromagnetic origin radiated by the AFPM machine.

(4.7)

4.5 Calculation of Reactances

4.5.1 Synchronous and Armature Reaction Reactances

Calculations of the stator current, other machine parameters and character-
istics require knowledge of the synchronous reactance per phase which is ex-
pressed by eqns (2.79) and (2.80). The synchronous reactance X4 and Xy is
the sum of the armature reaction (mutual) reactance X4, Xqq and the stator
winding leakage reactance X;. The armature reaction reactances X,q, Xoq
and armature reaction inductances L4, Lqg can be calculated with the aid
of equations given in Section 2.9 and Table 2.1. The analytical approach to
calculation of the stator leakage reactance X is discussed in Section 4.5.2.

4.5.2 Stator Leakage Reactance

The armature leakage reactance is the sum of the slot leakage reactance X,
the end connection leakage reactance Xi., and the differential leakage reac-
tance X14 (for higher space harmonics), i.e.

Xy = Xq5 + Xy + Xyg
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Fig. 4.6. Stator slots of AFPM brushless machines: (a) rectangular semi-open slot;
(b) rectangular open slot; (c) oval semi-open slot.

2
LlNl (Alsle + ZzﬂAIGin + llloliut)\leout + >\1d) (48)
i i
where Nj is the number of turns per phase, kix is the skin-effect coefficient
for leakage reactance, p is the number of pole pairs, ¢ = s1/(2pmq) is the
number of stator slots s; per pole per phase (2.2), l1;, is the length of the
stator winding inner end connection, l1,,; is the length of the stator winding
outer end connection, A1, is the coefficient of the slot leakage permeance (slot-
specific permeance), Ajqp, is the coefficient of the leakage permeance of the
inner end connection, Ajeqqyt is the coefficient of the leakage permeance of the
outer end connection and A4 is the coefficient of the differential leakage.
The coefficients of leakage permeances of the slots shown in Fig. 4.6 are:

=4 fuo

e for a rectangular semi-open slot (Fig. 4.6a):

B h11 h12 2h13 h14

Mo = e+ 2 4 28 U 4.9
YT 3bi | bir by +big big (4.9)
e for a rectangular open slot (Fig. 4.6b):
hi1 | hia +hiz + hig
s & 4.10
ET * b1 (4.10)
e for an oval semi-open slot (Fig. 4.6¢):
h h h
Ais & 0.1424 + 2 + 722 4 0 5arcsin[y/1 — (bua/b12)?] + ——  (4.11)
3b11 b12 b14

The coefficients of leakage permeances for other shapes of slots than those
shown in Fig. 4.6 are given, e.g. in [159]. The above specific-slot permeances
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(4.9), (4.10) and (4.11) are for single-layer windings. To obtain the specific
permeances of slots containing double-layer windings, it is necessary to mul-
tiply eqns (4.9), (4.10) and (4.11) by the factor

36+1
4
where [ is according to eqn (2.7). Such an approach is justified if 2/3 < g <
1.0.

The specific permeance of the end connection (overhang) is estimated on
the basis of experiments. For double-layer, low-voltage, small and medium-
power machines the specific permeances of the inner and outer end connections
are:

(4.12)

e inner end connection

2 cin
Mein & 017y (1 — =) (4.13)
T liin
e outer end connection
2 Weout
)\leout ~ 017(]1(1 - (414)
m llout

where l1;,, is the length of the inner end connection, Iy, is the length of the
outer end connection, w;, is the inner coil span, and wey,; is the outer coil
span. The specific permeance of two end connections is a sum of permeances
(4.13) and (4.14), i.e.

1 wcinllout + wcoutllin> (4 15)

)\16 = A161’n + )\leout = 034Q1 1—-—
™ llinllout

For wein = Weout = We and 11 = liour = l1e the specific permeance (see eqn
(4.15)) of two end connections has the same form as that for a cylindrical
stator, i.e.

2 we
Ao = 0.34¢; (1 - w) (4.16)
iy

Putting w./l1. = 0.64, eqn (4.16) also gives satisfactory results for single-layer
windings, i.e. the specific permeance of two end connections becomes

Ae &~ 0.2q1 (4.17)

For double-layer, high-voltage windings the specific permeances of the inner
and outer end connections are:

e inner end connection

2 cin
Aein ~ 021y (1 — = 2 yk2 (4.18)
T l1in
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e outer end connection

2 cou
Meout & 0.21¢; (1 — = eoutyp2 (4.19)
T llout

where the stator winding factor k,,; for the fundamental space harmonic v = 1
is according to eqn (2.10). The specific permeance of two end connections

/\1@ = /\161'” + )\leout = 0-42(]1 <1 - ;wc Lout Weout™ > ki}l (420)

llinllout

In general, the following approximate relation may be used for most of the
windings:

Mo ~ 03¢ (4.21)

The specific permeance of the differential leakage flux is

2
mlqlTkwl

/\1d = Td1 (422)

7T2g/ksat
where ¢’ is the equivalent air gap according to eqns (2.110) or (2.111) and
ksqr is the saturation factor of the magnetic circuit. The differential leakage
factor 747 is

Tdl = k:% z:(kwly)2 (4.23)

1%
wl 1

The curves of the differential leakage factor 74, are given in publications deal-
ing with design of induction motors, e.g. [106, 121, 159].

In practical calculations it is convenient to use the following formula

2 1 2 2 o 2
a1 = ”(0+71+) {sin <3q01 ﬂ —1 (4.24)
The specific permeance between the heads of teeth:
59/b14
A & ————— 4.25
Y5+ 4g/big (4.25)

should be added to the differential specific permeance A4 of slotted stator
windings.



132 4 AFPM Machines With Iron Cores

4.6 Performance Characteristics

Specifications of Mavilor AFPM motors (Figs. 4.1 and 4.2) are shown in
Table 4.1. Torque-speed characteristics of Mavilor AFPM motors are plotted
in Fig. 4.7. AFPM servo motors MA-3 to MA-30 are designed with Class F
insulation and IP-65 protection. Table 4.2 shows specifications of brakes for
MA-3 to MA-30 servo motors.

Table 4.3 shows specifications of GenSmart™™ AFPM synchronous gen-
erators with amorphous alloy stator cores manufactured by LFE Incorporated,
Indianopolis, IN, U.S.A. GenSmart™ AFPM synchronous generators can be
used both as stationary and mobile generators.

Torque (Nm)

18
16 —
14 M MA-30
~—
12 e
10 ———— | [ MA20
8 e S
6 MA-10 e
4 MA-6
2 MA-3
0

0 500 1000 1500 2000 2500 3000 3500 4000
Speed (rpm)

Fig. 4.7. Torque-speed curves of AFPM brushless servo motors manufactured by
Mawilor, Barcelona, Spain.

4.7 Performance Calculation

4.7.1 Sine-Wave AFPM Machine

The electromagnetic power of a sine-wave (synchronous) AFPM motor is ex-
pressed by eqn (2.91) which can also be brought to the following form:

1
Pet = m1[I,Ef cos ¥ + §(X5d — Xyg)12sin 20] (4.26)

Hence, the developed torque is
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Table 4.1. AFPM brushless servomotors manufactured by Mawvilor, Barcelona,
Spain

MA-3 MA-6 MA-10 MA-20 MA-30

Maximum speed, rpm 9000 6000 6000 6000 6000
Stall torque, Nm 1.3 3.6 5.8 10.0 16.0
Stall current, A 2.2 4.2 6.8 10.3 16.5
Peak torque, Nm 5.2 28.5 40.7 69.8 96.0
Torque density, Nm/kg 0.7 0.8 1.1 1.2 1.6
EMF constant, Vs/rad 0.3 0.5 0.5 0.6 0.6
Torque constant, Nm/A 0.6 0.9 0.9 1.0 1.0
Cogging torque, Nm <02 <01 <01 < 0.2 < 0.3
Winding resistance, 2 10.2 5.3 2.2 1.4 0.5
Winding inductance, mH 25.0 11.6 0.4 7.0 4.0
Rotor moment of inertia, kgm? x 1072 0.04  0.30 2.10 0.80 1.60
Mechanical time constant, ms 2.0 3.8 3.6 2.1 1.6
Electrical time constant, ms 2.5 2.2 7.5 5.0 7.5
Thermal time constant, s 1500 1500 1800 1500 1500
Thermal resistance, °C/W 1.1 0.6 0.5 0.4 0.4
Mass, kg 34 36
Radial load, N 218 225 225 390 390

Table 4.2. Specifications of built-in brakes for AFPM brushless servomotors man-
ufactured by Mawvilor, Barcelona, Spain

MA-3 MA6 MA-10 MA-20 Ma-30

Holding torque, Nm 1 4 4 8 8
d.c. voltage, V 4.8 24 24 24 24
Input power, W 5 22 22 22 22
Moment of inertia, kgm? x 1073 0.08 0.3 0.3 0.3 0.3
Disengagement response time, ms 7 30 30 30 30
Engagement response time, ms 5 7 7 7 7
Mass, kg 0.3 0.8 0.8 0.8 0.8

Td _ Pelm

27N

1
= _m21p \/§N1/€w1@f[a cos¥ + i(Lsd - qu)Ig sin 2¥/ (4.27)

For buried and interior PM rotors X4 > X, and Lsq > Lg,, which implies
that an additional reluctance power and torque component is developed by
the machine. For surface PM rotors the reluctance dependent components of
power and torque are almost not existent as Xsq ~ Xq and Lgg = Lgq. In
eqn (4.26) the EMF E can be calculated by means of eqn (2.36). The current
I, and angle ¥ in eqns (4.26) and (4.27) are either specified, or determined
according to Section 2.7 using voltage phasor V projections on the d and ¢
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Table 4.3. GenSmart™™ AFPM synchronous generators manufactured by LE, Inc.,
Indianopolis, IN, U.S.A.

28-G22 90-G32 120-G49
Rated output power, kW 28 90 120
Rated speed, rpm 3600 2500
Maximum speed, rpm 4200 3000
Voltage, V 480 or 208
Stator insulation Class H
Efficiency, % 92.2 94.9 95.3
Frame external diameter, mm 216 315 485
Frame external length, mm 150 186 200
Stator core material Amorphous alloy
Cooling liquid or air cooled
Ambient temperature, °C -50 to 60
Maximum allowable
temperature, °C 125 (rise from 40°C)
Enclosure Totally enclosed
Mounting Flange or foot
Overtemperature control Embedded thermistor
Mass, kg 21 44 115
Power density, kW /kg 1.333 2.045 1.043

axes. The reactances and inductances are calculated as described in Sections
2.9 and 4.5.2. Hence, with all the parameters known, the performance of the
AFPM brushless motor in terms of the electromagnetic power and developed
torque can be calculated. Note that, for the generating mode, the second
term in eqns (4.26) and (4.27) (dependent on the difference between the d-
and g-axis synchronous inductances) is written with the minus (—) sign.

The electric power available, after losses, of an AFPM machine with the
stator ferromagnetic core is calculated as

e the input power for motoring mode

Py = Pepy + APy + APipe + APype + APpy + AP, (4.28)

e the output power for generating mode

Pout:Pelm_A-le_APIFe_APZFe_APPM_APe (429)

where P, is according to eqn (4.26), APy, are the stator winding losses
according to eqn (2.49), AP p. are the stator core losses according to eqn
(2.54), APyp. are the rotor core losses according to eqn (2.66), APpy; are
the losses in the PMs according to eqn (2.61) and AP, are the eddy current
losses in the stator conductors according to eqns (2.68) or (2.69) (only for
slotless stators). The shaft power Py, (input power P, for generators, output
power P,,; for motors) is calculated by adding to the electromagnetic power
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P.im (generators) or subtracting from the electromagnetic power (motors) the
rotational losses AP, according to eqn (2.70).

The shaft torque is

e for a motor (developed by the motor itself)

Pout
Ty, = 4.30
" o ( )
e for a generator (developed by the prime mover)
P
Ty = —2 4.31
" o ( )
and the efficiency is
Pout
= 4.32
=5 (4.32)

4.7.2 Synchronous Generator

The phasor diagram of a salient pole synchronous generator with RL load is
shown in Fig. 4.8. The input voltage projections on the d and ¢ axes according
to Fig. 4.8 are

Vi sind = IaqXSq - Iade

Vl cosd = Ef - IadXsd - Iaqu (433)

and

V1 sind = IadRL — IaqXL

Vicosd = I,qRr + 1oa X1 (4.34)

where Z;, = Ry + jX is the load impedance per phase across the output
terminals. The d- and g-axis currents are

e from eqns (4.33)

E¢ X — Vi(Xgqcosd+ Rysind)
Xstsq + R%

Ty = (4.35)

Vi(Xsqsind — Rycosd) + EfRy
Xstsq + R%

Iy = (4.36)
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|
I a

ilagXL

Fig. 4.8. Phasor diagram of an overexcited salient pole synchronous generator for
RL load.

e from eqns (4.34)

Vi(Rp sind + X1, cosd)
Toa = (4.37)
R? + X2

Vi(Ry cosd — X, sind)

log =
! R? + X7

(4.38)

The load angle § between the voltage V; and EMF E; can be determined, e.g.
from the first eqn (4.34), i.e.

(4.39)

IR, — I,,X
0 = arcsin (d L d L)

%]

Combining equs (4.33) and (4.34), the d- and g-axis currents are independent
of the load angle 4, i.e.
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Ef(XSq + XL)
(Xsd + XL)(qu + XL) + (Rl + RL)2
[ Ef(Ri+ Rp)
T (Xea+ X0)(Xeg + X1) + (R + R)?

The angle ¥ between the current I, and ¢-axis and the angle ¢ between the
current I, and voltage V; are respectively,

Iad =

(4.40)

(4.41)

I, I,
¥ = arccos (Iq> = arccos | ——a—n (4.42)
“ \/ Igd + ng
I,
¢ = arccos ( £L> = arccos (JZ) (4.43)

where I, = /12, + 12, (see also eqn (2.89)). The output electrical power on
the basis of phasor diagram (Fig. 4.8) and eqn (4.33) is

P,y =miVil, cos g = myVi(Iyqcosd + Iyqsind)

=my[Eflag — Tnalag(Xsa — Xsq) — I2R4] (4.44)

Including only the stator winding losses, the internal electromagnetic power
of the generator is

Pelm = Fout + Ale =m [EfIaq - Iadlaq(Xsd - XSL])] (445>

4.7.3 Square-Wave AFPM Machine

The square (trapezoidal) wave AFPM brushless machine has already been in-
troduced in Section 2.10.2. Square-wave machines are characterized by their
trapezoidal or quasi-square back EMF waveforms with the conduction an-
gle from 100 to 150 electrical degrees, depending on the construction. The
trapezoidal back EMF waveforms can be obtained by proper design of the
magnetic and electric circuits. Both slotted and slotless AFPM machines can
be designed so as to obtain sinusoidal or trapezoidal back EMF waveforms,
except the toroidal AFPM machine of Figs 2.4 and 2.5. The toroidal machine
is almost always designed to have a trapezoidal back EMF waveform. The
amplitude of the back EMF can be calculated by means of eqn (2.125) for a
three phase Y-connected machine with two phase windings active.

The square-wave AFPM machine is always fed by means of a solid state
inverter. The inverter supplies d.c. PWM voltages to the machine phase wind-
ings during the conduction intervals. The current square waveforms (see Fig.
1.3a) are described by the flat-topped value of the current L(lsq). The developed
torque Ty of the square-wave AFPM brushless machine can be calculated by
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means of eqn (2.127). Hence, the electromagnetic power P, of the machine
can be found. Using the same loss and power balance equations as for the
sine-wave machine, the input and output power can be calculated with the
aid of eqn (4.28) and the output power Pyt = Peyn — APyt Note that APy,
must be calculated by using the true rms value of the current given by eqn
(2.135).

4.8 Finite Element Calculations

Instead of using analytical or semi-empirical formulae, some of the equivalent
circuit parameters and losses of the AFPM machine can be calculated accu-
rately by means of the FEM analysis. The 2D and 3D FEM electromagnetic
software packages are nowadays available at affordable prices and the field
solution time has become attractively short. For example, most of the 2D
FEM magnetostatic problems can be solved in seconds on today’s personal
computers.

The synchronous inductances Lgq and Lgq and the EMF Ef of an AFPM
brushless machine are the critical parameters used in the performance calcu-
lations.

The first step is to specify on a 2D plane the outline, dimensions and
materials of the AFPM machine. Due to the symmetry of an AFPM machine,
it is usually sufficient to model only one pole pitch of the machine by applying
negative periodic boundary conditions [261]. However, for AFPM machines
using non-overlap windings, a greater portion of the machine (or sometime the
entire machine) needs to be modelled [146]. The cross section is taken at the
average radius of the active part of the stator winding, i.e. at 0.25(D gyt + Dir,)-
Depending on the machine topology and material properties, either Neuman
or Dirichlet conditions may be imposed on the remaining boundaries. The
length of the winding, which is in the radial direction, is taken as the active
length of the stator winding, i.e. L; = lpy = 0.5(Dout — Din) — eqn (3.34).
After assigning different material properties to various regions of the model,
the defined structure can then be meshed.

The second step is to specify the phase currents, i4, ip and i¢, in the
machine according to the position of the rotor. To calculate the parameter
Lyq or Lgg the phase currents must be assigned in such a way that the stator
MMF can be aligned with the d—axis or g—axis respectively. In both cases
the PMs have to be kept inactive. In the case of calculation of the EMF Ef
equal to the no load voltage in generating mode, the phase currents are set to
zero and only PMs are active.

The third step is to run the FEM solver and obtain for each of the three
cases described above a solution for the air gap magnetic flux density in the
axial direction of the machine. The fundamental component of the air gap
magnetic flux density is determined by Fourier expansion of the axial compo-
nent of the air gap flux density. Hence, the peak values of the fundamental air
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gap flux densities can be determined for each of the cases above: (1) Baa1
with only the d-axis MMF and thus only the d-axis current Ioq, (2) Bmag1
with only the g-axis MMF and the g—axis current /o4, and (3) By,g with only
the PMs active.
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Fig. 4.9. Magnetic flux plot and air gap flux density with only PM excitation of
(a) slotless and (b) slotted disc type machine with surface PMs.

Step four is to calculate by means of analytical equations the inductances
and induced EMF. With B,,,441 and By,qq1 known from the FEM analysis, the
flux linkages ¥y and ¥, can be calculated according to eqns (2.104) and (2.105).
The inductances Lgq and L, can be calculated as described in Section 5.5.2.
With B,y known from the FEM analysis, the back EMF E; can be found
by first calculating the magnetic flux per pole @, according to eqn (2.29) and
then Ey according to eqn (2.36).

Fig. 4.9 shows the FEM flux plots and air gap flux densities due to PM
excitation alone for two single-sided AFPM machine configurations with slot-
ted and slotless stators. Fig. 4.10 shows the FEM flux plots and air gap flux
densities for a single-sided interior AFPM machine with only the d- and g-axis
stator winding excitation.
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Fig. 4.10. Magnetic flux plot and air gap flux density of interior AFPM machine
with (a) only d-axis and (b) only g-axis stator winding excitation.

It should be noted that using the cross section at the average radius of
an AFPM machine to represent the entire machine in the FEM modelling
has inherent limitations. As explained in [214], for AFPM machines with pro-
filed PM shapes and varied tooth width along the radius the 3D effects be-
come more prominent and thus cannot be disregarded in FEM modelling. A
quasi-3D FEM modelling scheme has been proposed in [214], in which the
AFPM machine is virtually divided into a number of sub-machines. The over-
all performance of the machine is obtained by combining the performance of
each sub-machine. A similar approach that uses a multilayer and multislice
modelling technique for coreless stator AFPM machines has been reported in
[262, 263].

Numerical Example 4.1

A three-phase, 2.2-kW, 50-Hz, 380-V (line-to-line), Y-connected, 750-rpm,
n = 78%, cos¢ = 0.83, double-sided disc PM synchronous motor has the
following dimensions of the magnetic circuit: PM outer diameter D,,; = 0.28
m, PM inner diameter D;, = 0.16 m, thickness of the rotor (PMs) 2hy; = 8
mm, single-sided mechanical clearance g = 1.5 mm. A surface configuration
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of uniformly distributed PMs has been used. The rotor does not have any soft
ferromagnetic material. The rotor outer and inner diameters correspond to
the outer and inner outline of PMs and the stator stack. The dimensions of
rectangular semi-closed slots (Fig. 4.6b) are: hy; = 11 mm, hjs = 0.5 mm,
hiz = 1 mm, hyy = 1 mm, by; = 13 mm and by, = 3 mm. The number of
stator slots (one unit) is s; = 24, the number of armature turns of a single
stator per phase is N1 = 456, the diameter of the stator copper bare conductor
is 0.511 mm (AWG 24), the number of stator parallel wires is a,, = 2 and
the air gap magnetic flux density is B,,, = 0.65 T. The rotational losses are
AP,,; = 80 W and the core and PM losses are AP g, + APpy = 0.05P,,;.
There are two winding layers in each stator slot. The twin-stator Y-connected
windings are fed in parallel.

Find the motor performance at the load angle § = 11°. Compare the
calculations obtained from the circuital approach with the FEM results.

Solution

The phase voltage is V} = 380/\/5 = 220 V. The number of pole pairs is
p=f/n="50x60/750 = 4 and 2p = 8. The minimum slot pitch is

D, 0.16
trmin = 22 DX 220 60209 m &~ 21 mm
S1 24

The width of the slot is bjo = 13 mm, that means the narrowest tooth width
Clmin = timin — b12 = 21 — 13 = 8 mm. The magnetic flux density in the
narrowest part of the stator tooth

B ; . 21
mgtlmzn _ 0.65 x 17T

Bltmaw ~
Clmin

which is rather low.
The average diameter and average pole pitch according to eqn (1.14) are

D =0.5(0.28 4+ 0.16) = 0.22 m

22
S % — 0.0864 m

Because the number of slots per pole per phase (2.2)

o S1 - 24 -1
 2pm;  8x3

a1

the winding factor k1 = kg1kp = 1 x 1 =1 as expressed by equs (2.8), (2.9)
and (2.10).

The magnetic flux according to eqn (2.26) and EMF induced by the rotor
excitation system according to eqns (2.36) are respectively
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2
P == x 0.65%[(0.5 x 0.28)% — (0.5 x 0.16)?] = 0.002145 Wh

Ef =mV2 50 x 456 x 1 x 0.002145 = 217.3 V

It has been assumed that B,,q1 =~ Bpg-

Now it is necessary to check the electric loading, current density and fill
(space) factor of the stator slot. For two parallel wires a,, = 2, the number of
conductors per coil of a double-layer phase winding according to eqn (2.3) is

ayN1 2 x 456
(s1/m1)  (24/3)
Thus the number of conductors in a single slot Ny, is equal to the (number of

layers) x (number of conductors per coil N.) = 2 x 114 = 228 or according
to eqn (2.5)

N, = =114

1 x 2 x 456
Ny =—""—=22
: 4x1 8
The rated input current in a single stator is
Pout 2200

I, = = =257A
2miVincosgp 2 x 3 x 220 x 0.78 x 0.83

The stator line current density (peak value) on the basis of eqn (2.93) is

= BV2mLN) _ SVEXAS6X 25T _ o
7T'(l)out + Dm) 0.0864 x 4

which is rather a low value even for small PM a.c. motors. The cross section
of the stator (armature) conductor

wd2  70.5117

YR = (0.207 mm?

Sq =

gives the following current density under rated conditions

2.57

50197 ~ 029 Afmm

Ja
This is an acceptable value of the current density for disc-type a.c. machines
rated from 1 to 10 kW.
For the class F enamel insulation of the armature conductors, the diameter
of the wire with insulation is 0.548 mm. Hence, the total cross sectional area
of all conductors in the stator slot is

5482
228x%%54mm2
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The cross section area of a single slot is approximately hy1b12 = 11 x 13 = 143
mm?. The slot fill factor 54/143 = 0.38 shows that the stator can be easily
wound, since the average slot fill factor for low voltage machines with round
stator conductors is about 0.4.

The average length of the stator end connection for a disc rotor a.c. ma-
chine is l;. =~ 0.154 m. The average length of the stator turn according to eqn
(2.39) is

law = 2(L; + l1¢) = 2(0.06 + 0.154) = 0.428 m

where L; = 0.5(Doyt — Din) = 0.5(0.28 — 0.16) = 0.06 m. The stator winding
resistance per phase at a temperature of 75°C (hot motor) according to eqn
(2.40) is

_ Niligw 456 x 0.428

= =10.57 Q
awos, 47 x 106 x 2 x 0.1965

Ry

Carter’s coefficient is calculated on the basis of eqns (1.2) and (1.3), i.e.

2
28.8
bo = (28.8 ~0.012 x 1.5) = 1001

4
V==
Vs

3 3 3 \?
2 V14 (——) | =0.012
5 % 11 Aretan (2><11) oy <2><11) 0-0

where t; = wD/s; = 7 x 0.22/24 = 0.0288 m = 28.8 mm. The nonferro-
magnetic air gap in calculation of Carter’s coefficient is ¢’ ~ 2g + 2hy =
2 x 1.5+ 8 = 11 mm. Since there are two slotted surfaces of twin stator cores,
Carter’s coefficient has been squared.

The stator (one unit) leakage reactance has been calculated according to
eqn (48) in which llin)\lein/Li + llout/\leout/Li ~ l16>\1€/Li, i.e.

4562 x 0.06 0.154

X1 =4x047 x 107° : —— x0.21
1 x 0.47 x 107°7 x 50 x Tx1 x (0.779 + O.OGXO 8

+0.2297 4 0.9322) = 6.158 2
where

e the coefficient of slot leakage permeance — eqn (4.9) is

11 05 2x1 1
= — - =0.779
3><13+ 13 +13+3+3

1s
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e the coefficient of end connection leakage permeance — eqns (4.16) in which
the average coil span w, = 7 is

2 0.0864
Me~034x 11— 2020) _ g9
! ng( 7r0.154> 0218

e the coefficient of differential leakage permeance — eqns (4.22) and (4.24) is

3x1x0.0864 x 12
M = —
7 x 0.011 x 1.001

0.0966 = 0.2297

2010 x 12 + 2 300 2
= % (sin - ) — 1 = 0.0966

e the coefficient of tooth-top leakage permeance — eqn (4.25) is

5x11/3

Ay = ———2
YT 54 4ax11/3

= 0.9322

According to eqns (2.121) and (2.122) in which kyq = kyq = 1, the armature
reaction reactances for surface type PM rotors and unsaturated machines are

456><1>2

Xaanq2><3><0.4><7r><106><50><( .

(0.5 x 0.28)% — (0.5 x 0.16)>

=5. Q
1.001 x 0.011 0856

where the air gap, in the denominator, for the armature flux should be equal
to g’ & 2x1.548 = 11 mm (prrec =~ 1). The synchronous reactances according
to eqns (2.79) and (2.80) are

Xog = Xyq = 6.158 +5.856 = 12.01 Q

The armature currents are calculated on the basis of eqns (2.87), (2.88) and
(2.89). For § = 11° (cosd = 0.982, sind = 0.191) the current components are:
loq = —1.807 A, 1,4 =1.96 A and I, = 2.666 A.

The input power absorbed by one stator is expressed by eqn (2.90). The
input power according to eqn (2.90) absorbed by two stators in parallel is

twice as much, i.e.

Py =2 x 3% 220 x (1.88 x 0.982 — (—1.82) x 0.191) = 2986.8 W

The input apparent power absorbed by two stators is
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Fig. 4.11. Magnetic flux plots in the double sided AFPM motor: (a) zero armature
current, (b) rated armature current. Numerical example 4.1.

Sin = 2 x 3 x 220 x 2.62 = 3509.7 VA

The power factor is

_2986.8

= = 0.851
3509.7 085

0S8 ¢

The losses in two stator windings according to eqn (2.49), in which k1z &~ 1,
are calculated as

APy =2 x 3% 2622 x10.57 =431.4 W

The output power assuming that AP g, + APppr = 0.05P,,; is

1
(P, — APy — APpyy) = ——(2986.8 — 431.4 — 80.0) = 2357.5 W

P, =
1.05

1
“ 1,05
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Fig. 4.12. Magnetic flux density distribution along the pole pitch: (a) zero armature
current, (b) rated armature current. Numerical example 4.1.

Thus
APipe + APpp; = 0.05 x 2357.5 = 1179 W

The motor efficiency is

2357.5
- = 0.789 = 78.9%
= 2986 8 o 7 %
The shaft torque is
2357.5 = 30.02 Nm

" = 27 (750/60)
The electromagnetic power is

Py = Py, — APy — AP pe — APppy = 2986.8 —431.4 — 117.9 = 24375 W
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Fig. 4.13. Torque as a function of the disc rotor position. Numerical example 4.1.

The electromagnetic torque developed by the motor is

2437.5

S L a— YN
27 x 750/60 "

d

The results of the FEM analysis are shown in Figs 4.11, 4.12 and 4.13. The
FEM gives higher values of the average developed torque than the analytical
approach. Eqns (2.121), (2.122) and (4.8) do not give accurate values of X4,
X4 and X;. The electromagnetic torque plotted in Fig. 4.13 against the rotor
position has a significant cogging effect component with the period equal to
double slot pitch, i.e. 30°.

Numerical Example 4.2

A single-sided AFPM machine has the same stator and dimensions of PMs as
those in Numerical example 4.1. The rotor SmCo PMs with B, = 1.05 T and
H. = 720 000 A/m are fixed to a solid steel disc. The air gap (mechanical
clearance) is ¢ = 1.5 mm, the height of PM is hp; = 4 mm, the coefficient of
leakage flux of PM is o;p; = 1.1, the pole shoe-to-pole pitch ratio is a; = 0.78
and the approximation coefficient of the shape of the magnetic flux density
under PMs in eqn (1.13) is a = 0.

Calculate the magnetic flux density distribution in the air gap at D =
0.5(Djy, + Doyt) and attractive force between the stator and rotor at zero
stator current (no armature reaction).
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Solution

1. Air gap permeance

According to eqns (1.14) and (2.92) the average diameter D = 0.22 m and
average pole pitch 7 = 0.086 m. The number of pole pairs p = (50/750)/60 =
4. The average slot pitch t; = 2p7/s; = 2 x 4 x 0.086/24 = 0.0288 m. The
relative recoil permeability expressed by eqn (3.4) is

1B, 1 1.05

o He o 720000

MHrrec = = 1.161

The equivalent air gap calculated on the basis of eqn (2.110) is practically
independent of Carter’s coefficient ko (large equivalent air gap) and equal to
g = 4.95 mm. Carter’s coefficient according to eqns (1.2) and (1.3) is very
small, i.e., ko = 1.01. The slot opening—to—the air gap ratio and slot opening—
to—the slot pitch according to eqn (2.60) are x = 0.606 and I" = 0.104.

The relative permeance of smooth air gap is expressed by the same equa-
tion as eqn (2.108), i.e., A\g = po/g’ = 10/0.00495 = 0.00025 H/m?. Ampli-
tudes of slot harmonics a, are given by eqns (4.5) and (4.6). To obtain the
relative slot permeance (4.4) it is enough to sum 25 slot harmonics, i.e.,

25 o
Asi(T) = — a,cos(v—=ux
(0) ==Y meos(v )

The relative permeance of the air gap is
)\g(x) =X+ )\sl(x)

For example, for z = t; = 0.0288 m the relative permeance of the air gap is
Az=t;) = 0.00022 H/m?.

2. Magnetic flux density in the air gap

The normal component of the magnetic flux density excited by PMs in
smooth (without slots) air gap can be calculated on the basis of eqn (3.13).
Including the PM leakage flux coefficient o;p; = 1.1 and Carter’s coefficient
ke = 1.01

1 B, 1 1.05

__ 1 L =0.663T
ot L+ poreckcg/har - 1.1 (1+1.161 x 1.01 x 0.0015/0.004)

g9

The coefficient b, of the shape of the magnetic flux density distribution is
expressed by eqn (1.13). For example, for v = 1 by = 1.228, for v = 3 b3 =
—0.296 and for v = 5 bs = 0.064, where the pole face average width b, =
o7 = 0.78 x 0.086 = 0.0674 m, ¢, = 0 and b, = 0.0095.

The distribution of the normal component of the magnetic flux density
B.pn(x) excited in the smooth air gap by the rotor PMs is expressed by eqn
(4.2). It is enough to include maximum v = 1, 3.5,...65 slot harmonics.
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The distribution of the magnetic flux density due to slot openings By (x)
is expressed by eqn (4.3). The resultant magnetic flux density distribution in
the air gap including stator slotting By(z) is given by eqn (4.1). The flat-
top value of the resultant magnetic flux density By(z = 0.57) = 0.671 T.
The difference between B, = 0.663 T according to eqn (3.13) is negligible.
Fig. 4.14 shows the magnetic flux density waveforms By(z) and Bg(x) and
harmonic flux densities Bg1(z), Bys(z) and Bgs(z).
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Fig. 4.14. Resultant air gap magnetic flux density waveform, slot component, fun-
damental, third and fifth harmonics (two pole pitches) Numerical example 4.2.

3. Normal attractive force between the stator and rotor

The active surface area of all PMs calculated on the basis of eqn (2.63) is
Spy = 0.0323 m?. The magnetic pressure on the stator and rotor active
surfaces is given by eqn (4.7). Thus, the normal attractive force

Fz(x) = pz(w)SPM = 00323pz(x)

For the center axis of PM (d-axis), the normal attractive force is F,(x =
0.57) = 5797 N. The distribution of the normal attractive force F.,(z) at
the distance 0.5D from the center around the machine circumference 2p7 is
plotted in Fig. 4.14.
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Fig. 4.15. Distribution of normal attractive force between stator and rotor. Nu-
merical Example 4.2.

Numerical Example 4.3

A three-phase, Y-connected, 50 Hz, 5.5-kW AFPM synchronous generator
with slotted stator has the following parameters of the steady-state equivalent
circuit: B; = 0.1 Q, X5q¢ = 2.3 Q and X, = 2.2 Q. The generator is loaded
with a three-phase Y-connected resistance of Ry, = 2.2 Q and inductance of
Ly = 0.0007 H connected in series. The EMF per phase at no load induced
by the rotor PM excitation system is £y = 100 V and rotational losses are
APT’ot = 90 W

Find the stator currents, electromagnetic power, output power and effi-
ciency. Stator core losses and losses in PMs have been ignored.

Solution

The load reactance and module of load impedance are

X =2nfLp =27 x50 x 0.0007 = 0.22 Q

Zp =+2.2240.222 =2211Q

The stator currents according to eqns (4.40), (4.41) and (2.89) are

100 x (2.2 + 0.22)
(2.3+0.22) x (224 0.22) + (0.1 +2.2)2

Tod = =21.25 A

100 x (0.1 +2.2)

Tog =
7 (2.340.22) x (2.2 +0.22) + (0.1 + 2.2)2

=20.20 A
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I, = \/21.25% +20.202 = 29.32 A

The terminal voltage (across the load impedance) is

Vi=1,Z =29.32 x 2.211 =64.82 V

Vir = V3V, =3 x 64.82=112.3V

The power factor, load angle ¢ and angle ¥ according to equs (4.43), (4.39)
and (4.42) respectively are

29.32 x 2.2
= T 0.995 =5.71°
0s ¢ 64.82 ¢
20.20
U = 5 | —— | = 46.45°
arccos (2932>
21.25 x 2.2 —20.20 x 0.22
= 51 = 40.74°
d = arcsin ( 6132 )

0=V — ¢ =146.45° — 5.71° = 40.74°
The electromagnetic power according to eqn (4.45) is
Py = 3 x [100 x 20.20 — 21.25 x 20.20 x (2.3 — 2.2)] = 5930.3 W
The stator winding losses according to eqn (2.49) is
APy, =3 %29.32° x 0.1 = 257.8 W
The output power is

Pyt = miVil, cos¢p =3 x 64.82 x 29.32 x 0.995 = 5672.5 W

Pout = Pop — APy = 5930.3 — 257.8 = 5672.4
The input power is
Py, = Py + APy = 5930.3 + 90 = 6020.3 W

The efficiency is

5672.5
- —0.957
= 60203
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AFPM Machines Without Stator Cores

5.1 Advantages and Disadvantages

Depending on the application and operating environment, stators of AFPM
machines may have ferromagnetic cores or be completely coreless. A coreless
stator AFPM machine has an internal stator and twin external PM rotor
(Fig. 1.4d). PMs can be glued to the rotor backing steel discs or nonmagnetic
supporting structures. In the second case PMs are arranged in Halbach array
(Fig. 3.15) and the machine is completely coreless. The electromagnetic torque
developed by a coreless AFPM brushless machine is produced by the open
space current-carrying conductor—PM interaction (Lorentz force theorem).

Coreless configurations eliminate any ferromagnetic material, i.e. steel lam-
inations or SMC powders from the stator (armature), thus eliminating the
associated eddy current and hysteresis core losses. Because of the absence of
core losses, a coreless stator AFPM machine can operate at higher efficiency
than conventional machines. On the other hand, owing to the increased non-
magnetic air gap, such a machine uses more PM material than an equivalent
machine with a ferromagnetic stator core.

Typical coil shapes used in the winding of a coreless stator are shown in
Figs 3.16 and 3.17.

In this chapter AFPM brushless machines with coreless stator and conven-
tional PM excitation, i.e. PM fixed to backing steel discs, will be discussed.

5.2 Commercial Coreless Stator AFPM Machines

Bodine Electric Company, Chicago, IL, U.S.A. manufactures 178-mm (7-inch)
and 356-mm (14-inch) diameter e-TORQ™ AFPM brushless motors with
coreless stator windings and twin external PM rotors with steel backing discs
(Fig. 5.1a). The coreless stator design eliminates the so called cogging (detent)
torque, improves low speed control, yields linear torque-current characteristics
due to the absence of magnetic saturation and provides peak torque up to ten
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times the rated torque. Motors can run smoothly at extremely low speeds,
even when powered by a standard solid state converter. In addition, the high
peak torque capability can allow, in certain applications, the elimination of
costly gearboxes and reduce the risk of lubricant leaks.

Fig. 5.1. AFPM brushless e-TORQ™ motor with coreless stator windings: (a)
general view; (b) motor integrated with wheel of a solar powered car. Photo courtesy
of Bodine Electric Company, Chicago, IL, U.S.A.

The 356-mm diameter e-TORQ™ motors have been used successfully by
students of North Dakota State University for direct propulsion of a solar
powered car participating in 2003 American Solar Challenge (Fig. 5.1b). A
well designed solar-powered vehicle needs a very efficient and very light electric
motor to convert the maximum amount of solar energy into mechanical energy
at minimum rolling resistance. Coreless AFPM brushless motors satisfy these
requirements.

Small ironless motors may have printed circuit stator windings or film
coil windings. The film coil stator winding has many coil layers while the
printed circuit winding has one or two coil layers. Fig. 5.2 shows an ironless
brushless motor with film coil stator winding manufactured by EmBest, Soeul,
South Korea. This motor has single-sided PM excitation system at one side
of the stator and backing steel disc at the other side of the stator. Small
film coil motors can be used in computer peripherals, computer hard disc
drives (HDDs) [139, 140], mobile phones, pagers, flight recorders, card readers,
copiers, printers, plotters, micrometers, labeling machines, video recorders and
medical equipment.
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Fig. 5.2. Exploded view of the AFPM brushless motor with film coil coreless stator
winding and single-sided rotor PM excitation system. Courtesy of Embest, Soeul,
South Korea.

5.3 Coreless Stator AFPM Microgenerators

Fig. 5.3 shows an AFPM microgenerator developed at Georgia Institute of
Technology, Atlanta, GA, U.S.A. [12, 13]. The stator uses interleaved, elec-
troplated copper windings that are dielectrically isolated from a 1-mm thick
NiFeMo substrate by a 5 pum polyimide layer. The rotor consists of a 2 to
12 pole, 500 pm thick, annular PM (OD = 10 mm, ID = 5 mm) and a 500
pm thick Hiperco 50 (FeCoV alloy) ring as a return path for the magnetic
flux. SmCo PMs and Hiperco alloy have been used because microgenerators
will be operating in high temperature environment, i.e., powered by gas-fueled
turbine engines. Specifications are given in Table 5.1 [12].

A 16 W of mechanical-to—electrical power conversion and delivery of 8 W
of d.c. power to a resistive load at a rotational speed of 305 krpm has been
demonstrated [12]. The power density of the AFPM microgenerator was 59
W /cm3.

5.4 Performance Calculation

5.4.1 Steady-State Performance

To calculate the steady-state performance of a coreless stator AFPM brushless
machine it is essential to consider the equivalent circuits.

The steady-state per phase equivalent circuit of a coreless stator AFPM
brushless machine may be represented by the circuit shown in Fig. 5.5, where
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Fig. 5.3. Experimental tests on AFPM microgenerators by spinning a small magnet
with the aid of air-powered drill above a mesh of coils fabricated on a chip. Photo
courtesy of Georgia Institute of Technology, Atlanta, GA, U.S.A.

@ (b)

Fig. 5.4. Stator winding patterns for 8-pole microgenerator: (a) 2 turns per pole;
(b) 3-turns pole. Photo courtesy of Georgia Institute of Technology, Atlanta, GA,
U.S.A.

Ry is the stator resistance, X is the stator leakage reactance, Ey is the EMF
induced in the stator winding by the rotor PM excitation system, Fj; is the
rms value of the internal phase voltage, V7 is the terminal voltage and I, is
the rms stator current. The shunt resistance R, is the stator eddy current
loss resistance, which is defined in the same way as the core loss resistance
[126] for slotted PM brushless motors.

The stator currents I,q, Ioq and I, for a given load angle 0 (corresponding
to the slip s in induction machines) can be calculated on the basis of eqns
(2.87), (2.88) and (2.89) respectively. If I,4 = 0, all the stator current I, = I,
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Table 5.1. Specifications of AFPM microgenerator fabricated at the School of Elec-

trical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA,
U.S.A.

Number of poles 2 to 12
Number of turns per pole 1to6
Outer end turn extension 0 to 2.5 mm
Inner end turn extension 0 to 2.5 mm
Magnet outer radius, mm 5.0
Magnet inner radius, mm 2.5
Stator radial conductor outer radius, mm 4.75
Stator radial conductor inner radius, mm 2.75
Hiperco ring thickness, pm 500
Magnet thickness, pm 500
Radial conductor thickness, ym 200
End turn thickness, pm 80
Substrate thickness, pm 1000
Air gap, pm 100
Power electronics equivalent resistance, m¢2 100
/N Nt + oot = N H N\
W WY (O (O
. — 1 — —
+ 1, 'el : ly l LI +
+

+

Fig. 5.5. Per phase equivalent circuit of an AFPM machine with a coreless stator:
(a) generator arrow system; (b) consumer (motor) arrow system. Eddy current losses
are accounted for by the shunt resistance R..

produces the electromagnetic torque and the load angle § = ¢. The angle ¢
between the stator current I, and terminal voltage V; is determined by the
power factor cos ¢.

If we ignore the losses in PMs and losses in rotor backing steel discs, the
input power can then be calculated as follows

e for the motoring mode (electrical power)

P, = Py + APy, + AP, (5.1)

e for the generating mode (mechanical shaft power)

Pi = Felm + A-Prot (52)
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where P, is the electromagnetic power according to eqn (2.91) in which

APy p. =0, APy, is the stator winding loss according to eqn (2.49), AP, are

the eddy current losses in the stator conductors according to eqn (2.68) or

eqn (2.69) and AP,,; are the rotational losses according to eqn (2.70).
Similarly, the output power is:

e for the motoring mode (shaft power)

Pout = Peprm — AProt (53)
e for the generating mode (electrical power)
Pout = Peim — Aplw - APe (54)

The shaft torque is given by eqn (4.30) for motoring mode or eqn (4.31) for
generating mode, and the efficiency is expressed by eqn (4.32).

5.4.2 Dynamic Performance

For a salient pole synchronous machine without any rotor winding the voltage
equations for the stator circuit are

d

01g = Ryigg + % — Wiy (5.5)
4

V1g = Ridaq + % + wihyg (5.6)

in which the linkage fluxes are defined as

Ya = (Lad + L1)iad + %5 = Lsdiad + ¢ (5.7)

Vg = (Lag + L1)tag = Lsqlaq (5.8)

In the above equations (5.5) to (5.8) v14 and v14 are d- and g-axis components
of the terminal voltage, 1; is the maximum flux linkage per phase produced
by the excitation system, R; is the armature winding resistance, Lq,q, Lag
are the d- and g-axis components of the armature self-inductance, w = 27 f
is the angular frequency of the armature current, i4q, iaq are the d- and g-
axis components of the armature current. The resultant armature inductances
Lgq = Lqg+L1 and Ly = Lyq+ Ly are referred to as synchronous inductances.
In a three-phase machine L,q = (3/2)L,; and Lo, = (3/2)Ly,, where L ; and
qu are self-inductances of a single phase machine. The excitation linkage
flux ¢y = Lyqly where Lyq is the maximum value of the mutual inductance
between the armature and field winding. In the case of a PM excitation, the
fictitious field current is Iy = H.hyy.

Putting eqns (5.7) and (5.8) into equs (5.5) and (5.6), the stator voltage
equations in the d and g-axis can be written as
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) dig .
v1g = Rilqq + d_tdLsd - WquZaq (59)
. diaq .
Vig = Ritaq + WLSq + wlsgiqq + wipy (5.10)

For the steady state operation (d/dt)Lsqiqa = (d/dt)Lsgiag = 0, Iy = Iuq +
anqa Vi ="V +jV1q7 lad = \/ilady iaq = \/§Iaq » Vid = \/§V1d7 Vig = \/5‘/1@
Ef = wLpalp/V2 = wiby/V/2 [94]. The quantities wlq and wlg, are known
as the d— and ¢-axis synchronous reactances respectively.

The instantaneous power to the motor input terminals is [94, 106]

m ) .
Pin = 71(v1dlad + Viglaq) (5.11)

The input power of a motor (5.11) is equivalent to the output power of a
generator. The electromagnetic power of a three-phase machine is [94, 106]

3 ..
Pelm = §W[¢f + (Lsd - qu)lad}laq (512)

The electromagnetic torque of a three phase motor with p pole pairs is

Detm 3 -
Ty =p=" = 5pls + (Laa — Lag)iadliag (5.13)

The relationships between 4,4, 744 and phase currents i, 4, i,p and i,c are

. 2. . 2w . 2w
zad:§ 144 COSwWL + 1,8 COS wt—? + iqc COS wt—i—? (5.14)

. 2. . . . 2 . . 21
zaq:—g T Sinwt + 1,5 sin wtf? + iqc sin wt+? (5.15)

The reverse relations, obtained by simultaneous solution of eqns (5.14) and
(5.15) in conjunction with i,4 + ia5 + tac = 0, are

lgA = lad COSWL — lgq SIN WL

2 2
1aB = 1qq COS (wt — %) — lgq Sin (wt — %) (5.16)

. . 2w L 2
a0 = lgqd COS | wt + 3 lag SN | wt + 3
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5.5 Calculation of Coreless Winding Inductances

5.5.1 Classical Approach

The synchronous inductance L consists of the armature reaction (mutual)
inductance L, and the leakage inductance L;. For a machine with magnetic
asymmetry, i.e. with a difference in reluctances in the d and ¢ axes, the syn-
chronous inductances in the d— and g¢-axis, Lsq and Ls,, are written as sums
of the armature reaction inductances (mutual inductances), L,q and L4, and
leakage inductance Ly, i.e.

Leq = Lag + Ly Leg = Lag + L (5.17)

The armature reaction inductances are expressed by eqns (2.116), (2.117) and
(2.118), in which air gaps in the d- and g-axis are given by equs (2.112) and
(2.113). The armature reaction reactances are given by eqns (2.121) and
(2.122). Table 2.1 compares armature reaction equations for cylindrical and
disc-type machines.

The leakage inductance is expressed analytically as a sum of three compo-
nents, i.e.

N2ZL;

lhe
Ly = Lys+ Ly + Lig = 20 !
Pq1

()\15 + f)\le + /\1d) (518)
K3

where L; = 0.5(Dout — Diy) is the active length of a coil equal to the radial
length [5; of the PM, ¢ is the number of coil sides per pole per phase (equiv-
alent to the number of slots) according to eqn (2.2), l1o = 0.5(l1in + liout)
is the average length of the single-sided end connection, L1, and \;s are the
inductance and specific permeance for the leakage flux about radial portions
of conductors (corresponding to slot leakage in classical machines) respec-
tively, Li. and A, are the inductance and specific permeance for the leakage
flux about the end connections respectively, and Li4 and A4 are the induc-
tance and specific permeance for differential leakage flux (due to higher space
harmonics) respectively.

It is difficult to derive an accurate analytical expression for A5 for a core-
less electrical machine. The specific permeances A5 and Aj. can roughly be
estimated from the following semi-analytical equation:

)‘ls ~ )\1e ~ 03(]1 (519)

The specific permeance for the differential leakage flux can be found in a
similar way as for an induction machine [121], using eqn (4.22) in which k. ~
1land ¢’ = 2[(g+0.5t,,)+has]. The thickness of the stator winding is ¢,, and the
distance from the stator disc surface to the PM active surface is g (mechanical
clearance). It is not difficult to show that L14 = L,7q1 [121].
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5.5.2 FEM Approach

Unlike conventional slotted AFPM machines, there is no clear definition for
main and leakage inductances in a coreless or slotless machine as discussed in
[14, 85, 133]. Using the 2D FEM analysis both mutual and leakage fluxes can
be taken into account. The only remaining part is the end winding leakage
flux.

With the 2D finite element solution the magnetic vector potential A has
only a z component, i.e. A = A(xz,y) - a, where a, is the unit vector in z
direction (axial direction). The total stator flux of a phase winding ¥ apc
that excludes the end-winding flux leakage can be readily calculated by using
Stokes theorem, i.e.

u;ABC:/B-dsz/VxA.dszjéA-dl (5.20)

As an approximation the flux linkage of a phase coil can be calculated by
working out the difference between maximum magnetic vector potential values
of each coil side. In the case that the coil is not very thin, magnetic vector
potential varies in the coil cross-section area. Therefore, the average magnetic
vector potential values should be used. For first-order triangular elements, the
flux linkage of a coil with Ny turns, area S and length [ is given by [144]

! (5.21)

where A;; is the nodal value of the magnetic vector potential of the triangular
element j, ¢ = +1 or ( = —1 indicates the direction of integration either into
the plane or out of the plane, A; is the area of the triangular element j, and
n is the total number of elements of the in-going and out-going areas of the
coil. It follows that for an AFPM machine with only one pole modelled, the
total flux linkage of a phase winding is

3

A.
534

i=1

2p N | —
apS

Yapce = (5.22)

j=1

where u is the total number of elements of the meshed coil areas of the phase
in the pole region and a, is the number of parallel circuits (parallel current
paths) of the stator winding.

From a machine design perspective, it is important to find the fundamental
components of the total flux linkages. For a coreless stator AFPM machine
with usually unsaturated rotor yoke, the flux linkage harmonics due to iron
stator slots and magnetic saturation are absent. Owing to the large air gap, the
stator winding MMF space harmonics are negligible in most cases. The most
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important harmonics needed to account for are those due to the flat-shaped
PMs.

Given these considerations, the flux linkage wave of an AFPM machine
is nearly sinusoidal, though for a concentrated parameter (non-distributed)
winding, an appreciable 3" and less significant 5* and 7" harmonics are still
present in the total flux linkage waveform. If the 5", 7!" and higher harmonics
are ignored, the fundamental total phase flux linkages can be calculated by
using the technique given in [144], i.e.

[Yapco1] = [Yapc] — [Yases] (5.23)

where the co-phasal 3"¢ harmonic flux linkage, including the higher order
triple harmonics, can be obtained from:

haz = Yaz =1ho3 & %WA + B +1c) (5.24)

With the fundamental total phase flux linkages and rotor position known, the
d and g-axis flux linkages are calculated using Park’s transformation as follows
[94]:

[ago] = [Kp] [VaBci] (5.25)
where [94]
cosf cos(@ — 2F) cos(6 + )
K, = 3 fslinﬁ fsin(q - ) - sin(91 + ) (5.26)
2 2 2

With a constant rotor angular velocity w the angle § = wt. In the 2D FEM
model the d-axis and ¢-axis synchronous inductances do not include the com-
ponent due to end connection leakage flux [106], i.e.

Ly = Loa+ Ly = Loa+ L1s + L1a (5.27)
L/sq = Laq + Lll = Laq + Lis+ Lig (528)
The inductances L7, and L, result from eqns (5.7) and (5.8), i.e.
A S R T (5.29)
lad Zaq

The end winding inductance Lq. can be calculated from numerical evalua-
tion of the energy stored in the end connections [184] or simply by using an
approximate equation resulting from eqn (5.18), i.e.

N2l
Ppaq1

Lle = 2/,60 Ale (530)

Finally,
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Leg=L.y+ L1 and Le=L.;+ L. (5.31)
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Fig. 5.6. Steady state characteristics of of 356-mm, 1-kW, 170-V e- TORQ™ AFPM
motor: (a) output power P,,: and speed n versus shaft torque Tsp; (b) phase current
and efficiency versus shaft torque Ts,. Data captured at 22°C for totally enclosed
non-ventilated motor. Courtesy of Bodine Electric Company, Chicago, 1L, U.S.A.
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Fig. 5.7. Air-cooled single-stage synchronous AFPM machine: (a) rotor disc with
surface mounted PM segments, (b) coreless stator with busbars, and (c) the assem-
bled machine. Courtesy of the University of Stellenbosch, South Africa.
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Fig. 5.8. Output power and phase current versus speed for generating mode of a
160-kW AFPM brushless generator. Specifications are given in Table 5.3.
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Table 5.2. Specifications of e-TORQ™ AFPM motors with coreless stators man-
ufactured by Bodine Electric Company, Chicago, IL, U.S.A.

178-mm AFPM motor 356-mm AFPM motor

Parameter Low EMF High EMF Low EMF High EMF
constant constant constant constant
Output power, kW 0.7 0.57 1.0 0.26
Number of poles 8 8 16 16
d.c. bus voltage, V 170 300 170 300
Speed, rpm 3000 1500 300 70
Peak speed, rpm 3500 2200 700 400
Torque, Nm 2.26 2.83 31.1 33.9
Peak torque, Nm 22.6 13.67 152.1 84.4
Current, A 5 2 13 5
Peak current, A 50 10.5 64 12.5
Efficiency, % 81 75 84 7
Torque constant, Nm/A 0.4859 1.299 2.38 6.814
EMF constant, V/krpm 50 137 249 713
Winding resistance, 2 2.2 14.3 1.33 43
Winding inductance, mH 1.4 10.5 3.6 29.4
Viscous friction, Nm/rad/s 9.9 x 107° 0.00019  0.00669 0.012
Static friction, Nm 0.00728 0.0378 0.02357 0.1442
Electrical time constant, ms 0.6364 0.734 2.71 0.684
Mechanical time constant, ms  4.538 4.026 4.5 17.78
Moment of inertia, kgm? 0.00525 0.00525 0.21 0.21
Mass of active parts, kg 6.17 6.17 30.87 30.87
Power density, W /kg 113.5 92.4 32.39 8.42

5.6 Performance Characteristics

Specifications of e-TORQ™ AFPM brushless motors manufactured by Bod-
ine Electric Company, Chicago, IL, U.S.A. are given in Table 5.2. The EMF
constant, torque constant, winding resistance and winding inductance are line-
to-line quantities. Motors are designed for a maximum winding continuous
temperature of 130°C. Steady-state performance characteristics of a 356-mm,
1-kW, 170-V e-TORQ™ motor are shown in Fig. 5.6.

Fig. 5.7 shows an air-cooled 160-kW AFPM brushless generator with a
coreless stator built at the University of Stellenbosch, South Africa [260]. The
stator winding consists of sixty single-layer trapezoidal-shape coils, which have
the advantage of being easy to fabricate and have relatively short overhangs
(Fig. 3.17). The winding coils are held together to form a disc-type stator
by using composite material of epoxy resin and hardener. Sintered NdFeB
PMs with B, ~ 1.16 T and maximum allowable working temperature around
130°C have been used. The detailed design data are given in Table 5.3.

The output power and phase current at different speeds are shown in
Fig. 5.8. Owing to very low stator winding inductance per phase, the output
voltage varies almost linearly with the load current.
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Table 5.3. Specifications of a three-phase, 160-kW, 1950-rpm AFPM brushless syn-
chronous generator with ironless stator core built at the University of Stellenbosch,
South Africa

Design data

Output power P,yt, kKW 160
Speed n, rpm 1950
Number of phases m1 3 (Wye)
Rated line voltage, V 435
Rated phase current, A 215
Frequency f, Hz 100
Number of stator modules 1
Number of pole pairs p 20
Number of stator coils (3 phases) 60
Number of turns per phase 51
Wire diameter, mm 0.42
Number of parallel wires a., 12
Axial height of PM per pole has, mm 10.7
Axial thickness of the winding ¢,,, mm 15.7
Air gap (one side) g, mm 2.75
Air gap magnetic flux density B, under load, T 0.58
Current density, A/mm? 7.1
PM outer diameter D,yt, mm 720
kg = Din/ Doy ratio 0.69
Class of insulation F
Winding temperature rise, °C 56
Cooling system Self air-cooled
Type of winding Single layer trapezoidal

It has been found from both experimental tests and calculations that for
a typical sine-wave AFPM machine with a coreless stator, the ratio of the d-
and g¢-axis inductances of the phase winding is near unity, i.e. Lsq/Lsq ~ 1.
Thus, the analysis of the AFPM brushless machine with a coreless stator may
be done in a similar way as that of the three-phase cylindrical machine with
surfaced PMs [128, 157].

5.7 Performance of Coreless Non-Overlap Winding
AFPM Machines

The use of non-overlap coils in AFPM electrical machines has certain advan-
tages, amongst other things,

e casier coil manufacture and stator assembly;

e reduced stator winding cost due to less number of coils and simple winding
structure;

e smaller overall diameter of the machine due to shorter end-turn length;
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e lower stator winding losses due to shorter average length of turn;
e higher slot fill factor in the case of slotted stator with ferromagnetic core.

A drawback in general of non-overlap coil machines is the lower output
torque due to a lower winding factor expressed by eqns (2.14) and (2.15)
[146]. Recent studies, however, shows that non-overlap coil PM machines with
high pole numbers can have high winding factors and good output torque
[67, 166, 176, 177, 229]. These studies focused on radial flux PM machines
with coreless stators. The characterization of an AFPM brushless genera-
tor with a coreless non-overlap winding with concentrated parameters is de-
scribed in [255]. Research work on AFPM machines with coreless non-overlap
concentrated parameter windings has been reported in [27, 146, 213]. Core-
less AFPM machines with non-overlap windings do not have the problem of
cogging torque and of putting the coils into slots. Hence, there is more free-
dom in the layout and assembly of the winding. Furthermore, non-overlap
coil PM machines with ferromagnetic stator core are known for their addi-
tional losses in the current conducting PMs and rotor ferromagnetic yoke due
to higher harmonic flux pulsations. In coreless non-overlap winding AFPM
machines this is almost completely absent due to the low armature reaction
effect. There are, thus, no disadvantages in using non-overlap coils with con-
centrated parameters in coreless stator AFPM machines, except for the lower
torque performance in the case of some winding and PM configurations.

In Fig. 5.9 the layouts of overlap and non-overlap windings are shown. Con-
gruent with these layouts, three air-cored AFPM stators (1 kW) with normal
overlap, non-overlap and phase-group windings are shown in Fig. 5.10(a)-(c).
These stators have been designed and built for the PM rotor discs of the
AFPM machine under test shown in Fig. 5.10(d). For the tests an a.c. electro-
mechanical drive has been used as prime mover and a torque transducer to
measure the shaft torque as shown in Fig. 5.10(d).

For the numeric modeling of the AFPM machine the 2D FEM analysis
has been used. The 2D FEM models of the normal three-phase overlap wind-
ing and two types of non-overlap coil AFPM machines are shown in Fig.
5.11. Owing to the axial symmetry, it is only necessary to model half of the
machine in the FEM analysis, i.e., one rotor disc and half a stator. For the
normal overlap winding AFPM machine, it is possible to model just one pole-
pitch of the machine by applying negative periodical condition on the left
and right boundaries, as shown in Fig. 5.11(a). However, for the non-overlap
winding AFPM machine, it is necessary to model two pole-pairs of the ma-
chine by using positive periodical conditions, as shown in Fig. 5.11(b). For the
phase-group non-overlap winding AFPM machine, it is inevitable to model the
complete machine as there is no symmetry (Fig. 5.11(c)).

The design data of the AFPM machines with different windings is given
in Table 5.4. The per unit calculated and measured results of the different
winding AFPM machines are given in Table 5.5. The analytically calculated,
FEM-calculated and measured results of the overlap winding are throughout
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Fig. 5.9. Layout of different coreless windings with (a) normal overlap winding, (b)
non-overlap winding, and (c) phase-group non-overlap winding.
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Fig. 5.10. Coreless AFPM machine stators with (a) normal overlap winding, (b)
non-overlap winding, (¢) phase-group non-overlap winding, and (d) testing set-up
of AFPM machine as a generator [146].

SRR 1 Y, .,

Fig. 5.11. 2D FEM models of coreless AFPM machine with (a) normal overlap, (b)
non-overlap winding, and (c¢) phase-group non-overlap winding [146].

taken as the basis in the per unit calculation. The calculation and measure-
ments were performed for the same copper loss of 120 W for each type of
stator winding. It is clear from the results of Table 5.5 that the same torque
per copper loss is obtained with the non-overlap winding as with the nor-
mal overlap windings. However, non-overlap winding needs significantly less
copper.
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Table 5.4. Design data of AFPM machines with different winding topologies

Design data overlap non-overlap  phase-group
Output power P,,¢, kW 1 1 1
Speed n, rpm 200 200 200
Number of phases m; 3 (Wye) 3 (Wye) 3 (Wye)
Rated line voltage, V 19.88 19.56 18.43
Rated phase current, A 13.79 14.23 13.06
Frequency f, Hz 40 40 40
Number of stator modules 1 1 1
Number of pole pairs p 12 12 12
Number of stator coils (3 phases) 36 18 21
Number of turns per coil 11 25 23
Wire diameter, mm 0.8 0.85 0.7
Number of parallel wires a., 7 6 6
Axial height of PM hps, mm 6 6 6
Axial thickness of winding t,,, mm 8.4 8.4 8.4
Air gap (one side) g, mm 1.8 1.8 1.8
Air gap flux density Bpg, T 0.527 0.527 0.527
PM outer diameter Dgyt, mm 400 400 400
kq = Din/Dout ratio 0.7 0.7 0.7
Class of insulation F F F
Winding temperature rise, °C 9.9 12.1 8.3
Cooling system Air-cooled  Air-cooled Air-cooled

Table 5.5. Comparison of calculated and measured per unit results for AFPM
brushless machines with D;, = 280 mm Doy = 400 mm and p = 12 [146]

Torque Mass of copper
Type z Q. |analytical FEM measured| analytical measured
Overlap - 36 1 1 1 1 1
Non-overlap| 1 18 0.988 1.013 1.014 0.891 0.854
Phase-group| 7 21 0.885 0.902 0.899 0.683 0.624

Fig. 5.12 shows the measured induced open circuit voltage of the normal
overlap and the non-overlap windings. It is clear that an improved sinusoidal
voltage waveform is obtained with the non-overlap winding.

5.8 Eddy Current Losses in the Stator Windings

5.8.1 Eddy Current Loss Resistance

For an AFPM machine with a coreless stator, associated stator iron losses
are absent. The rotor discs rotate at the same speed as the main magnetic
field, thus the core losses in the rotor discs due to the fundamental harmonic
of the stator field also do not exist. However, the eddy current losses in the
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Fig. 5.12. Measured open circuit voltage waveform of AFPM machine with (a)
overlap, and (b) non-overlap winding [146].

stator winding are significant due to the fact that the machine is designed
with 2p > 6 to operate at relatively high frequencies f = pn.

Eddy current losses AP, in stator conductors are calculated according to
eqn (2.68) or eqn (2.69). A more detailed method of the eddy current losses
computation is discussed in [263]. Eddy current losses in the stator conductors
can be accounted for in the same way as core losses in the stator stack [126].
The eddy-loss current I, and its d- and g-axis components I.4 and I., shown
in Fig. 5.5 is in phase with the internal phase voltage F; across the shunt
resistance R.. The internal phase voltage E; is generated by the resultant air
gap flux and usually referred to as the air gap voltage [94]. Consequently, the
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shunt resistance in the equivalent circuit representing the eddy current loss is
expressed as

Re =mI’R, = : (5.32)

where

L= /12, + 12, (5.33)

On the basis of equivalent circuits (Fig. 5.5), the following equations can
be written in the phasor form:

e for generators

Ef =E; + 104 Xaqd + jlagXag (5.34)
=1,+1 (5.35)
e for motors
E;f =E; — j1.aXaq — jlagXaq (5.36)
=1,-1, (5.37)

where I, is the stator current with eddy currents being accounted for and I,
is the stator current with eddy currents being ignored.

5.8.2 Reduction of Eddy Current Losses

In an AFPM machine with a coreless stator the winding is directly exposed
to the air gap magnetic field (see Fig. 5.13). Motion of PMs over the coreless
winding produces an alternating field through each conductor inducing eddy
currents. The loss due to eddy currents in the conductors depends on both
the geometry of the wire cross section and the amplitude and waveform of the
flux density. In order to minimize the eddy current loss in the conductors, the
stator winding should be designed in one of the following ways using:

parallel wires with smaller cross sections instead of a one thick conductor;
stranded conductors (Litz wires);
coils made of copper or aluminum ribbon (foil winding).

In an AFPM machine with an ironless winding arrangement (as shown in
Fig. 5.13a), in addition to its normal component, the air gap magnetic field
has a tangential component, which can lead to serious additional eddy current
loss (Fig. 5.13b). The existence of a tangential field component in the air gap
discourages the use of ribbon conductors as a low cost arrangement. Litz wires
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Fig. 5.13. Eddy currents in the coreless stator winding of an AFPM machine: (a)
magnetic field distribution in a coreless stator; (b) eddy currents in a conductor; (c)
circulating eddy currents among parallel connected conductors.

______ I Circulating Eddy Losses

allow significant reduction of eddy current loss, but they are more expensive
and have fairly poor filling factors.

As a cost effective solution, a bunch of parallel thin wires can be used.
However, this may create a new problem, i.e. unless a complete balance of
induced EMF's among the individual conducting paths is achieved, a circulat-
ing current between any of these parallel paths [161, 231, 263] may occur as
shown in Fig. 5.13c, causing circulating eddy current losses.

When operating at relatively high frequency magnetic fields, these eddy
current effects may cause a significant increase of winding losses, which are
intensified if there are circulating currents among the parallel circuits. These
losses will deteriorate the performance of the AFPM brushless machine. Pre-
dicting the winding eddy current losses with a good accuracy is therefore very
important at the early stage of design of such machines.

Eddy current losses may be resistance limited when the flux produced by
the eddy currents has a negligible influence on the total field [231]. In this case
the conductor dimensions (diameter of thickness) are small when compared
to the equivalent depth of penetration A = 1/k, of the electromagnetic field
—eqn (1.17).
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Fig. 5.14. Measured circulating current of (a) non-twisted coil, (b) slightly twisted
coil, (c) moderately twisted coil, (d) heavily twisted coil.

5.8.3 Reduction of Circulating Current Losses

To minimise the circulating current in a coil made of parallel conductors, the
normal practice is to twist or transpose the wires in such a fashion that each
parallel conductor occupies all possible layer positions for the same length of
the coil. The effect is to equalize the induced EMFs in all parallel conduc-
tors, and to allow them to be paralleled at the ends without producing eddy
circulating currents between the parallel conductors.

Figure 5.14 illustrates the effectiveness of suppressing circulating eddy
current by wire twisting. Four coils are made with the only difference that
the parallel wires of each coil are: (a) non-twisted, (b) slightly twisted (10
to 15 turns per metre), (¢) moderately twisted (25 to 30 turns per metre),
and (d) heavily twisted (45 to 50 turns per metre) respectively. All the coils
have been used to form a portion of an experimental stator, which is placed
in the middle of the two opposing PM rotor discs. The machine operates at a
constant speed (400 rpm in this case). The circulating currents between two
parallel conductors have been measured and logged on a storage oscilloscope.
It can be seen that the induced circulating current is greatly reduced even
with a slightly twisted coil and can generally be ignored in a heavily twisted
coil. These twisted wires can easily be manufactured in a cost effective way.

The fill (space) factors for the non-twisted and the heavily twisted coils are
estimated as 0.545 and 0.5 respectively, which is slightly less than that of the
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Litz wires (typically from 0.55 to 0.6). However, the saving in manufacturing
costs is more important.

It should be noted that due to the low impedance of a coreless stator
winding, circulating current could also exist among coil groups connected
in parallel (parallel current paths) if a perfect symmetry of coils cannot be
guaranteed.

5.8.4 Measurement of Eddy Current Losses

The resistance limited eddy loss in the stator of an AFPM machine may be
experimentally determined by measuring the difference in input shaft powers
of the AFPM machine at the same speed, first with the stator in, and then
by replacing it with a dummy stator (no conductors). The dummy stator has
the same dimensions and surface finish as the real stator and is meant to keep
the windage losses the same.

A schematic representation of the experimental test setup for measuring
eddy current losses in stator conductors is shown in Fig. 5.15. The shaft of the
tested prototype and the shaft of the prime mover (driving machine) are cou-
pled together via a torque meter. The stator is positioned in the middle of the
two rotor discs with the outer end ring (see Fig. 5.15a) mounted on the outside
supporting frame. Temperature sensors are also attached to the conductors in
order to take into account temperature factor in the measurement.

Initially, the prototype (with the coreless stator placed in it) was driven by
a variable speed motor for a number of different speeds. The corresponding
torque measurements were taken. Replacing the real stator with a dummy
one, the tests were repeated for the same speeds. Both the torque and the
temperature values were recorded. The difference of the torques multiplied by
the speed gives the eddy current loss. The eddy losses due to eddy-circulating
current in the windings can also be determined by measuring the difference
of input shaft powers, first with all the parallel circuits connected and then
with disconnected parallel circuits.

Fig. 5.16 shows the measured and calculated resistance limited eddy losses
of the prototype machine. It can be seen that the calculated eddy losses ob-
tained by using the standard analytical formula — eqns (2.68) and (2.69) with
only the B,,,, component taken into account yield underestimated values (43%
less). The discrepancy between the measured and calculated results becomes
large at high speeds. Better accuracy may be achieved by including both the
normal B,,, and tangential B,,, components of the magnetic flux density and
implementing eqn (2.68) or eqn (2.69) into the 2D or 3D FEM [262].

5.9 Armature Reaction

The 3-D FEM analysis has been applied to the modelling of a coreless stator
AFPM machine in [10]. Both no-load and load operations have been mod-
elled. It has been shown that good accuracy can be expected even when the
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Fig. 5.15. Laboratory set for measuring eddy current losses in the stator winding:
(a) specially designed stator; (b) experimental machine; (¢) schematic of experimen-
tal set-up.

first order linear FEM solution is applied to the AFPM machine if the mag-
netic circuit is not saturated (large air gap). It has also been found that the
armature reaction for an AFPM machine with a coreless stator is generally
negligible.

Using a 40-pole, 766 Hz coreless stator AFPM machine as an example,
the simulated effects of armature reaction to the air gap flux distribution has
been demonstrated in Figs 5.17 and 5.18. It can be seen that the plateau of
the axial field plot is somewhat tilted due to the interaction between the flux
of the PMs and the armature flux generated by the rated current (Fig. 5.17).
Similarly, the modified tangential field plot is compared with the original one
in Fig. 5.18.

As the armature reaction flux is small in coreless AFPM machines with large
air gaps, the air gap magnetic flux density maintains its maximum value very
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Fig. 5.18. Air gap tangential field component at no-load and full load conditions.

close to that at no load. The influence of the armature reaction on the eddy
current losses is usually insignificant though it can be easily accounted for
when the FEM modelling is used. The harmonic contents of the air gap flux
density obtained with and without armature reaction are compared in Table
5.6. It is evident that, in this case, the change of the field harmonic composition
due to the armature reaction is negligible.

Table 5.6. Harmonics content of the axial air-gap flux density with and without
armature reaction

Harmonics Rated armature current Zero armature current
15° 0.60346784 0.60246033
3nd 0.03745651 0.03745759
5rd 0.04099061 0.04070525
Tth 0.03502689 0.03514609
gth 0.01231397 0.01230032
11t 0.00304573 0.00262309
13" 0.00559543 0.00579739
15" 0.00314908 0.00312179
17" 0.00083159 0.00086812

19" 0.00307828 0.00272939
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5.10 Mechanical Design Features

In the mechanical design of an AFPM brushless machine, obtaining a uni-
form air gap between the rotor disc and the stator is important. Therefore,
the methods of fixing the rotor discs onto the shaft and the stator onto the
enclosure (frame) are very important. Improper methods of fixing, or misalign-
ment in the assembling of the stator and rotor will cause a nonuniform air gap,
vibration, noise, torque pulsation and deterioration of electrical performance.

With regard to cooling in an air-cooled AFPM machine, the entry losses of
the air flow can be quite high if the machine-air-inlet is poorly designed. It is
important to reduce these losses without weakening the mechanical structure
for better cooling.

To summarise, attention should be paid to the following aspects of the
mechanical design:

e Shaft. The load torque, the first critical speed and the shaft dynamics
should be taken into account in the shaft design.

e Rotor. (i) The deflection of the rotor disc due to the strong magnetic
attraction force, (ii) the means of mounting and securing the magnets on
the rotor discs to counteract the strong centrifugal force especially for high
speed applications, and (iii) the balancing of the rotor discs.

e Stator. (i) The strength and rigidity of the resin reinforced stator and
frame, and (ii) the positioning and spacing of the coils to ensure perfect
symmetry.

e Cooling. For air cooled AFPM machines, the air inlet and air flow paths
through the machine should be carefully designed in order to ensure a
better mass flow rate and therefore better cooling.

e Assembly. An effective tool to facilitate the assembling and dismantling
of the machine for maintenance.

5.10.1 Mechanical Strength Analysis

The deflection of the rotor discs due to the strong magnetic pull may have
the following undesirable effects on the operation and condition of AFPM
machines:

closing the running clearance between the rotor disc and the stator;
loose or broken PMs;

reducing air-flow discharging area thus deteriorating the cooling capacity;
nonuniform air gap causing a drift in electrical performance from the op-
timum.

For a double-sided AFPM machine with an internal coreless stator, the rotor
discs account for roughly 50% of the total active mass of an AFPM machine.
Hence, the optimal design of the rotor discs is of great importance to realise a
design of high power—to-mass ratio. All these aspects require the mechanical
stress analysis of the rotor disc.



180 5 AFPM Machines Without Stator Cores
Attraction Force between Rotor Discs

The attraction force between two parallel rotor discs can be calculated by
using the virtual work method, i.e.
aw AW W =W,

F.=——~— = 5.38
dz Az 29 — 21 ( )

where W is the total magnetic energy stored in the machine and Ax is the
small variation of the air gap length. The accurate prediction of the attraction
force is a prerequisite for the mechanical stress analysis. Hence, the respective
magnetic stored energies W7 and Wy for air gap lengths 27 and z, are usually
calculated by using the FEM.

Analytically, the normal attractive force between two parallel discs with
PMs can be expressed as

F,~-—"199 5.39
5 g OFM (5.39)

where the active area of PMs is according to eqn (2.63).

Optimum Design of Rotor Discs

The structure of the rotor steel discs may be optimised with the aid of an FEM
structural program. It is important that the deflection of the rotor steel discs,
due to the axial magnetic pull force, is not too dangerous for small running
clearance between the coreless stator and PMs. Two important constraints
should be considered, i.e. (i) the maximum allowable deflection and (ii) the
maximum mechanical strength of the material used to fabricate the disc.

When choosing allowable deflection, one needs to make sure that the PMs
do not experience any excessive forces due to bending of the disc that can
potentially peel them off from the backing steel disc. Owing to the cyclical
symmetry of the disc structures, it is sufficient to model only a section of
the disc with symmetry boundary conditions applied. In the FEM analysis
the axial magnetic force can be applied in the form of a constant pressure
load over the total area that the PMs occupy. Usually, the axial-symmetric
elements are preferred for modelling a relatively thick disc. However, it has
been shown in [182] that the FEM modelling of rotor discs using both axial-
symmetric-elements and shell-elements gives very close results.

Fig. 5.19 shows the finite element model of the analysed rotor disc using 4-
node shell-elements, with symmetrical boundary conditions applied. The axial
magnetic attraction force has been calculated as 14.7 kN and applied in the
form of a constant 69.8 kPa pressure load. Specification of the investigated
AFPM machine are given in Table 5.3. The stiffness provided by the magnets
has not been included, to keep the design on the conservative side. As the rotor
discs are mounted on the centre support hub, additional boundary constraints
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have been defined so that there is no axial displacement in the vicinity of the
mounting bolts and contact area.

To find the suitable thickness of the rotor disc, which satisfies the critical
strength requirements of the rotor disc with a low steel content, the linear
FEM static analysis was performed for different thicknesses of the rotor disc.

69.8 kPa magnetic force

R

g

S
e

SRR

Fig. 5.19. FEM model for analysing the mechanical stress of the rotor disc.
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Fig. 5.20. Deflection (blown-up) and von Mises stress distribution of the rotor disc.
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Based on the analysis, the rotor disc thickness was chosen as 17 mm with
a maximum deflection of 0.145 mm. Fig. 5.20 shows the deflection (blown-
up) and the von Mises stress distribution of the laboratory prototype of the
17-mm thick disc. The maximum stress of 35.6 MPa is much lower than the
typical yield strength of mild steel, that is in the region of 300 MPa. It has
been shown in literature [182] that the bending of the rotor disc decreases
towards its outer periphery. The rotor disc may be machined in such a way
that the disc becomes thinner towards the outer periphery. As shown in Table
5.7, the tapered disc uses approximately 10% less steel than the straight disc.
The maximum deflection increases by only 0.021 mm with the tapered disc,
which is negligible. This can effectively reduce the active mass of the machine
without compromising the mechanical strength, but does not bring down the
cost of the steel.

If manufacturing costs are taken into account for small production vol-
umes, it is better to use a steel disc with uniform thickness. Obviously, a
uniform disc means a heavier rotor disc. It can, however, be argued that the
extra machining work needed for producing a tapered rotor disc may be too
costly to justify the profit due to improvement in the dynamic performance.
As long as the added mass can be tolerated, this option is viable for small
production volumes and for laboratory prototypes.

Table 5.7. Comparison of different designs of rotor disc

Parameter Straight disc Tapered disc
Mass, kg 39.184 31.296
Maximum deflection, mm 0.145 0.166
Maximum von Mises stress, MPa 35.6 33.4
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Fig. 5.21. Schematic diagram showing the axial force exerted on stator.



5.11 Thermal Problems 183

80
R KA N R
60 +-+ s - = -
; \ P % b3 \
40 > : - .
— ®.. .0 © _/o'. S8
2 20
)
g 0 /\ \s\,@/}/g—\e\k\s\.@/}/\\k\s\@/}
“—; 60 120 180 240 300 360
3 -20
yo] = “E!‘ = p) o]
_40[ ',[]' M i m ‘o m’ i
604 =--E ‘E...®" ‘w...e”’ o-f
-o-f2
——1f1-f2
_80 I |

Electrical angle (degrees)

Fig. 5.22. Unbalanced axial force exerted on the stator.

5.10.2 Imbalanced Axial Force on the Stator

As a result of the interaction of alternating currents in conductors and the
tangential component of the magnetic field, there is an axial magnetic force
f» on each half of the coil as shown in Fig. 5.21. When the stator is located in
the middle of the air gap, the forces on each side of the stator should cancel
each other.

Assuming that the coreless stator of the AFPM machine is slightly off
centre, the axial forces on each side of the stator (f; and f3) as shown in Fig.
5.22 will not be the same, resulting in an unbalanced force, Af = |f1 — fal,
being exerted on the stator. This unbalanced force may cause extra vibration
and thus have an adverse effect on the mechanical strength of the epoxy
reinforced stator.

5.11 Thermal Problems

Owing to the excessive heat generated in the stator winding and the resultant
thermal expansion, an epoxy encapsulated stator is subject to certain defor-
mation. When the deformation is significant, it may cause physical contact
between the stator and the magnets resulting in serious damage to the stator
winding and the magnets.

Fig. 5.23 shows the thermal expansion of the stator at different temper-
atures. The rated current (16 A) has been conducted through a coil in the
epoxy encapsulated stator. A thermal coupler and a roundout meter have been
used to measure the coil temperature and surface deformation respectively. It
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Fig. 5.23. Thermal expansion of the stator for different temperatures.

has been found that the relationship between the stator deformation and its
temperature is almost linear. On average, the deflection of the stator surface
is about 0.0056 mm/°C, resulting in a 0.5 mm deflection at the temperature
of 117°C. The remaining air contents in the epoxy can also contribute to the
heat transfer deterioration and temperature increase. To solve this problem,
a more dedicated production process is suggested. The running clearance be-
tween the stator and the rotor should be kept reasonably large.

Numerical Example 5.1

A three-phase, Y-connected, 3000 rpm PM disc motor has a coreless stator and
twin external rotor with surface PMs and backing steel discs. Sintered NdFeB
PMs with B, = 1.2 T and ftyrec = 1.045 have been used. The nonmagnetic
distance between opposite PMs is t = 11 mm, the winding thickness is t,, = 8
mm and the height of PMs (in axial direction) is hy; = 6 mm. The outer
diameter of PMs equal to the outer diameter of the stator conductors is D, =
0.22 m and the parameter kg = 1/\/3 The number of poles is 2p = 6, the
number of single layer coil sides (equivalent to the number of slots) is s = 54,
the number of turns per phase is N7 = 234, the number of parallel conductors
ay = 2, the diameter of wire d,, = 0.912 mm (AWG 19) and the coil pitch is
w, = 7 coil sides.

Find the motor steady state performance, i.e. output power, torque, effi-
ciency and power factor assuming that the total armature current I, = 8.2 A
is torque producing (1,4 = 0). The saturation factor of the magnetic circuit is
ksqt = 1.02, the motor is fed with sinusoidal voltage, the mass of the twin ro-
tor m, = 3.4 kg, the mass of shaft my, = 0.64 kg, the radius of shaft R, = 15
mm, the conductivity of copper conductors o = 47 x 10° S/m at 75°C, the
specific density of copper conductors p = 8800 kg/m?, the density of PMs
ppar = 7700 kg/m?, the air density p = 1.2 kg/m?, the dynamic viscosity of
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air g = 1.8 x 107° Pa s, the coefficient of bearing friction ks, = 1.5 and the
coefficient of distortion of the magnetic flux density 4 = 1.15. Losses in PMs,
losses in steel rotor discs and the tangential component of the magnetic flux
density in the air gap are negligible.

Solution

The number of coils per phase for a single layer winding is n. = s1/(2mq)
= 54/(2x 3) = 9. The number of turns per coil is Ny = Ny /n. = 234/9 = 26.
The number of coil sides per pole per phase (equivalent to the number of slots
per pole per phase) ¢; = s1/(2pmq) = 54/(6 x 3) = 3.

The air gap (mechanical clearance) is g = 0.5(t — t,,) = 0.5(11 —8) = 1.5
mm and the pole pitch measured in coil sides is 7. = s1/(2p) = 54/6 = 9.

The input frequency at 3000 rpm is

3000
=nsp=—— x3 =150 H
f=nsp 60 X z

The magnetic voltage drop equation per pole pair is

B, B [ h 1
4 hM =49 |:M + (g + tw) ksat:|
HoMrrec Ho 2

Hence

By =

1 + [Mrrec(g + O-5tw)/h]\/[]ksat

1.2

— =0.607 T
1+ [1.045(15 + 0.5 x 8)/6] x 1.02
The magnetic flux according to eqn (2.28) is
12 1\?
G;==-=20607x022% [1— (=) | =0.001632 Wb
873 V3

The winding factor according to eqns (2.8), (2.9) and (2.10) is

sinm/(2 x 3) we T
ki = = 0.9598; — <L
W7 3sinn/(2 x 3 x 3) ’ =773
. T
Fip =sin (5o | = 09397 kw1 = 0.9598 x 0.9397 = 0.9019

The EMF constant according to eqn (2.37) and torque constant according to
eqn (2.34) are respectively
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kp = 7V?2x 3% 234 x0.9019 x 0.001632 = 4.591 V/(rev/s) = 0.0765 V/rpm

mq 3
kr = kp— =4.591— = 2.192 Nm/A
r Eor 59 2m 92 Nm/
The EMF at 3000 rpm is
Ef =kgn =0.0765 x 3000 = 229.5 V
The electromagnetic torque at I, = I, = 8.2 A is

Ty = krl, = 2.192 x 8.2 = 17.97 Nm

The electromagnetic power is

3000

P =2mnTy =27 &0 x 17.97 = 5646.8 W

The inner diameter D;, = Dout/\/g = 0.22/\/§ = 0.127 m, the average
diameter D = 0.5(Dyyut + Din) = 0.5(0.22 + 0.127) = 0.1735 m, the average
pole pitch 7 = 70.1735/6 = 0.091 m, the length of conductor (equal to the
radial length {5; of the PM) L; = lpy = 0.5(Dput — Dir) = 0.5(0.22 - 0.127) =
0.0465 m, the length of shorter end connection without inner bends l1emin =
(we/Te)TDin /(2p) = (7/9)7 x 0.127/6 = 0.052 m and the length of the longer
end connection without outer bends lj¢mqr = 0.052 x 0.22/0.127 = 0.0896 m.
The average length of the stator turn with 15-mm bends (Fig. 3.16) is

llav ~ 2Lz + llemin + llemaz + 4 x0.015

= 2 x 0.0465 4 0.052 4- 0.0896 + 0.06 = 0.2943 m

The stator winding resistance at 75°C according to eqn (2.40) is

_ 234 x 0.2943
C AT x 100 x 2 x m x (0.912 x 10-3)2 /4

Ry =1.122 Q

The maximum width of the coil at the diameter Dy, is w, = 7D, /s1 =
70.127/54 = 0.0074 m = 7.4 mm. The thickness of the coil is t,, = 8 mm. The
number of conductors per coil is N, = a,, X No = 2 X 26 = 52. The maximum
value of the coil packing factor is at D;,, i.e.

42, x N.  0.912% x 52

kfmaz = = =0.732
! by Wy 8x 74
The stator current density is
8.2
Ja = 6.28 A/mm?

T 2% 70.9122/4
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The stator winding losses according to eqn (2.49) are

AP, =3 x 822 x1.122 = 2262 W

The eddy current losses in stator round conductors according to eqn (2.68)
are

1247 x 108

150% x 0.000912% x 0.75 x 0.607% x 1.15%2 = 90.2 W
4 8800

AP, =

where the mass of stator conductors (radial parts) is

d2
Meon = pcumlale (ﬂ;u) <2Lz)

= 8800 x 3 x 2 x 234

0009122
(77000409> (2 x 0.0465) = 0.75 kg

The friction losses in bearings according to eqn (2.71) are

3000
APy =006 x 15(3.4+0.64) 5= = 182 W

The windage losses according to eqn (2.74) are

1 L 3000\ ° 5 5
APyina=57.353x1070x1.2 ( 2m == ) [(0.5%0.115)°—(0.5x0.015)°] ~2.8 W
where

R.,. ~ 0.5D,,, + 0.005 = 0.5 x 0.22 4+ 0.005 = 0.115 m

27(3000,/60) ) 5
— 1.2 0.115% = 2.77 x 10
Re =127 x 0.115% = 2.77 x
3.87

Cf=——  =7353x 1073
T Rt x 105

The rotational (mechanical) losses according to eqn (2.70) are
AP0t =182428 =21 W
The output power is
Pout = Petm — AP = 5646.8 — 21 = 5625.8W

The shaft torque is
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5625.8

27 % 3000/60 o

sh

The input power is

Py, = Pom + APy + AP, = 5646.8 + 226.2 + 90.2 = 5963.2 W

The efficiency is

| 5625.8
1= 59632

=0.943

The leakage reactance can be approximately calculated taking into account
the radial part of conductors, end connection and differential leakage fluxes,
ie.

Ae~ 03¢ =03%x3=0.9 A1s & Are = 0.9
3 x 3 x0.091 x 0.9019?

Arg = 0.011 = 0.066
147 7202 % 0.0015 + 0.008)1.02

where according to eqn (4.23), the differential leakage factor 741 = 0.011 for
5 <v <997

The stator leakage reactance is

X, =47 x 047 x 1076 x 150

2342 x 0.0465 0.071
2347 x 0.0465 (0 9

333 . +0'O465><0.9+0.066)

= 1.564 2

where the average length of one end connection is l1. = 0.5(l1emin + l1emaz) =
0.5(0.052 + 0.0896) = 0.071 m.

The equivalent air gap in the d axis according to eqn (2.112) is

6
/ pr— —_— =
g =2[(1.54+0.5 x 8)1.02 + TO4E 22.7 mm

The equivalent air gap in the ¢ axis according to eqn (2.113) is
g, =2[(1.5+ 0.5 x 8) + 6] = 23 mm

Armature reaction reactances according to eqns (2.121) and (2.122) are

234 x 0.9019\% 1
3 0.0227

Xad:2><3><0.4><7r><10_6><150(
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x[(0.5 x 0.22)% — (0.5 x 0.127)?] = 1.989 Q

22.7
Xy = Xog ot = 1.963 Q
e 4930 963

where krq = kpq = 1 for surface configuration of PMs [106].

Synchronous reactances according to eqns (2.79) and (2.80) are respec-
tively

Xsqg =1.543 4+ 1.989 = 3.532 Q

Xsq = 1.543 +1.963 = 3.506 Q

The input phase voltage is

Vi= \/(Ef + 1o R1)? 4 (1o Xsq)?

= /(229.5 + 8.2 x 1.122)2 + (8.2 x 3.506)2 = 240.5 V

The line-to-line voltage Vi = V3 x 240.5 = 416.5 V.

The power factor is

Ef+ IR, 229.5+82x 1.122
cos ¢ Vi 2405

Numerical Example 5.2

For the coreless stator AFPM brushless motor described in Numerical ezample
5.1 find the rotor moment of inertia, mechanical and electromagnetic time
constants and axial magnetic attractive force between the backing steel discs
of the twin rotor.

Solution

The following input data and results of calculation of Numerical example
5.1 are necessary:

input phase voltage V7 = 240.5 V

input frequency f = 150 Hz

air gap magnetic flux density B,,, = 0.607 T
Stator winding resistance per phase R; = 1.122 Q)
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d-axis synchronous reactance X3 = 3.532 Q)
g-axis synchronous reactance X, = 3.506 2
torque constant kr = 2.192 Nm/A
Electromagnetic torque Ty = 19.97 Nm

speed n = 3000 rpm

power factor cos ¢ = 0.993

PM outer diameter D,,; = 0.22 m

PM inner diameter D;,, = 0.127 m

shaft diameter Dy, = 2R, = 0.03 m

number of pole pairs p = 3

pole width—to—pole pitch ratio o; = 2/

axial height of PM (one pole) hpy = 6 mm

mass of twin rotor without shaft m, = 3.4 kg
mass of shaft mg, = 0.64 kg

specific mass density of PMs ppys = 7700 kg/m?
specific mass density of mild steel pp. = 7850 kg/m3

[y

. Rotor moment of inertia

The active surface area of PMs (one side) according to eqn (2.63) is
Spar = %%(0.222 —0.127%) = 0.01614 m?
The mass of all PMs is
mpy = 2 x 7700 x 0.01614 x 0.006 = 1.49 kg
The mass of backing steel discs is
Mpe =my —mppy = 3.4 —1.49=1.91 kg
The shaft moment of inertia is

D2, 0.032

o= 0.64 =0.072 x 102 kgm?

Jsh = Msh

The moment of inertia of PMs is

D2, + D2 022240127

Jpa = mpar 149* =0.012 kgm?

The moment of inertia of backing steel discs is

D? D? .222 .032
out+ sh _ 1910 +0.03

2 =0.0118 kgm?

JFe =Mpe

The resultant moment of inertia of the rotor is

Jy = Jon + Jpas + Jre = 0.072 x 1072 + 0.012 + 0.0118 = 0.02386 kgm?
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2. Mechanical and electromagnetic time constants

Since the d-axis current I,; = 0, the angle between the ¢ axis and stator
current ¢ = 0. For the power factor cos¢ = 0.993 the angle between stator
current and terminal voltage ¢ = 6.78°. The load angle is

§=¢—1h=678—0=6.78°

At the first instant of starting the EMF E; = 0. Assuming the load angle at
starting is the same as for nominal operation, the stator current according to
eqns (2.87), (2.88) and (2.89) is

240.5(3.506 x 0.993 — 1.122 x 0.118) — 0 x 3.506

=59.04 A
3.532 x 3.506 + 1.1222 590

Iashd =

240.5(1.122 x 0.993 + 3.532 x 0.118) — 0 x 1.122

=27 A
3.532 x 3.506 + 1.1222

]ashq =

Iosh = V/59.042 4272 = 64.92 A

where sing = 0.118 (cos¢ = 0.993). The electromagnetic starting torque
according to eqn (2.33) is

Tyst = krlashg = 2.192 x 27.0 = 59.2 Nm

The no load speed assuming linear torque-speed curve according to eqn (2.133)
is
3000

"0 1719.97/50.2

= 4526.9 rpm = 75.44 rev/s

The mechanical time constant is

2mng 2m'75.44
Tmec , — Jr = 0.02386 =0.191 s
eeh =T 59.2 i
The d- and g-axis synchronous inductances are
Xsd
Lsg = —— = 3.53227150 = 0.00375 H
2w f
Ly, = Xsg = 3.50627150 = 0.00372 H
T onf ' '

The electromagnetic time constant of the stator winding is
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L. 0.00375
Ty = 254 = 2000 00334
m = R T gy V00334

The mechanical-to—electromagnetic time constant ratio is

Tpeer,  0.191

= =57.2
Teim 0.00334

3. Axial attractive force between backing steel discs of the twin rotor

Assuming that the two twin backing steel discs are perfectly parallel, the
axial magnetic attractive force between them can be found on the basis of eqn
(5.39)

0.6062
F, = 0.01614 = 2365.5 N
Ho
The magnetic pressure is
F, 2365.
D _ 23655 = 146 601.2 Pa ~ 146.6 kPa

= Spam 001614

The backing steel disc thickness is

o MFre
= 2ppen(DZ,, — D2,)/A

dFe

out

B 1.91
2 x 7850m(0.222 — 0.1272) /4

=0.0033 m = 3.3 mm

and outer diameter D,,; = 0.22 m can provide adequate stiffness of the disc
under the action of 146.6 kPa magnetic pressure in the axial direction.
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AFPM Machines Without Stator
and Rotor Cores

6.1 Advantages and Disadvantages

With the availability of high energy magnets the stators and rotors of AFPM
brushless machines can be fabricated without ferromagnetic cores [107, 150,
P83, 225]. A completely coreless design reduces the mass and increases the
efficiency of the machine as compared with a conventional design. Besides this,
a coreless AFPM brushless machine does not produce any normal attractive
force between the stator and rotor. It also does not produce torque pulsations
at zero current state.

There is a limit to the increase of the electromagnetic torque that can be
achieved by enlarging the machine diameter. Factors limiting the single disc
design are listed in Section 2.1.6. A reasonable solution for larger torques are
double or triple-disc machines.

The disc-type PM brushless machines without stator and rotor cores were
first manufactured commercially in the late 1990s for servo mechanisms and
industrial electromechanical drives [150], solar powered electrical vehicles [225]
as well as micromotors for computer peripherals and vibration motors for
mobile phones [93].

6.2 Topology and Construction

The AFPM brushless machine without any ferromagnetic core is shown in
Fig. 6.1. The machine consists of a twin rotor (3) with rare earth PMs (2) and
nonmagnetic supporting structure. The steel-free stator (armature) winding
(1) is located between two identical parts of the rotor. The stator polyphase
winding fixed to the frame (6) is assembled as “flower petals” (Fig. 3.16)
[P83]. Multi-turn coils are arranged in overlapping layers around the shaft-
axis of the machine. The whole winding is then embedded in a high mechanical
integrity plastic or resin. Since the topology shown in Fig 6.1 does not use any
ferromagnetic core with slots, the machine is free of cogging (detent) torque
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Fig. 6.1. Disc type coreless PM brushless machine: 1 — coreless stator (armature)
winding, 2 — PMs, 3 — twin rotor, 4 — shaft, 5 — bearing, 6 — frame.
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Fig. 6.2. Segmental construction of a disc type coreless PM brushless machine: (a)
single module (segment), (b) three-module assembly.



6.3 Air Gap Magnetic Flux Density 195

and core losses. The only eddy current losses are losses in the stator winding
conductors and metallic parts (if they exist) that reinforce the stator coreless
winding.

(@)

Fig. 6.3. Construction of a three-phase, 8-pole AFPM brushless machines with PMs
arranged in Halbach array: (a) PM ring; (b) stator winding; (c¢) one half of the twin
rotor; (d) stator winding and complete twin rotor.

The coreless machine designed as a segmental (modular) machine is shown
in Fig. 6.2. The output shaft power can easily be adjusted to desired level by
adding more modules.

To obtain a high power (or high torque) density motor, the magnetic flux
density in the air gap should be as high as possible. This can be achieved
by using PMs arranged in “Halbach array” (Figs 3.15, 6.3 and Fig 6.4). The
magnetic flux density distribution excited by Halbach arrays is described by
eqns (3.42) to (3.46). In practice, the angle between magnetization vectors of
adjacent magnets is 90°, 60° or 45° (Fig. 6.5).

6.3 Air Gap Magnetic Flux Density
Fig. 6.6 shows the results of the 2D FEM modelling of the magnetic field

in the air gap of a coreless AFPM brushless machine. NdFeB magnets with
remanent flux density B, = 1.2 T and coercivity H. = 950 kA /m have been
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Fig. 6.4. 3D magnetic flux density distribution excited by an 8-pole twin rotor with
PMs arranged in Halbach array.

Fig. 6.5. Arrangement of the twin rotor PMs in 90°, 60°, and 45° Halbach array.
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Fig. 6.6. Normal and tangential components of the magnetic flux density in the
centre of the air gap of a double-sided coreless AFPM brushelss machine excited by
Halbach arrays of PMs: (a) 90°; (b) 45°.

considered. The thickness of each PM has been assumed 6 mm, the coreless
stator winding thickness is 10 mm and one-sided air gap thickness equals to
1 mm.

With the aid of Halbach array a high peak value (over 0.6 T) of the nor-
mal component of the magnetic flux density has been excited. This value is
sufficient to obtain a high electromagnetic torque. The peak value of the flux
density can be even higher for the optimized magnetic circuit of an AFPM
machine. In practice, 60° and 45° Halbach arrays produce similar peak mag-
netic flux density (Fig. 3.22). The peak value of the normal component of
the magnetic flux density is higher than that in a standard arrangement of
surface PMs. The backing ferromagnetic discs added to the double-sided PM
structure with a large nonmagnetic gap do not increase the flux density as
much as Halbach array excitation does.
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6.4 Electromagnetic Torque and EMF

The electromagnetic torque of a coreless AFPM brushless machines with Hal-
bach array PM excitation can be calculated on the basis of equs (2.32), (2.33),
(2.34), (2.127) and (2.128). Similarly, the EMF can be calculated according
to eqns (2.36), (2.37), (2.125) and (2.126).

6.5 Commercial Coreless AFPM Motors

Coreless AFPM machine architecture known as segmented electro-magnetic
array (SEMA) has been proposed by Lynxz Motion Technology, Greenville,
IN, U.S.A. for electric motor, actuator and generator applications requir-
ing high power density and high efficiency [151]. Applications that require
an electromechanical drive with high power density, high efficiency and low
torque ripple include precision motion control, naval propulsion systems and
acoustically sensitive applications. SEMA technology may also find applica-
tions in distributed generation systems and energy storage systems, such as
flywheel motor—generator systems. Motors with high torque and efficiency are
demanded for gearless electromechanical drives. The use of direct drive mo-
tors without speed reducers eliminates gear noise, oil leaks, positioning errors
from backlash and lack of torsional stiffness.

Fig. 6.7. Exploded view of the SEMA AFPM brushless machine. Courtesy of Lynx
Motion Technology, Greenville, IN, U.S.A.
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Fig. 6.8. In-wheel motor, PM ring and stator winding of a coreless AFPM brushless
motor for solar-powered vehicles. Courtesy of CSIRO, Lindfield, NSW, Australia.

MAGHET
GISK TYPE FiLM EOIL

case
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Fig. 6.9. Exploded view of the AFPM brushless motor with film coil coreless stator
winding and twin PM rotor. Courtesy of EmBest, Soeul, South Korea.
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The stator coreless and toothless design (Fig. 6.7) not only eliminates
the cogging torque but also increases the area available for conductors. It
also boosts peak torque capability and allows PMs to be more effectively
utilized [151]. The stator coils are fully potted in high-strength, thermally
conductive epoxy resin. Such construction gives the machine structural in-
tegrity and effectively damps the high frequency vibration when the motor is
PWM inverted-fed. Machines with coreless stator winding perform excellently
at constant speed, variable speed and at reversals.

CSIRO Telecommunications and Industrial Physics, Lindfield, NSW, Aus-
tralia manufactures in-wheel coreless AFPM brushless motors for solar powered
vehicles [225]. Solar-powered vehicles compete in the World Solar Challenge
solar car race organized every two years in Australia between Darwin and
Adelaide which has become a well-known international event.

CSIRO provides in-wheel AFPM brushless motors both with surface PMs
glued to steel discs and with PMs arranged in Halbach array. The motor
structure, PM disc and stator winding are shown in Fig. 6.8 [225].

Fig. 6.9 shows a coreless brushless motor with film coil stator winding and
twin PM rotor manufactured by EmBest, Soeul, South Korea. The coreles
stator has a foil winding at both sides. The 8-pole PM rotor is designed as a
twin external rotor.

6.6 Case Study: Low-Speed AFPM Coreless Brushless
Motor

A low speed, three-phase, Y-connected AFPM brushless motor rated at 10
kW, 750 rpm, 28.5 A has been designed and investigated. The rotor does not
have any ferromagnetic core and consists of trapezoidal coils embedded in
a high mechanical integrity resin. Average quality sintered NdFeB PMs with
B, =1.2T and H. = 950 kA /m have been used. The double-disc construction
is similar to that shown in Fig. 6.2b. The design data and calculated para-
meters are given in Table 6.1. All parameters except the air gap magnetic
flux density B,,, and synchronous reactance X,;q = X;; = X, have been
calculated analytically. The magnetic flux density and synchronous reactance
has been calculated using the 2D FEM. The resistance R; = 0.175  and
synchronous reactance X, = 0.609 Q) per phase are for two stator modules
connected electrically in series. The EMF constant kg = 5.013 Vs and torque
constant k7 = 2.394 Nm/A have been calculated for one stator segment.

6.6.1 Performance Characteristics

The current density 4.175 A/mm? in the stator winding at rated load is low
and a totally enclosed motor can even operate without any forced air cooling.
The recommended current density for enclosed a.c. motors with class F of
insulation rated up to 10 kW is from 4.5 to 7 A/mm? [70].
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Table 6.1. Design data and parameters of a three-phase, 10-kW, 750-rpm disc type
AFPM brushless machine with ironless stator core

Design data

Output power Poyi, W 10,000
Speed n, rpm 750
Number of phases m; 3 (Wye)
Input current 7, A 28.4
Input frequency f, Hz 100
Number of stators (modules) 2
Number of pole pairs p 8
Number of coils (3 phases) 24
Number of turns per phase 100 (one module)
Coil pitch 1 slot
Wire diameter, mm 6 x 1.2
Axial thickness of PM hjr, mm 6
Axial thickness of the winding ¢,,, mm 10
Air gap (one side) g, mm 1
Air gap magnetic flux density B,y under load, T 0.58
Current density, A/mm? 4.175
ka = Din /Doy ratio [5] 1/V3
Rotor outer diameter Doy¢, mm 360
Winding packing factor at r = 0.5D;,, 0.65
Winding temperature, °C 75
Cooling system natural
Class of insulation F
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Fig. 6.10. Calculated performance characteristics of a 10 kW coreless AFPM brush-
less motor according to Table 6.1: (a) shaft torque T, line-to-line voltage Vir,
winding losses AP, additional losses AP,q44, and mechanical losses AP, versus
stator current at n = 750 rpm = const; (b) efficiency n and power factor pf versus
stator current at n = 750 rpm = const.
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Fig. 6.11. Shaft torque, current and phase voltage versus speed of a 10 kW coreless
AFPM brushless motor according to Table 6.1.

The calculated characteristics are shown in Figs. 6.10 and 6.11. It can
be seen from Fig. 6.11 that the maximum—to-rated current ratio for torque—
speed characteristic is 1.3. In Fig. 6.11 the voltage increases linearly up to
approximately rated speed and then is kept constant.

6.6.2 Cost Analysis

The cost model has been presented in [106]. Average prices of materials for
electrical machine construction are as follows (in US dollars: $): silicon sheet
steel cp. = 1.25 $/kg, isolated copper conductor (magnet wire) cc,, = 5.51
$/kg, sintered NdFeB PMs cppr = 15 $/kg and steel bar for the shaft cgpeer =
2.6 $/kg. The active materials are conductors, sheet steel and PMs. The total
volume of the steel bar to the volume of shaft is 1.94. The coefficient taking
into account the cost of machining of the shaft is 2.15. The cost of labour
involved in the assembly of active parts has not been estimated.

Table 6.2 lists the mass and cost of components of the 10 kW, 750 rpm
coreless motor of disc construction. Table 6.3 lists the mass and cost of com-
ponents of the equivalent cylindrical motor with laminated stator and rotor
cores. Components independent of the machine shape are the encoder, ter-
minal leads, terminal board, and name plate. The 10 kW coreless AFPM
brushless motor costs $613.05 (PMs cost $185.66) while a classical PM brush-
less motor of cylindrical construction with the same ratings costs only $510.01
(PMs cost $23.55). The contribution of PMs to the total costs of a coreless
motor is predominant.
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6.6.3 Comparison With Cylindrical Motor
With Laminated Stator and Rotor Cores

Table 6.4 compares the design data and performance of a 10 kW, 750 rpm
coreless AFPM brushless motor and the equivalent 10 kW, 750 rpm PM brush-
less motor with laminated stator and rotor cylindrical cores. In both motors
the number of phases is 3, number of poles is 2p = 16, and input frequency is
100 Hz.

The analysis and the FEM simulation have shown the advantages of the
coreless disc type PM brushless motors in terms of performance and mass of
active materials. They have higher efficiency and power density when com-
pared with conventional PM machines with laminated cores.

The efficiency of the 10-kW AFPM brushless motor is 1.2% higher (0.925
versus 0.914) and power density (output power to mass of active materials)
is 82% higher (444.25 W /kg versus 243.55 W /kg) because the mass of active
materials is 45% lower than that of an equivalent PM brushless motor with
cylindrical ferromagnetic core. At zero current state the normal forces between
the stator and rotor do not exist. However, the normal forces between the rotor
PM discs are large.

Table 6.2. Mass and cost of components of a disc type coreless PM brushless motor
rated at 10-kW, 750-rpm

Item Mass, kg Cost, $
Winding 10.13 55.84
Stator plastic material 1.01 7.09

PMs 12.38 185.66
Shaft 5.48 59.45
Frame, end bells, and bearings 165.00
Components independent of the machine shape 140.00
Total 22.51 (active parts) 613.05

Table 6.3. Mass and cost of components of a cylindrical PM brushless motor with
laminated core rated at 10-kW, 750-rpm

Item Mass, kg Cost, $
Winding 8.51 46.9
Core 30.98 72.49
PMs 1.57 23.55
Shaft 5.72 62.07
Frame, end bells, and bearings 165.00
Components independent of the machine shape 140.00

Total 41.06 (active parts) 510.01
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Table 6.4. Comparison of parameters and performance of 10-kW, 750-rpm PM
brushless motors

Coreless Cylindrical

Parameter disc type  with laminated core
Input voltage (line-to-line), V 227.6 220.0
Shaft torque, Nm 131 133
Efficiency, % 92.5 914
Power factor 0.991 0.96
Air gap magnetic flux density, T 0.58 0.78
Stator winding current density, A/mm? 4.175 4.247
Stator winding resistance per phase at 75°C, €2 0.173 0.037
Synchronous reactance, €2 0.609 0.758
Mass of PMs, kg 12.38 1.57
Mass of active materials, kg 22.51 41.06
Power density (only active materials), W/kg 444.25 243.55
Cost excluding labour, U.S.$ 613.05 510.01

These new types of machines are cogging torque free. Owing to the lack of
ferromagnetic cores the hysteresis and eddy current losses in those parts do
not exist.

The cost of materials and components of the disc type 10 kW coreless
motor is 20% higher than that of a cylindrical motor with laminated core. On
the other hand, the cost of tooling will be much lower as a coreless motor does
not require stamping and stacking tools.

The high cost of PMs limits commercial applications of coreless AFPM
brushless motors to small size machines, special servo drives, airborne appara-
tus (lightweight construction) and electromechanical drives where the cogging
torque, torque ripple and normal forces must be reduced to zero.
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Fig. 6.12. Open circuit characteristic: line-to-line EMF versus speed.
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Fig. 6.14. Line voltage versus speed for generating mode.

6.7 Case Study: Low-Speed Coreless AFPM
Brushless Generator

The AFPM brushless machine (Table 6.1) has been analysed as a stand alone
a.c. generator. The open circuit characteristic, i.e. EMF (line-to-line) as a
function of speed is shown in Fig. 6.12. This characteristic is linear.

The AFPM generator has been connected to the inductive load Zj; =

Ry +j X = 1+ 70.628 Q. The current-speed characteristic for generating
mode is shown in Fig. 6.13.
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Fig. 6.16. Efficiency ny and power factor pf, for generating mode.

The line voltage versus speed is shown in Fig.6.14, output and input active
power in Fig. 6.15, and efficiency and power factor in Fig. 6.16. The voltage is
a nonlinear function of speed and depends on the value of the load impedance
Z;, and power factor. For inductive load (RL) the power factor decreases as
the speed increases.

6.8 Characteristics of Coreless AFPM Machines

Table 6.5 shows specifications of coreless AFPM brushless motors for solar
powered vehicles with surface PMs glued to a steel yoke and PMs arranged
in Halbach array (CSIRO, Australia) respectively. The steady-stare efficiency
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curves for surface PMs and Halbach array are plotted in Fig. 6.17. The max-
imum efficiency is obtained when the inverter applies a sinusoidal voltage
synchronized to the rotor position. The inductance of the stator winding is
low and most inverters require additional series inductance.
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Fig. 6.17. Efficiency as a function of output power of a 3-phase, 1.8-kW coreless
AFPM brushless motors for solar-powered vehicles: (a) rotor with surface PMs; (b)
rotor with PMs arranged in Halbach array. Courtesy of CSIRO, Lindfield, NSW,
Australia.

The E225 coreless AFPM motor (Table 6.6) has been developed by Lynz
Motion Technology, Greenville, IN, U.S.A. for air-handling applications, in
which system efficiency is a high priority. The family of Lynz 225-mm diam-
eter motor designs offers a broad range of possible system configurations for
speed and position servo applications requiring both high efficiency and high
torque. Performance ratings of the E225 motor are based on air-cooled 105°C
winding at 25°C ambient air temperature. The E813 coreless AFPM machines
has been designed for power generation applications (distributed generation
systems) where high efficiency of the system is important. Performance rat-
ings of the E813 machine are based on 130°C winding at 40°C ambient air
temperature. Both E225 and E813 machines have extremely linear torque con-
stant kp independent of speed. Other applications of Lynz coreless machines
include servo applications, precision robotics, marine propulsion, generators
and weapons turrets.

When coupled with a three-phase H-bridge inverter, Lynz motors offer a
highly efficient electromechanical drive with the high peak torque capability
required for the most demanding high-transient applications, e.g. fuel-cell air
COMPressors.
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Table 6.5. Comparison of three-phase 1.8-kW coreless AFPM brushless motors
with surface and Halbach PM excitation manufactured by CSIRO, Australia

Surface PMs Halbach
Parameter and steel yoke array
Output power, W 1800 1800
Efficiency, % 97.4 98.2
Number of poles 40 40
Nominal speed, rpm 1060 1060
Maximum speed, rpm 2865 2865
Nominal torque, Nm 16.2 16.2
Maximum continuous torque
at 1060 rpm and maximum
winding temperature, Nm 31 39
Absolute maximum torque, Nm 50.2 50.2
Torque constant per phase
at sinusoidal excitation 0.39 0.56
Nominal phase EMF, V 43 62
EMF constant per phase
at sinusoidal current, Vs/rad 0.39 0.56
Nominal phase current, A 13.9 9.6
Winding losses, W 43.9 27.6
Eddy current losses in the
stator winding, W 2.6 2.7
Windage losses, W 2.1 2.1
Total losses, W 48.6 32.4
Winding temperature rise, °C 22 14
Overload winding temperature rise, °C 64 40
Maximum winding temperature, °C 110 110
Air gap at each side, mm 2 2
Resistance per phase, (2 0.0757 0.0997
Mass of complete motor, kg 16.2 13.2
Mass of frameless motor, kg 10.7 7.7

Numerical Example 6.1

The coreless AFPM motor with the same dimensions as that described in
Numerical Example 5.1 has been redesigned to obtain the speed of 1000 rpm
at I, = 8.2 A (Isg = 0). The number of pole pairs has been increased to
p = 12, the number of coil sides to s; = 72 and PMs have been arranged
in 90° Halbach array with ny; = 4 PM pieces per wavelength. The number
of stator winding turns per phase is N7 = 240, the number of parallel wires
ay = 8, the diameter of wire d,, = 0.455 mm (AWG 25) and the coil pitch
measured in coils sides w, = 3. Since both stator and rotor do not have any
steel magnetic circuit, the magnetic saturation does not exist and kg = 1.
All other parameters and assumptions are the same as those in Numerical
example 5.1.
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Table 6.6. Specifications of coreless AFPM motors manufactured by Lynz Motion
Technology, Greenville, IN, U.S.A.

Parameter E225 AFPM motor E813 AFPM motor
Number of poles 12 28

d.c. bus voltage, V 155 850
Terminal voltage, V 117 574

rms phase voltage peak line-to-line
H-bridge

Speed, rpm 6000 2750
Torque, Nm 9.9 450

Peak torque, Nm 97.4 900
Current, A 18.7 119

Peak current, A 180 238
Output power, kW 6.2 130
Torque constant, Nm/A 0.53 3.78

EMF constant per phase, V/krpm 19 209
Electrical time constant, us 0.348 1.66
Winding resistance at 100°C, Q 0.204 0.0265
Winding inductance, pH 71 44

Rotor moment of inertia, kgm? 0.0184 9.16

Mass of motor, kg 8.4 295
External diameter, m 0.225 0.813

Find the motor steady state performance, i.e. output power, torque and
efficiency at rated current I, = I, = 8.2 A.

Solution

The following calculated parameters are the same as those in Numerical
example 5.1: g = 1.5 mm, D;, = 0.127m, D = 0.1735m, L; = 3y = 0.0465 m,
R ... = 0.115 m (for windage losses), Rsp, = 0.015 m, m, = 3.4 kg, mg, = 0.64
kg and mco, = 0.75 kg.

The number of coils per phase for a single layer winding is n. = s1/(2mq)
= 72/(2 x 3) = 12. The number of turns per coil is Ny = Ny /n. = 240/12 =
20. The number of coil sides per pole per phase (equivalent to the number of
slots per pole per phase) q; = s1/(2pm1) = 72/(24 x 3) = 1. The pole pitch
measured in coil sides is 7. = s1/(2p) = 72/24 = 3 and the average pole pitch
T=nD/(2p) = 70.1735/24 = 0.023 m

The input frequency at 1000 rpm

1

The wavelength [, at the average diameter and constant 3 for Halbach array
is
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2 27
R —138.3 1
I~ Oomg 1583 1/m

l, = 27 = 2 % 0.023 = 0.046 m B

The magnetic flux density in the air gap according to eqn (3.42) is

sin(m/4

Bung = B = 1.2[1 — exp(—138.3 x 0.006)] by

=0.609 T

The magnetic flux according to eqn (2.28) is

2
12 7 1

= -220.609x022% [1— (== | =0.00041 Wh
1= 8712 [ <\/§> ]

The winding factor according to eqns (2.8), (2.9) and (2.10) is

o — sinm/(2 x 3) _ 1 ﬁ—&—z
T Tsina/(2x3x1) T 9
k’plzsin<2g>:1 hwt=1x1=1

The EMF constant according to eqn (2.37) and torque constant according to
eqn (2.34) is

kp =7V2 x 12 x 240 x 1 x 0.00041 = 5.24 V/(rev/s) = 0.0873 V/rpm

mq 3
kT = ]{ETW = 524*271_ =25 Nm/A
The EMF at 1000 rpm is

Ef =kgn =0.0873 x 1000 = 87.34 V

The electromagnetic torque at I, = I, = 8.2 A is

Tyg=krl, =25x82=20.5 Nm

The electromagnetic power is

1
Pelm = 2’/T77,5Td =27 000
60

x 20.5 = 2148.6 W

The length of the stator shorter end connection without inner bends l1¢min =
(we/Te)TDin /(2p) = (3/3)m x 0.127/24 = 0.017 m and the length of the stator
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longer end connection without outer bends liema. = 0.017 x 0.22/0.127 =
0.0288 m (Fig. 3.16).

The average length of the stator turn with 15-mm bends is

llav ~ 2Lz + llemin + llemaw +4 x0.015

=2 x0.0465 4 0.017 4- 0.0288 + 0.06 = 0.1984 m

The stator winding resistance at 75°C according to eqn (2.40) is

240 x 0.1984

= f = 0.7789 Q
A7 x 106 x 8 x 7 x (0.455 x 10-3)2/4

Ry

The maximum width of the coil at the diameter D, is w, = 7D;,/s1 =
70.127/72 = 0.0055 m = 5.5 mm. The thickness of the coil is ¢,, = 8 mm.
The number of conductors per coil is N, = a, X Ny = 8 x 20 = 160. The
maximum value of the coil packing factor is at D;,, i.e.

d? x N. B 0.455% x 160

kfmaz = = =0.731
! b 8x5.5
The stator current density is
8.2
Ja = 6.45 A/mm?

~ 8 x 70.4552/4

The stator winding losses according to eqn (2.49) are

AP, =3x82%%x0.778) = 157.1 W

The eddy current losses in stator round conductors according to eqn (2.68)
are
T2 47 x 108

7 2 2 2 2 _
7 3300 2007 x 0.000455% x 0.75 x 0.609° x 1.15 411 W

AP, =

The friction losses in bearings according to eqn (2.71) are

1000

The windage losses according to eqn (2.74) are

1 1000\ ® ) )
APying = 50.013 x 1.2 (2w60> [(0.5 x 0.115)% — (0.5 x 0.015)7]

~0.18 W
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where

_ | p2r(1000/60)

2 _ 4
Re = T8 x 105 < 0.115° = 9.233 x 10

3.87
Cf =
v9.233 x 10

The rotational (mechanical) losses according to eqn (2.70) are

=0.013

AP, =6.1+0.18=6.28 W
The output power is
Pout = P — AP, oy = 2148.6 — 6.28 = 2142.3W

The shaft torque is

2142.3

S 9046 N
27 x 1000,/60 o

Teh

The input power is

P, = Popyy + APy, + AP, = 2148.6 + 157.1 + 41.1 = 2346.7 W

The efficiency is

21423

- —0.912
"= 53167 = 00

Numerical Example 6.2

A three-phase, 15-kW, 3600-rpm coreless AFPM motor with Halbach array
PM twin rotor has the stator winding resistance per phase R; = 0.24 (),
stator winding leakage reactance X; = 0.92 Q and armature reaction reac-
tances X9 = Xoq = 0.88 2. The input phase voltage is Vi = 220 V, power
factor cos¢ = 0.96, angle between the stator current and ¢ axis ¥ = 5°,
EMF constant kg = 3.363 V/(rev/s), eddy current losses in stator conductors

AP, = 184 W and rotational losses AP,,; = 79 W.

Find the internal voltage E; excited by the resultant air gap flux and the

stator d- and g-axis current adjusted for eddy current losses.

Solution

The phasor diagram showing the EMFs E; and E; is drawn in Fig. 6.18.

The EMF E¢ excited by the rotor magnetic flux
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3600

The synchronous reactance is

Xsd - qu - Xad +X1 = Xaq +X1 = (.88 -+ 0.92=180Q

The angle between the stator current and input voltage ¢ = arccos0.96 =
16.26°. The load angle between the voltage and EMF E; is § = ¢ — ¥ =
16.26 — 5 = 11.26°. The stator currents according to eqns (2.87), (2.88) and
(2.89) are:

_220(1.8cos 11.26° — 0.24sin 11.26°) — 201.78 x 1.8

I —45A
ad 1.8 x 1.8 + 0.242 o
220(0.24 cos 11.26° + 1.8sin 11.26°) — 201.78 x 0.24
e = — 245 A
1.8 x 1.8 + 0.242

I, = V452 +24.52 =249 A
The stator winding losses according to eqn (2.49) are
AP, =3 % 24.9%2 x 0.24 = 445.6 W
The input power is

P, =mVil,cos g =3 x 220 x 24.9 x 0.96 = 15 763.0 W

The electromagnetic power according to eqn (5.1) is

Peyp =15 763 —445.6 — 184 = 15 3173 W

The output power according to eqn (5.3) is

Poyt =15 3173 =79 =15 2383 W

The efficiency is

152383

"= 157630 - 007

The internal voltage F; excited by the resultant air gap flux according to the
phasor diagram (Fig. 6.18) is

E; = \/(Ef + TaaXaa)® + (lagXaq)?
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Fig. 6.18. Phasor diagram of a coreless AFPM synchronous motor (eddy current
I. is in phase with the internal voltage F;). Numerical example 6.2.

— /(201.78 + 4.5 x 0.88) + (24.5 x 0.88)% = 206.87 V

The angle §; between the EMF FE; and g¢-axis is

Lo X 24.5 x 0.88
5; = arctan | ——292e0 ) _ 41t _ 5970
areta (Ef T Iaqud> arctan (201.78 45 % 0.88) 5T

The eddy current shunt resistance according to eqn (5.32) is

206.872

T 697.75 Q

R.=3

The current in the vertical branch of the equivalent circuit (Fig. 5.5) found
on the basis of the phasor diagram (Fig. 6.18)

E; 206.87
Ieqg = —R—Z sind; = ~ 69775 sin5.97° = —0.031 A
E; 206.87
qu = R76 COS 6i = m COS 5970 = 0.295 A

Io = \J1%,+ 12, = \/(—0.031)2 + 0.295% = 0.296 A
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or
E;,  206.87

e =B = GoTTE c0s5.97° = 0.296 A

The stator current adjusted for eddy current losses found on the basis of the
phasor diagram (Fig. 6.18)

,  FEicosd; — Ey B FE; sin 6;

ad = Xad Re

_ 206.87 cos 5.97* — 201.78  206.87 sin 5.97>
B 0.88 697.75

~4.5 A

p _ Eisindi  Eicosd; _ 206.87sin5.972  206.87cos5.97°
M Xag R, 0.88 697.75

I = /(L) + (IL,)? = V4.5? +24.82 ~ 25.2 A

~24.8 A
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Control

In the previous chapters it was shown that there is a direct relationship be-
tween the rotor speed and the frequency of the phase voltages and currents
of the AFPM machine. It was also shown that the magnitude of the induced
phase voltages is directly related to the frequency and hence the rotor-speed
of the AFPM machine. Therefore, for variable speed operation of the AFPM
machine both the frequency and magnitude of the supply voltage must be
adjustable. This requires a solid-state converter to be used between the fixed
a.c. or d.c. supply and the terminals of the AFPM machine as shown in Fig.
7.1. To have good position and/or speed control of the converter-fed AFPM
machine drive, the torque and therefore the current of the machine must be
controlled. For current control, information of the phase current as well as the
position of the rotor is necessary. Thus, both the current and rotor position
of the AFPM machine is sensed and fed back to the controller as shown in
Fig. 7.1. The controller in its turn controls the supply voltage and frequency
of the AFPM machine via the solid-state converter (inverter).

This chapter focuses on all the control aspects of the AFPM machine
drive of Fig. 7.1. The control of the two types of AFPM machines considered
in previous chapters, namely the trapezoidal and sinusoidal AFPM machines,
is dealt with separately. Finally, position sensorless control is briefly discussed
and some numerical examples are given.

7.1 Control of Trapezoidal AFPM Machine

Trapezoidal AFPM machines are surface-mounted PM machines and are char-
acterised by their trapezoidal or quasi-square EMF waveforms. Example of
these EMF waveforms are shown in Figs 7.2a and 7.2b, which are the open
circuit phase voltage waveforms induced by PM flux of a small 1 kW, slotted
trapezoidal AFPM machine at half and rated speed respectively. It can be
observed, firstly, that at rated speed the frequency and the magnitude of the
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Fig. 7.1. Converter-fed AFPM machine drive.

EMF are double what they are at half rated speed. Secondly, and very impor-
tant, it can be seen that the shape of the EMF waveform is not sinusoidal,
but trapezoidal with a flat-topped voltage of about 120 electrical degrees. It
is during this period of 120 electrical degrees that the phase is excited by
means of the solid-state converter. This period is therefore called the conduc-
tion period, as current is flowing in that phase during that period as shown
in Fig. 7.2c. Note that the time of conduction or the time of occurrence of
the flat-topped voltage is directly related to the position of the rotor; the
time of conduction can thus exactly be determined by means of a simple, low
resolution position sensor.

During the conduction period one can consider the induced back-EMF
phase voltage as a d.c. quantity due to the flat voltage waveform. With a three-
phase machine the phase voltages are 120 electrical degrees out of phase, which
implies that the conduction periods of two phases are always overlapping (see
Fig. 7.2) and that two phases are always active. In the case of AFPM machine
drives with 180 electrical degree conduction periods, e.g. [35], then all three
phases are active. A different converter should be used in this case. In this
section only those trapezoidal AFPM machine drives that have 120 electrical
degree conduction periods are considered as they are commonly used.

7.1.1 Voltage Equations

With two phases of the Y-connected three-phase machine always active (the
third phase is switched off by means of the solid-state converter), the power
circuit of the trapezoidal AFPM brushless machine can be represented by the
electric circuit of Fig. 7.3a. Here, phases A and B are active and phase C' is
switched off (shown in dotted lines). In this circuit Ry and Ly are respectively
the phase resistance and phase synchronous inductance. The synchronous in-
ductances in the d and g-axis are equal, i.e. Lyg = Lgq = L,. The voltages
efa, eyp and egc are the EMFs per phase. As phases A and B are in their
conduction periods, both ef4 and eyp are at their flat-topped values. Hence,

efa = E}”) and efp = fE](fT) where E)(ctr) is the flat-topped value of the
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Fig. 7.2. Open-circuit induced phase voltage waveforms of a 1-kW trapezoidal
AFPM machine obtained from measurements: (a) at half speed (30 Hz); (b) at
rated speed (60 Hz); (c) theoretical EMF and phase current waveforms.

trapezoidal voltage waveform (Fig. 7.2c¢). Combining the resistances, induc-
tances and induced voltages of Fig. 7.3a results in the equivalent circuit of
Fig. 7.3b in which E¢r_p is taken as a d.c. voltage equal to Efr_j = QEJ(fT),
R, =2Ry, L, =2L, iq = iqa = —iep and v, = vir_r. The dynamic voltage
equation of this circuit is

d.a T
Vp = 2R1iqn + 2LS% + 2B\

= Ryia + Lpé + By (7.1)
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Fig. 7.3. Trapezoidal AFPM machine connected to the solid-state converter with
two phases active: (a) electrical circuit; (b) combined equivalent circuit for the analy-
sis.

Applying a d.c. voltage v, = V), across terminals A and B by means of the
solid-state converter will imply that ideally in the steady state, a d.c. current
iq = I*? will flow through the two phase windings according to the following

steady-state voltage equation derived from eqn (7.1), i.e.

V, = R,I¢? + Epp (7.2)

The induced voltage Eyr,_y, is given by eqn (2.125), the electromagnetic power

of the machine is Pep = Eyr— LLSSQ) and the developed torque is given by

eqn (2.127). Note that i, = I$? and E¢r_p, are instant quantities that can

change with time, similar to a brush-type d.c. machine.

7.1.2 Solid-State Converter

The complete power circuit connected to the three-phase trapezoidal AFPM
brushless machine is shown in Fig. 7.4. In this circuit the fixed three-phase
a.c. supply is first rectified by means of a three-phase diode rectifier to obtain
a fixed d.c. voltage. The d.c. voltage is then inverted to a three-phase a.c.
trapezoidal voltage. With the diode rectifier no power can flow back to the
fixed a.c. supply if the AFPM machine is operating in generator mode. This
means that any generated power from the machine must be dissipated at the
d.c. link of the converter. This is done by switching a braking resistance at
the d.c. link as shown in Fig. 7.4. If it is required that the generated power
must flow back to the fixed a.c. supply, then use must be made of a so-called
active rectifier. In the rest of this section only the switching and control of the
d.c. to a.c. inverter of Fig. 7.4 is studied, assuming a fixed d.c.-link voltage.
The three-phase inverter of Fig. 7.4 has six power electronic transistor swi-
tches. Nowadays Insulated-Gate Bipolar Transistors (IGBTs) or MOS field
effect transistors (MOSFETS) are very popular for use as switches for the
inverter. The power transistor switches are switched on and off at a relatively
high switching frequency (typically from 1 to 20 kHz or even higher). Either
the top transistor of an inverter-leg is switched on and the bottom transistor
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Fig. 7.4. Solid-state a.c.—a.c. converter and equivalent three-phase AFPM machine
connection.

is switched off, or vice versa, or both transistors are switched off. It was
explained in the previous sections that only two phases of the converter-fed
trapezoidal AFPM machine drive are active at any time. The third phase is
switched off by switching off the top and bottom transistors of the inverter-leg
connected to that phase winding. The three-phase inverter of Fig. 7.4 also has
six anti-parallel diodes to make current flow possible when a switch is turned
off (this is due to inductive stored energy) and also to make the generator
(braking) operation of the drive possible.

The circuit diagrams of Figs 7.3 and 7.4 show that the trapezoidal AFPM
machine drive can be analysed by considering only the two active phases of
the machine and the two active switching legs of the inverter. The circuit then
reduces to the general circuit of Fig. 7.5.

R L
] Tu Du‘{ TX Dx_O_/v\/f,_N\r\lr"\,
L ™ ™ r —>
—_c i,

+
p O B
/@J\

% \‘T}X Dv{ ~ P
id<—,

Fig. 7.5. Equivalent circuit of converter-fed trapezoidal AFPM machine (two phases
active).
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One method of controlling the power semiconductor switches of the in-
verter shown in Fig. 7.5 is explained as follows. Consider in the forward speed
direction that the voltage Eyr_; and the average current i, (4ug) = Igsq) are
positive, then the average supply voltage v,(4uq) also has to be positive ac-
cording to the steady-state equation, eqn (7.2), i.e. Vp(qug) = Vp > Efr_r.
A positive average supply voltage can be obtained by switching on transistor
T, and pulse-width-switching (PWM-switching) transistors T, and T, of Fig.
7.5 at duty cycles D and (1 — D) respectively, such that in the steady-state

DVd = Up(avg) (73)

where

D= tT” — tonf, (7.4)
S

and t,,, is the switching-on time, ¢ is the switching period and f; is the switch-
ing frequency of the transistors. This switching and the switching waveform
of the supply voltage v, across the terminals of the two phases of the machine
are shown in Fig. 7.6(a). As is shown v,(q.¢) is the switching period average
of the voltage v,. Note that in Fig. 7.6 the drive is not in the steady-state as
the instant average current i,(q.4) and the average voltage vp(404) change with
time. Also note that the drive system only reacts on the average of the supply
voltage and not on the high frequency components thereof, as the switching
frequency is relatively high and the time constant of the mechanical system
is relatively large.

Let us consider next the flow of current in the converter and the machine
in motoring mode. When transistors 7, and T}, of Fig. 7.5 are switched on,
current flows from the d.c. supply through 7T, and through the machine wind-
ing and T}, and then back to the supply. If T, and 7T, are switched on, the
current then free-wheels through diode D, and through the machine and T;,.
In this case no current is flowing from or to the d.c. supply. An example of
the phase winding and d.c.-link current waveforms in motoring mode is shown
in Fig. 7.6a. As mentioned before i,(4,4) is the instant average of the phase
current 7.

In generating (braking) mode with E;;_j positive, the duty cycle D of
eqn (7.3) is adjusted in such a way that vpqug) < Erp—r to allow i4(4.4) to
become negative as shown in Fig. 7.6b. In this case D, is always conducting
and the current either flows through T, when switched on, or through D, to
the supply when switched off. An example of the d.c.-link current waveform
in generating mode is shown in Fig. 7.6b.

When operating the machine in the reverse speed direction, in which case
Err_r is negative with respect to the polarity given in Fig. 7.5, transistor
T, is switched on during the conduction cycle and transistors T, and T are
PWNM-switched. In this case the supply voltage vp(4ug) is negative and the
current can be controlled again to be positive or negative in the same way as
in the forward speed mode.
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The advantage of the above switching method is that only one inverter-
leg is switched at a high frequency at any time, keeping the switching losses
of the inverter low. Which inverter-leg of Fig. 7.5 should be selected to be
PWM-switched is simply a logic decision that depends on the sign (positive or
negative) of the supply voltage vp(quq). Note that vp(q.g) is controlled directly
by the controller of the drive (Fig. 7.1).
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Fig. 7.6. Voltage and current waveforms of a converter-fed trapezoidal AFPM ma-
chine: (a) motoring mode; (b) generating mode (see Fig. 7.5).

7.1.3 Current Control

For good speed control of any drive a fast torque control is necessary. Ac-
cording to eqn (2.127) the torque of the trapezoidal AFPM machine drive
can be controlled directly by controlling the stator current i, and hence the
instant average current i, (4.4) €xplained in Fig. 7.6. Close examination of the
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currents of Fig. 7.6 reveals that the required information regarding the cur-
rent iq(qug) 1S also present in the average d.c.-link current ig(qyg), i-e. if the
sample-measurement of current iy is at the right instant. The current of all
the phases of the machine can be controlled by just controlling the d.c.-link
current i4(q.4)- Thus, only one current sensor is necessary. One aspect of this
method of current sensing, however, must be kept in mind. If the machine is
operating, e.g. in forward motoring mode or reverse motoring mode, then in
both cases the current ig(q,4) Will be positive. This creates a problem from a
control point of view as the reference current i,(q,4)" will be, say, positive for
forward motoring mode, but negative for reverse motoring mode. However,
this problem can easily be solved in the controller by always multiplying the
d.c.-link current signal with the sign (positive or negative) of the controlled
supply voltage vp(qug)™ signal.

A block diagram of the single sensor current controller is shown in Fig.
7.7. The current controller acts on the comparison between the desired cur-
rent iq(qug)” and the measured d.c.-link current ig4(4,4), and then controls the
supply output voltage by controlling the signal v)(4.,¢)*. The PWM generator
outputs the PWM signal in terms of a logic 1 or 0 to the programmable logic
device (PLD). The sign (positive or negative) of vp,(4.4)* is also an logic input
(1 or 0) to the logic device. Three logic position signals s, s, and s. are also
inputs to the PLD. These three signals are received from three Hall-effect
sensors mounted in the machine. The signals supply information about which
two phases must be active according to the rotor position. The outputs of the
PLD directly control the switching of the six power semiconductor switches.

Two aspects in the block diagram of Fig. 7.7 have not been referred to yet.
The first is that a speed voltage signal is added to the output of the current
regulator. This is to decouple the current regulator from the effects of speed
variation. The gain, K, represents the gain of the solid-state inverter. The
second aspect is that the d.c.-link current is sampled at certain times to get
the average value 74(q.q) as shown in Fig. 7.6.

—_—
. PWM
la(avg)+ Current PWM 1/0)
Regulator| Generator
i
a(ave) /0 £ A 5
=
= o
Sa | & Z
Sg =
Sc
and sign iy Position
change feedback signals

Fig. 7.7. Block diagram of single sensor current controller for trapezoidal AFPM.
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To determine the parameters of the current regulator the transfer function
of the current control system must be obtained. According to Fig. 7.3b and
eqn (7.1), the dynamic voltage equation of the machine in terms of average
components is

paia
where v, = Vp(avg) + Vr, Ta = fa(avg) T i, and v, and i, are the ripple voltage
and ripple current respectively (see Fig. 7.6). In Laplace transform eqn (7.5)
becomes

Up(avg) = Bpla(avg) + L (avg) T Err—1 (7.5)

Up(avg)(s) = (RP + Lps)ia(avg)(s) + EfL—L(S) (7'6)

With the use of the decoupling speed voltage signal in the current control
system of Fig. 7.7, the speed voltage term Efr_r(s) of eqn (7.6) has no
effect on the current regulator’s response. Hence, the control block diagram
of the current control system can be represented by the block diagram shown
in Fig. 7.8. In this block diagram the current regulator can be, e.g. a gain
or a Pl-regulator. The gain K; represents the voltage gain of the solid-state
converter (inverter) as mentioned before. The transfer function of the current
control system can be determined from the block diagram of Fig. 7.8 and
the parameters of the current regulator can be designed according to classical
control system methods.

. % .
laavg) +@ Cunl'e:\t .| K, - +1L - fatarg)
regulator pt Ly

|

Fig. 7.8. Block diagram of decoupled current control system.

7.1.4 Speed Control
With the current control system in place, as explained in section 7.1.3, a speed

control loop can be applied around the current control loop. The electrical and
mechanical torque balance equations for the system are as follows:

Td(aug)(s) = decia(avg)(s) (7'7)

Ta(avg) (s) = Tr(s) = (B + Js)w(s) (7.8)
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where T7,(s) is the load torque, B is the equivalent total damping of the
system, J is the equivalent total moment of inertia of the system and w is the
rotor speed in rad/s. For a two-pole machine the angular mechanical speed is
equal to the angular frequency of the stator currents. Note that eqns (7.7) and
(7.8) refer to the instant average components of current, torque and speed, and
not to the high frequency ripple components due to the inverter switching.
From equations (7.7) and (7.8) and from Fig. 7.8, the speed control block
diagram of the system can be represented as in Fig. 7.9. Hence, the transfer
function of the speed system can be determined and the parameters of the
speed regulator can be designed to obtain a certain speed response. A speed
signal can be obtained electronically from the signals of the three Hall-effect
position sensors installed in the machine.

Current - W

* % .
@ + Speed l“(‘”’g) control la(avg) 1
( : ) regulator system Kic B+Js
+

= I (Fig. 7.8)

Fig. 7.9. Block diagram of speed control system.

7.1.5 High Speed Operation

Equations (2.125), (7.2) and (7.3) show that as the speed of the machine
increases, the EMF FEyp_ 1, the voltage vpavg) and the duty cycle D will
increase till the speed is reached where D becomes unity. The speed where
D becomes unity is simultaneously the speed where the output voltage of
the converter (inverter) reaches a maximum. This speed is often called the
base speed of the drive. Field or flux weakening in the high speed region of
the machine to keep Err_; = constant is not possible with high-energy-
product surface mounted PMs. Therefore, at speeds higher than the base
speed, Eyr_1, > Vg, and control of the current and torque of the machine is
lost. In fact, the current and torque rapidly drop to zero at speeds slightly
above the base speed. This implies that the speed-range of the trapezoidal
AFPM machine using surface mounted PMs is very limited. Techniques to
increase the speed substantially beyond base speed are: (a) change smoothly
from a 120° current conduction period, as discussed earlier in this chapter, to a
180° six-step conduction period [19, 97, 233] and (b) advance the current wave
with respect to the EMF wave [136]; note that during sub-base speed operation
the current wave is controlled to be in-phase with the EMF waveform as shown
in Fig. 7.2c. The disadvantages of these techniques may be the following: (i)
an increase in machine torque ripple, (ii) danger of converter switches being
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exposed to high DC-link voltages if for some reason the converter switches
are switched-off at high speeds (at this condition the high EMFs are rectified
by the six diodes of the inverter to a high d.c.-link voltage) and (iii) a higher
resolution position sensor is necessary for the smooth advancing of the current
wave as the speed increases.

A technique to obtain high speed operation that avoid the disadvantages
of the above techniques and obtain true flux weakening is to increase mechan-
ically the air gap of the AFPM machine with increase in speed; this technique
is not possible in commercial RFPM machines. However, it is questionable if
this technique is economically viable.

7.2 Control of Sinusoidal AFPM Machine

Sinusoidal AFPM machines are designed to have sinusoidal or near sinusoidal
EMF waveforms. Therefore, in variable speed drive applications where a solid-
state converter is used to supply the machine (Fig. 7.1), the output voltage of
the converter must be sinusoidal or sinusoidal PWM modulated. Hence, the
current in the machine is sinusoidal or else the current regulators of the drive
will force the phase currents to be sinusoidal.

This section focuses on the control aspects of the sinusoidal AFPM ma-
chine drive. First, the modelling and equivalent circuits of the sinusoidal
AFPM machine are described. Secondly, the current and speed regulators
of the drive are dealt with. Finally, the hardware of the sinusoidal AFPM
machine drive is considered.

7.2.1 Mathematical Model and dqg Equivalent Circuits

The phase voltage equations of any three-phase a.c. electrical machine can be
written as

dapc
dt

where 14 g is the total stator magnetic flux linkage of phase A, B or C — eqn
(5.20). Eqn (7.9) is expressed in the so-called ABC' stationary reference frame
where the circuit variables (voltage, current and flux linkage) are expressed
in a reference frame that is fixed to the stationary stator. For synchronous
machines, like the AFPM machine, it is very convenient to transform or refer
the stationary stator variables to a reference frame that is fixed to the rotor.
In this transformation the stationary ABC' stator windings of the machine
are replaced by fictitious dq0 windings that rotate with the rotor.

To explain this, let us consider the cross-section of a two-pole AFPM
machine as shown in Fig. 7.10a (side view) and Fig. 7.10b (front view). Fig.
7.10a shows that the PMs are embedded into the rotor steel yoke, but the
magnets in the sinusoidal AFPM machine may also be on the surface of the

viapc = RilqaBc + (7.9)
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yoke like in a trapezoidal AFPM machine. With the magnets embedded, the
AFPM machine is not a pure PM machine anymore, but a combined PM-
reluctance machine because the electromagnetic torque has two components:
PM synchronous torque and reluctance torque.

Fig. 7.10 explains the ABC and dq winding layout of the machine. The
rotating d and g—axis windings are in quadrature of each other and their
magnetic axes are aligned with the d and g—axis of the rotor. In this case
the d—axis of the rotor is chosen to be aligned with the centre lines of the
PMs and the g—axis between the magnets. The position of the rotor and dg-
windings with respect to the stationary ABC' windings is defined in Fig. 7.10
as the angle between the rotating d—axis and a defined phase A—axis. Note,
that in Fig. 7.10b the direction of the flux (@) is into (or out of) the paper
(z—direction), while the current is in the zy—plane.

To transfer the circuit variables from the stationary ABC reference frame
to the dq0 reference frame, or vice versa, the Park transformation

[fago] = [Kp] [faBc] (7.10)

and inverse Park transformation

[fanc] = [Kp) ™" [fago (7.11)

are used [94], where [K,] is according to eqn (5.26) and [K,]~! is the inverse
matrix of [K,]. In the above eqns (7.10) and (7.11), fqqo and fapc are the
dq0 and ABC variables of voltage, current or flux linkage respectively. In eqn
(5.26) the angle 6 is the electrical angle defined in Fig. 7.10. With a constant
rotor angular velocity w the angle 8 = wt. For a balanced three-phase AFPM
machine it is only necessary to consider the d and g—axis circuits as the
zero-sequence circuit is playing no role in the performance of the machine.
Applying eqn (7.10) to the voltage eqn (7.9) leads to the dg voltage equations
(5.5) and (5.6) of the balanced AFPM machine (omitting the zero-sequence
component). In eqns (5.5) and (5.6) w is the electrical speed of the rotor, and
g and 9, are the d and g—axis flux linkages. Let us consider the following
three cases of operating conditions of the AFPM machine:

(1) The first case is when the machine is open circuit and is mechanically
driven at a certain speed w. The dg stator currents, thus, are zero and
only the magnets are active. From Fig. 7.10 it is clear that the magnet
flux will only link the d—axis winding and not the g—axis winding. In this
case ¥, = 0 and ¥g = 1y, and from eqns (5.5) and (5.6) vig = 0 and
Vig = Wiy,

(2) The second case is when both the magnets and the d—axis winding are
not active, but d.c. (steady-state) current is flowing in the g—axis stator
winding. The dq stator windings and the rotor are at a rotating speed of
w. Clearly with no magnets and no d—axis current, 14 = 0. With positive
d.c. g—axis current, i.e. iqq = ﬂ]aq, then ¢, = \/iLSanq where L, is the
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Fig. 7.10. Stationary ABC' and rotating dg windings of a simple two-pole AFPM
machine: (a) side view; (b) front view (PMs are shown in dotted lines).

g—axis winding synchronous inductance. Note that the relation between
g and 4,4 is nonlinear due to magnetic saturation; L, will thus vary
with saturation. From eqns (5.9) and (5.10) it follows in this case that
Vig = Rilgq and vig = —wlsgiaq-

(3) In the third case only the d—axis winding is active in terms of a positive
d.c. current flowing of iqq = v/21,4. Therefore g = 0 as the magnets are
not active and ¢, = 0, and g = V2L eql.q where Lgg is the synchronous
inductance of the d—axis winding. Again, the relation between ¥4 and i,4



230 7 Control

is nonlinear and Lgq will vary with saturation. In this case from eqn (5.9)
and (5.10) vig = wlgqiaq and vig = Riiaq.

If the magnets and the dg stator windings are active, then the above three
cases can be summarized by eqns (5.7) and (5.8). From equs (5.5) to (5.10) it
follows that the electromagnetic power of a three-phase machine is given by

3. . 3 . .
Pelm = §(zaqud - Zadwd)q) = §w("/)dlaq - quad) (712)

The factor 3/2 has been explained in Section 5.13. The developed torque of the
machine is expressed by eqn (5.13). The first term in eqn (5.13) expresses the
torque component due to PM excitation, while the second term expresses
the reluctance torque component. For surface mounted AFPM machines it
can be assumed that L,q = Lg,, hence the torque is directly proportional to
iqq- In the case of an embedded AFPM machine like in Fig. 7.10a it is clear
that Lgq < Lgq, which implies that i4¢ in eqn (5.13) must be negative in order
to generate a positive reluctance torque. Fig. 7.11a shows the phasor diagrams
of the motor for i,q = 0 while Fig. 7.11b shows the phasor diagram of the
motor at unity power factor.

g-axis g-axis
A A
TWquiaq ) _iade .
VK lagRy ViX 2 lagR A ovy
—oL,i .
M 3 _wLxdlad
oy
S \ ﬂ_‘ )
A iaq 1, laq
b
[
d-axis d-axis
~0Lyi,, g ad .
(@ (b)

Fig. 7.11. Phasor diagrams for motoring action of overexcited AFPM machine: (a)
for i,q = 0; (b) at unity power factor. Note that ¢ is negative for motoring action
and positive for generation action.

The inductances in the d and ¢—axis windings are expressed by eqns (5.17)
and the magnet flux linkage 1; is further expressed as

Yf = Laa if (7.13)

where L,q is the armature reaction (mutual) inductance in the d-axis and i
is a fictitious magnetising current representing the PM excitation.
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The flux linkage and mutual inductance between the d—axis winding and
the fictitious permanent magnet (field) winding need further explanation. For
the d—axis winding we have the following equation (ignoring cross coupling
effects with the g—axis winding and ignoring any stator slotting effects):

dig diyg di;
Wd _ g Gad | L) 14
dt g TRy (7.14)
ding dl;
— (L + Lyg)2ed 4 1, 21
(Lo + Laa) = Fa= gt

where Lq is given by eqn (2.116) and L; is a leakage inductance. Iy is the fic-
titious magnet (field) winding current. L4 is the mutual inductance between
the d—axis winding and the fictitious magnet (field) winding given by

FuwsNi@ay _ kit Ni®ya

L =
fd T I;

(7.15)

where kyyNy and k1 N1 are the effective turns in series of the fictitious
magnet-field and d—axis windings respectively. @4 and @4 are the propor-
tions of flux produced by the d—axis and magnet-field windings respectively
that link with the opposite winding. Note that in this case @4 is equal to @
of eqn (2.26). From eqn (7.15) the flux linkage of the d—axis winding due to
the field winding, ¢, is given by

b =kt Ni®a = Lyaly (7.16)

However, this flux linkage is also expressed by eqn (7.13) and is represented
in the d—axis equivalent circuit of Fig. 7.12b. Hence, from eqns (7.13) and
(7.16)

iy = Lod
! Lad

Furthermore, the d—axis inductance L4 is given by eqn (2.116) as

I (7.17)

kw1 N19D,
Lgg = —wlt17ad (7.18)
Iad
where @4 is the d—axis flux passing the air gap, linking the rotor. The total

flux of the d—axis winding, @4, is given by

Dy =D+ Do (7.19)

where @; is the leakage flux. Now, if ®q¢ of eqn (7.15) [this is the proportion
of the flux produced by the d—axis winding that links the field winding] is
equal to kDyq, i.e. Pgr = kPyq, where 0 < k < 1 (i.e. not all the d—axis flux
linking the rotor necessarily links the fictitious magnet-field winding), then
from eqns (7.15) and (7.18) it follows that
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kw1 N1
Lyg=|——|L 7.20
4= | TNk | L1 (7.20)

and furthermore from eqn (7.17) that

) [kwsNyk]
=|—|1 7.21
= Ty | (7.21)
Hence, if the effective turns of the d—axis and field windings are the same and
k =1, then L,q is equal to Lyq and s is equal to Iy.

Using eqns (5.7), (5.8) and (7.13) and assuming iy is not varying with
time, eqns (5.5) and (5.6) can be written as

. dig .
Vg = Ritgq + (Ll + Lad)d—td — w(Ll + Laq)laq (722)
. diaq . .
Viq = Rllaq -+ (Ll -+ Laq)ﬂ + w(Ll + Lad)lad -+ wLade (723)

On the basis of equs (7.22) and (7.23) the complete dg equivalent circuits
of the sinusoidal AFPM machine can be drawn as shown in Fig. 7.12. It should
be noted that the modelling according to eqns (7.22) and (7.23) is based on
assumptions that

(a) there are no core losses;

(b) the magnetic circuit is linear, i.e. there is no saturation of the magnetic
circuit;

(¢) there is no cross magnetisation or mutual coupling between the d— and
q—axis circuits;

(d) there are no stator slotting effects (smooth stator core).

(a) (b)

Fig. 7.12. The d and g—axis equivalent circuits of the sinusoidal AFPM brushless
machine.
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7.2.2 Current Control

The equivalent circuits of the sinusoidal AFPM machine shown in Fig. 7.12
can be used to design the current regulators for controlling the d and g—axis
currents of the machine. Applying the principle of speed voltage decoupling,
as for the trapezoidal AFPM machine (section 7.1.3), the dg current control
system of the sinusoidal AFPM machine can be represented by the block
diagram of Fig. 7.13. Here, the d and g—axis current regulators act on the
errors between the desired and actual dq currents of the machine. The speed
voltage terms are added (or subtracted) to the outputs of the regulators to
determine the dg machine voltages. Within the machine model the speed
voltages are subtracted (or added) again, hence the regulators act only on
the RL—parts of the equivalent circuits. The block diagrams of the decoupled
current controllers can therefore be simplified to those shown in Fig. 7.14.
With the equivalent circuit parameters of the machine known, the transfer
functions of the d and g—axis current controllers can be determined and the
d and g—axis current regulators can be designed accordingly to obtain the
required dq current response.

tad dq Current controller Machine
I R d-axis + Vi 1 1
_’@_' current @ z Rl
1145aS
regulator - T +
oL i
OLggioq sqaq
mL.Ydiad
. g-axis v _ .
lag L@ current _-I-@ + ( 2) g i+ 2: 1 lag
regulator T AN T N\ ’ Ri+Lyys
std iad yy — w'//f

laq

Fig. 7.13. Block diagram of d and g-axis current control system of the AFPM drive
implementing speed voltage decoupling.

7.2.3 Speed Control

It is always good in terms of efficiency to control the drive at maximum torque
per ampere. For the surface mounted (nonsalient) AFPM machine, where it
can be taken that Lsq = Lgg, it is clear from eqn (5.13) that maximum torque
per ampere for this machine is obtained by keeping i,q = 0. However, for
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Fig. 7.14. Decoupled d and g—axis current control systems.

embedded (salient-pole) AFPM machines where Lyq # Ls,, maximum torque
per ampere is obtained by making i,4 negative, that is by controlling the
current phasor at some current angle ¥ as shown in Fig. 7.15 (see also Fig.
7.11b). Note from Fig. 7.15 that negative torque is obtained by keeping both
iaq and i, negative, or in the case of the nonsalient machine, only i4q is
negative. In the sub base speed region (w < wyp) of the drive, where there
is enough voltage available so that the current regulators do not saturate,
the machine is controlled to operate at maximum torque per ampere. For the
nonsalient AFPM machine this implies that the current angle ¥ = 0, while
for the salient-pole machine ¥ = ¥, (see Fig. 7.15), which is an (average)
optimum angle for all load conditions.

However, in the high speed region (w > wy), the EMF voltage wlLqqis =
wipy of eqn (7.23) (see also Fig. 7.11b) becomes larger than the possible output
voltage of the inverter. The current regulators therefore start to saturate,
current control is lost and the torque of the machine rapidly drops as the
speed increases. To avoid this torque decrease and to ensure a wider high-speed
region one has to deviate from the maximum torque per ampere control and
start to inject a larger negative d—axis current to reduce the g—axis terminal
voltage (Fig. 7.11b) as the speed increases. This implies that the current angle
¥ must be increased as shown in Fig. 7.15 such that always

2w\/(Lsdiad + Ladzf + Z.aqj{l)Q + (quiaq + Z.ade)Z < Vd

where V; is is the dc-link voltage of the inverter, and keeping the current
amplitude o, = 4/i2, + iflq equal or less than the rated current amplitude
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depending on the load. At a maximum current angle, ¥,,, the speed range
can be extended much more if the current angle is held constant at ¥ = ¥,
and the amplitude of the phase current is reduced as shown in Fig. 7.15. Note
from Fig. 7.11b that as the current angle ¥ increases the apparent power of
the machine decreases and the power factor improves.

The above current control strategy can be used for both salient and non-
salient AFPM machines. It must be noted, however, that the speed range
obtained with the above control method depends very much on the value of
the stator phase inductance of the machine (see Numerical example 7.2). If
the phase inductance is relatively small (this implies a low per unit stator
phase reactance), as is the case with slotless and air-cored AFPM machines,
the high speed range of the machine is very limited.

From above, thus, the current of the machine can be controlled by con-
trolling the magnitude of the current and keeping the current angle constant
at an optimum value, and advancing the current angle at higher speeds. To
simplify this control method, the current angle ¥ is defined as a positive angle
between 0 to 90°. The current angle is also taken as a function of the absolute
value of the speed, |w|. Furthermore, a current iy is defined, which controls
the torque of the machine and is proportional to the current amplitude of the
machine. Hence,

ieg = —lir|sin®
laq = tpcos¥ for W>0 (7.24)

Substituting eqn (7.24) into eqn (5.13) and noting that Lsy<L,, the electro-
magnetic torque is

3 e
Zp(qu — Lgq)ir|ir|sin(29) (7.25)

It can be seen from the first term of eqn (7.25) that there is a linear relation
between the PM torque component and the current ip for a given current
angle ¥. The second term of eqn (7.25) is the reluctance component of the
torque. It is found for reluctance machines [143] that the inductance difference
AL = Ly — Lgq is not a constant at a certain current angle, but varies
inversely with load current ip due to saturation and cross magnetization.
The cross magnetization or cross coupling is the magnetic coupling between
the fictitious d and g—axis windings of the machine. It is thus a fairly good
approximation to assume for this component of the torque a linear relation
between reluctance torque and current 7 for a given current angle ¥ [145].
Thus, eqn (7.25) can be simplified as

3
T, = ipd)f’l:T cos(¥) +

Tq = krfir + krreir = krir  for W = constant (7.26)

where kry and ke are the PM torque and reluctance torque constants,
respectively, and kp = kry + krpe;. Note from eqn (7.26) that to generate a
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Fig. 7.15. Current phasor control of the AFPM drive in the low and high speed
regions of the machine.

negative torque, i must be negative; ¥ is taken in the control as a positive
quantity between 0 to 90°. In the case where ¥ = 0, then kppep = 0, kr =
Kry =3pYys/2 and ip = iqq.

With the current control strategy in place and with the torque as a function
of current as given by eqn (7.26), a speed controller for the AFPM machine
drive can be implemented around the current controller as shown in Fig. 7.16.
The block diagram of Fig. 7.16 describes the basic principle of the current
and speed control of the AFPM machine drive. The speed regulator acts on
the error between the desired and measured speed of the system and controls
the current ip of eqn (7.26). The maximum current of the machine is limited
by the limiter as shown in Fig. 7.16. The current angle ¥ is, as a positive
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quantity, a function of the absolute value of the speed of the machine, |w|,
as shown in Fig. 7.16. In the low speed region the angle ¥ is kept constant.
In the speed region above the base speed (w > wj) the angle ¥ is increased
with speed. In the very high speed region the angle ¥ is kept constant again.
With the current and current angle ¥ known, the desired dq currents, i,4" and
iqq", are determined by eqn (7.24). With the measured speed and measured
dq currents as the other inputs, the current controller outputs the necessary
dq voltages according to the block diagram of Fig. 7.13. These voltages are
transformed to ABC' voltages using the inverse transformation given by eqn
(7.11), and are then put through the PWM generator to control the inverter
and hence the terminal voltages of the machine.

To design the speed regulator of the system of Fig. 7.16 a few approxima-
tions can be made to simplify the model of the speed control drive. Firstly,
the mechanical time constant of drive systems is in general much longer than
the electrical time constant of the drive so that the latter can be ignored.
Together with this, a good approximation is to assume that the current con-
trollers are forcing the actual currents equal to the command (desired) cur-
rents, i.e. iqq = lad”, lag = laq, and ip = ip". Applying further eqn (7.26),
the speed control system can be simplified to that shown in Fig. 7.17. From
the simplified control system the approximate transfer function of the system
can be determined and the speed regulator can be designed to obtain the
required speed response.

It must be noted that the speed control method of Fig. 7.16 is only one
way of controlling the speed of the PM brushless motor and is recognized as
only a basic method; the method e.g. has the disadvantage that in the high
speed regions under low-load conditions the drive is not necessarily operating
at best (highest efficiency) operating conditions. Several other techniques and
algorithms for wide-range speed control of PM motor drives have been pro-
posed [24, 57, 137, 164, 179, 196, 280] and can be applied to the speed control
of the sinusoidal AFPM brushless motor drive. The important aspect is the
prevention of saturation of the dg current regulators in the high speed region
of the motor.

7.2.4 Hardware of Sinusoidal AFPM Machine Drive

For the sinusoidal AFPM brushless motor the same solid-state converter as
for the trapezoidal AFPM brushless motor can be used (Fig. 7.4). A more
detailed diagram of the hardware of the sinusoidal AFPM brushless drive sys-
tem is shown in Fig. 7.18. The fixed a.c. supply voltage is rectified by means of
a diode rectifier or voltage-source controlled (active) PWM rectifier to obtain
a fixed d.c. voltage. The d.c. voltage is then inverted by means of a voltage-
source PWM inverter to a three-phase a.c. voltage of variable frequency and
magnitude. The difference between the trapezoidal and sinusoidal drives lies
in the PWM switching-control of the inverter bridge. In the case of the trape-
zoidal AFPM motor drive, quasi-square PWM voltages are applied, whereas
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Speed ir

N\ r
@ | regulator kr _: B+J, >

Fig. 7.17. Block diagram of simplified speed control system.

o't

in the case of the sinusoidal AFPM motor drive, sinusoidal PWM voltages
are applied and the phase currents of the stator are sinusoidally regulated as
described in the previous sections.

The peak value of the fundamental frequency voltage component of the
inverter-legs of Fig. 7.18 with respect to the neutral point N is clearly %Vd. As
the fundamental frequency voltage components of the inverter-legs are 120°
out of phase, the maximum rms line—to—line voltage of the inverter at the
fundamental frequency with sinusoidal PWM is

v \/g Va
1L—Lmax —
V3 2

This result shows the limitation on the maximum rms output voltage of
the inverter. This affects, amongst other things, the maximum speed at which
rated torque can be delivered by the drive (see Numerical example 7.2).

The currents in the three phases of the AFPM machine drive are sinu-
soidally regulated. There is, however, a ripple in the phase currents due to the
PWM switching. It can be shown that the peak—to—peak ripple in the phase
current, Aiy,_,, is directly proportional to

= 0.612V} (7.27)

) Vy
Aty ¢ ——— 7.28
p—p Lphfs ( )

where f is the switching frequency of the inverter and L, the total load
inductance per phase of the inverter. The ripple current is thus inversely
proportional to Ly, and f,. Note that L, can be increased by the addition of
an external inductor in series with the stator (armature) of the AFPM machine
as shown in Fig. 7.18. Careful consideration should be given to the selection
of Ly, and fs. As the air gaps of AFPM machines, specifically those AFPM
machines with coreless and slotless iron-cored stators, are relatively large, the
internal phase inductances of these machines are relatively small. Thus to keep
the ripple current in these machines within limits, the switching frequency fs
is required to be high. With power MOSFETSs the switching frequency can be
made high (say fs < 50 kHz), but with IGBTSs in the medium-to-large power
range the switching frequency is very much limited to fs < 10 kHz. In such
a case the phase inductance must be increased. The high ripple current that
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can occur in most of the AFPM machine drives is often overlooked. A high
ripple current has serious consequences on the current rating of the inverter
and the efficiency, stator winding temperature, torque quality and acoustic
noise of the AFPM brushless motor.

For rotor position feedback of the sinusoidal AFPM drive a position sensor
with high resolution is necessary. Resolvers are often used for this as they are
robust and can be used in harsh environments. Integrated and analog circuitry
are necessary to interface the resolver with the digital controller (see Fig. 7.18).
Digital interface outputs of up to 16 bit resolution are possible. Normally 12
bit resolution gives more than enough accuracy for position feedback.

All the measured information of voltage, current and rotor position are fed
to the digital controller as shown in Fig. 7.18. The controller outputs PWM
signals via fibre optic links to the inverter bridge. Digital signal processors
(DSPs) are nowadays frequently used as drive controllers [254]. Examples of
dedicated fixed point DSPs from Tezas Instruments include TMS320F240 (20
MHz), TMS320LF2407A (40 MHz), TMS320F2812 (150 MHz). These DSPs
have 12 or 16 PWM channels, 16 A/D channels (10 or 12 bit resolution) and
operate at frequencies of between 20 to 150 MHz. In another recent devel-
opment on drive controllers International Rectifier introduced their motion
control chipset IRACO210 [109]. This chipset uses a high speed configurable
field programmable gate array (FPGA), tightly coupled to gate driver and
current sense interface chips. In this way flexible drive control algorithms are
implemented in FPGA hardware, rather than in software.

Fixed AC
supply ]
* Optional
‘ Rectifier T #;\)‘}} —1@ ‘1@ ‘/
(diode or N v VAN oy
active d o
switching) l N

i el S T )

4
. A4 AA A l
PWM signals — vYyvy
Measurement
interface

DSP Analog signals

TMS320F240
o TMS320LF2407A
’T}:O TMS320F2812

Fig. 7.18. Hardware of sinusoidal AFPM drive system.

Position
interface

Fibre optic interface

Digital
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7.3 Sensorless Position Control

It is obvious that information of the rotor position of the AFPM brushless
motor is absolutely necessary for proper current and speed control. For trape-
zoidal AFPM motors a low resolution position sensor may be used, but for
sinusoidal AFPM motors a high resolution position sensor is necessary. The
use of a position sensor that is mechanically connected to the machine and
electrically connected to the controller reduces the electromechanical drive
system reliability and increases its cost. Moreover, in some applications insuf-
ficient space may make the use of a position sensor difficult. Sensorless position
control techniques, in which an accurate information of the rotor position can
be obtained without the need of a mechanical sensor, are superior.

Various methods and techniques have been proposed the last two decades
for the sensorless position control of PM brushless motors. Most of these
methods are based on the measurement of the voltage and/or current of the
machine. Thus, instead of using a mechanical sensor, electrical sensors (not
mounted in the machine but placed at the solid-state converter) are used
to obtain the rotor position signal. In this way, the position of the rotor
is determined indirectly, as measured electrical quantities together with the
model of the machine are used. State observers, filters and other calculations
are used to estimate the mechanical position of the rotor.

The methods of sensorless control can be classified into two types: (i)
methods that are based on the back EMF estimation [23, 90, 271], and (ii)
methods that make use of the magnetic saliency present in the machine
[138, 167, 168, 234]. The EMF measurement is not suitable for low and
zero speed operation of the motor as the induced voltage is proportional to
the rotor speed. At stand still, the induced voltage is zero and there is no
position-information anymore in the stator quantities. The second method,
which makes use of the magnetic saliency, is more suitable for the detection of
the rotor position at low speeds and standstill. With this method either test
voltage pulses are applied to the machine or additional high-frequency sig-
nals superimposed on the fundamental voltages (or currents) are injected.
The injection of the revolving high-frequency voltage vector is commonly
used. All these methods can be used successfully for the position sensorless
control of AFPM motor drives [205]. However, it is still questionable if the
high-frequency injection sensorless control method can be applied to coreless
type AFPM brushless motors as these machines have practically no magnetic
saliency.

Fig. 7.19 explains the basic principle of the high frequency voltage injec-
tion sensorless position control technique. High frequency voltage signals are
injected to the system by adding them to the dq voltage signals vi4 and
v14 of the drive. The current response of the drive system to these voltage
signals is monitored by band pass filtering (BPF) the dg currents, so as to
obtain the high frequency current components iqqn and iqqn. These high fre-
quency current components contain information about the rotor position as
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they are affected by the magnetic saliency of the machine. These currents,
together with the high frequency injected signals are used by an observer or
position estimator to estimate the rotor position 6,,. A low pass filter (LPF)
is furthermore used to extract from the dg currents the fundamental current
components %44 and 7,4, which are necessary for the fundamental current con-
troller of the drive (Fig. 7.13). The frequency of the injected voltage signals
must be much higher than the fundamental frequency, but also much lower
than the switching frequency of the inverter, and is typically between 500 Hz
and 2 kHz.

*

dg-current |

iﬂdq dg + d
———> controller % q
(Fig 7.13) +1 Apc 4’ Inverter|

voltage
i 4 I in'ecti%n
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High frequency voltage injection A
rotor position estimator

Fig. 7.19. High frequency voltage injection sensorless position control.

Numerical Example 7.1

A small, 35-W, 4300 r/min, 12 pole, Y-connected air-cored, trapezoidal AFPM
brushless motor is used as part of a reaction wheel for a micro-satellite (see
Fig. 7.20). Reaction or momentum wheels are used on satellites to keep the
satellite steady and to orientate it. Orientation control is necessary as, e.g.
the photovoltaic panels must be pointed at all times to the sun for maximum
power generation. The motor has a stator phase inductance of L, = 3.2 uH
and a phase resistance of R; = 22 m{2. The motor is fed by a 3-phase MOSFET
inverter with V; = 14 V, and is under square-wave current control as described
in Section 7.1.3. Assuming the voltage drop across a MOSFET switches during
switching-on as 1 V, calculate:

(a) the switching frequency fs of the inverter;
(b) the external phase inductance required for a maximum peak—to—peak rip-
ple current less than Adyne.: = 0.5 A if fy = 40 kHz.
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Fig. 7.20. Small coreless AFPM brushless motor. Photo courtesy of the University
of Stellenbosch, South Africa.

Solution

First, an approximate equation for the maximum peak—to—peak phase cur-
rent ripple of the motor must be derived. For the circuit shown in Fig. 7.5
during switching-on, i.e. with the transistors 73, and T}, switched on and as-
suming ideal transistor switches and drive in the steady-state, the voltage
equation (7.1) can be written as

di,
Vi=R,l, +Rzr+Lpdt

where the phase current i, = I, + i,., I, is the steady-state average current
and i, is the ripple current. Putting eqn (7.3) and neglecting the voltage drop
Ryir, eqn (7.29) can be brought to

+Efr—1 (7.29)

diy
Vi—DVy= Ly—- (7.30)
dt
From eqns (7.4) and (7.30) the peak—to—peak ripple current Ai, is
Va(l = D)to,  Va(1—D)D
A, ~ Yal Yton _ Va( ) (7.31)

L, Ly fs
The maximum peak—to—peak ripple current will occur at a duty cycle of D =
0.5, hence

Va

—4Lpfs (7.32)

Airmax ~

(a) Switching frequency. Using eqn (7.32) and taking into account the voltage
drop across the transistor switches, the switching frequency for a maximum
ripple current of 0.5 A is
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Vg —2 14-2
fs =

~ - — 937.5 kH
AL, Aivmas 4 % (2% 3.2%10-9) x 0.5 93175 leHz

(b) External inductance. Eqn (7.32) gives the following additional phase in-
ductance required to keep the ripple current less than 0.5 A at f; = 40
kHz

V,—2 14 -2 -6
Lontadd) & —2— 2 [o=— — 2 32x10%=718 uH
ph(add) Afs Al ymaz 4 % 40 000 x 0.5 5 8

(7.33)

These results show the low phase inductance problem of coreless AFPM
brushless motors when fed from solid-state inverters. Either the switching
frequency of the inverter must be high or relatively large external inductors
must be added in series with the phase windings of the machine to keep the
ripple current within limits. Usually, external inductances are used, as a high
switching frequency causes the power losses in the inverter to be high.

Numerical Example 7.2

Consider a 75-kW, 460-V, Y-connected, 100-Hz, 1500 r/min, 8-pole AFPM
motor with single PM rotor disc and double slotted stators connected in series.
The equivalent circuit parameters and flux linkage of this machine are: Ry =
0.034 Q, Lyq = Lsg = 2.13 mH, 9y = 0.538 Wb. The machine is under dg
current control by using amongst other things a three-phase IGBT voltage-
source inverter with d.c.-link voltage Vy = 755 V. Find:

(a) the maximum speed and the developed power of the drive with the ma-
chine at rated current and the machine controlled at maximum torque per
ampere;

(b) the per unit high speed of the drive developing the same power as in
(a) with the drive at rated current, rated voltage and using an advanced
current angle.

Solution

(a) Maximum speed and electromagnetic power

With a surface-mounted AFPM machine maximum torque per ampere is
obtained with i,y = 0 A. Thus, at rated stator current i, = V2x105 = 148.5
A. To obtain maximum speed the output voltage of the inverter must be at a
maximum, i.e. from eqn (7.27) the rms phase voltage Vi = 0.612 x 755//3 =
266.8 V. Thus, the peak phase voltage, Vi,, = V2 x 266.8 = 377.3 V or
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simply 1/2Vy, and note that Vi, = \/v14% + v14°. By considering the drive in
the steady state and ignoring the resistive voltage drop, from eqn (7.22), eqn
(7.23) and Fig. 7.11 we have

Vg = Vimsind = —wlggieq (7.34)
Vig = Vim cosé = wiy (7.35)
or else
—Lygiq —2.13 x 1073 x 148.5
tan o ~ alag _ a a and 0 ~ —30.45°

Uy 0.538
Using eqn (7.34) the angular frequency is

"~ Vim 51.n<5 _ 3772 x Slri(:3—30.45) — 604.5 rad/s
—Lgqiaq —2.13 x 1072 x 148.5

and the mechanical speed n = 30w/pr = 1443 rpm. The maximum speed with
maximum torque per ampere control is thus just less than the rated speed of
1500 r/min of the machine. Using eqn (7.34), an approximate equation for the
steady-state electromagnetic power (7.12) can be found as follows:

> (L, ) sin § (7.36)

3 .
Pom = QTd = 5 '(/)f Wilaq =

Thus,

3 y 0.538 x 377.3

which is also just less than the rated power of 75 kW of the machine.
(b) Per unit high speed.

The speed of the AFPM brushless motor can be increased beyond base
speed by increasing the current angle ¥, as shown in Fig. 7.11(b), keeping
the peak value of the sinusoidal phase current I,,, = constant. Note that
Iam =\ Z.adQ + iaq2~

At rated conditions I, = 148.5 A and V;,, = 377.3 V. The same power as
in (a), i.e. 72.45 kW must be obtained. Hence, it is clear from eqn (7.36) that
0 will be the same as in (a), i.e. 6 = —30.45°. With the machine considered

as 100% efficient, the electromagnetic power is equal to the input power
3
Pelm ~ ivlmjam COS ¢

where
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72 450
P = 0.862 d ~ 30.45° (leadi
o (3/2) x 377.3 x 148.5 and ¢ (leading)

The g—axis current 4., can now be calculated as

taqg = Lam cos(|6| + @) ~ 148.5 cos(30.45 4+ 30.45) = 72.2 A

W = |5] + ¢ = 30.45 + 30.45 = 60.9°
Using eqn (7.34) that is still valid, the angular frequency

o Vimsing _ 3773 x sin(~30.45)
T Legiag 213 x 1070 x 72.2

= 1243 rad/s

and the mechanical speed n = 30w/pr = 2967 rpm. Taking the mechanical
speed 1443 rpm in (a) as the base speed, the per unit speed is 2972/1443 = 2.0
p-u. Hence, the same power can be developed by the drive at two times base
speed by advancing the current angle ¥ from zero to almost 61°. It must
be noted that this increase in speed is very much dependent on the g-axis
synchronous inductance L, as can be seen clearly from all the equations used
above. If Ly, becomes relatively small, the speed increase will be much less.
The per unit phase reactance of the above iron-cored, slotted AFPM machine
is z5 = 0.53 p.u. For slotless and coreless AFPM machines the per unit phase
reactance is much less (typically 0.1 p.u.) and the speed increase will be little.

Numerical Example 7.3

Simulate the dqg and ABC' current response of the drive system of Numerical
example 7.2. Assume that

(a) the speed is constant at 1000 r/min;

(b) the drive is operating at maximum torque per ampere;

(c) the switching frequency of the inverter is 1.5 kHz;

(d) the dg current regulators consist only of a proportional gain K. =3 V/A.

Solution

Various software, such as PSpice and Simplorer, can be used for simu-
lating converter-fed electrical machine drives. Assuming the switching of the
inverter as ideal, Matlab-Simulink has been used in this example to simulate
the current response of the drive.

A block diagram of the simulation set-up is shown in Fig. 7.21. The simu-
lation is done as “continuous”, i.e. without any sampling and so forth like in
a digital control system. The current control is done in the dq reference frame
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Fig. 7.22. Simulated current response for step input in the g-axis current iqq: (a)
phase currents iqa, iap and iqc; (b) dg currents iqq and iaq. Numerical example 7.1.

using the current controller of Fig. 7.13. For both the d and g—axis regulators
of Fig. 7.13 a gain K. is used as shown in Fig. 7.21. The decoupling is done
as shown in Fig. 7.13 with the actual dq currents and speed as inputs. For
simulation of the inverter, the dg voltages are transformed to ABC' voltages
by using eqn (7.11). To generate the PWM phase voltages, the ABC voltages
are compared with a 1.5 kHz triangle wave (amplitude of V;;/2), by using a
subtractor (sum) and comparator (relay). The relay outputs +V;;/2. The gen-
erated PWM voltages, vapcn, are with respect to the d.c.-link midpoint N of
the inverter (see Fig. 7.18), and have to be converted to true phase voltages,
VABCn, With respect to the floating neutral point n of the machine as follows:

1
VaAn = §(2UAN — UBN — UCN)

1
UBn = §(2UBN —UCN — VAN) (7.37)
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Von = §(2UC’N — VAN — UBN)

The next step is to either solve the machine equations in the ABC or in
the dq reference frame. Using the dg reference frame, the true PWM phase
voltages must be converted back to dq voltages as shown in Fig. 7.21. Using
the machine model of Fig. 7.13, the i,q and i4q currents can be determined
and fed back to be compared with the input command currents as shown. To
obtain information of the actual phase currents, the i,4 and 7,4 currents are
transformed to ABC' currents.

The whole block diagram of Fig. 7.21 can be set up in Matlab-Simulink
using the Simulink blocks. For the machine model, eqns (7.22) and (7.23)
can directly be set-up in Simulink using integrators. To simulate the inverter
switching, the relay block can be used. All the other source and mathematical
function blocks are available in Simulink. The simulated results can be output
in various ways, in this case to the Matlab workspace.

All the machine parameters are known from Numerical example 7.2. The
mechanical speed is taken as constant at 419 rad/s (1000 rpm). For maximum
torque per ampere the dg command currents i,4" = 0 and i,,* = 148.5 A
are given as step inputs to the system (Fig. 7.21). The dg and ABC current
responses of the drive for a step input in i,," are shown in Fig. 7.22. The
effect of the switching of the inverter on the current waveforms is clear. In
this case, the g—axis current builds up to the rated current in less than 5
ms. This depends amongst others on the value of the proportional gain K.
The effect of the decoupling on the current response can be self-studied by
removing the decoupling signals in the simulation.
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Cooling and Heat Transfer

8.1 Importance of Thermal Analysis

During the operation of an electrical machine, heat is generated due to power
losses in electric and magnetic circuits and mechanical (rotational) losses. To
ensure a long operational life for the machine, these losses must be removed
as far as possible from the machine so that the temperature limitations es-
tablished for the machine materials, such as insulating materials, lubricants
and PMs are complied with. In addition to the consideration of the machine’s
operational life, a lower operating temperature reduces extra winding losses
introduced by the temperature coefficient of the electric resistance — eqn
(3.47).

Whereas extensive research has been devoted to the thermal studies of
conventional electrical machines, AFPM machines have received very little
attention [128, 245, 260]. Owing to the fact that AFPM machines possess a
relatively large air gap volume and quite often have multi-gaps, the general
perception is that AFPM machines have better ventilation capacity than their
radial field counterparts [52, 106].

Since the external diameter increases rather slowly with the increase of
output power, i.e. Doyt X /P,y (Fig. 2.16), the existing heat dissipation
capacity may be insufficient to cope with excessive heat at certain power
ratings, so that more effective means of cooling have to be enforced. Thus,
quantitative studies of the heat dissipation potential of AFPM machines with
vastly different topologies is important.

8.2 Heat Transfer Modes

Heat transfer is a complex phenomenon presenting formidable analytical dif-
ficulties. Heat is removed from an electrical machine by a combination of
conduction, radiation and convection processes to the ambient air and sur-
roundings.
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8.2.1 Conduction

When a temperature gradient exists in a solid body, such as in the copper,
steel, PMs or the insulation of an electrical machine, heat is transferred from
the high-temperature region of temperature 95, to the low-temperature re-
gion of temperature ¥, according to Fourier’s law, which is given as:

09 kA
APC — —kA£ - T (,lghot - /(9cold) (81)

where AP, is the rate of heat conduction, A is the area of the flow path, [ is the
length of the flow path and k is the thermal conductivity of the material. The
latter is experimentally determined and is relatively insensitive to temperature
changes. Thermal properties of typical materials used for AFPM machines
are given in Table 8.1, where ¢, is the specific heat of material at constant
pressure.

Table 8.1. Selected thermal properties of materials

Material Grade p Cp k
(20°C) kg/m® J/(kg °C)  W/(m °C)
Air - 1.177 1005 0.0267
Water - 1000 4184 0.63
Mica - 3000 813 0.33
Epoxy resin - 1400 1700 0.5
Copper - 8950 380 360
Aluminum Pure 2700 903 237
Alloy (cast) 2790 883 168
Steel 1% Carbon 7850 450 52
Silicon 7700 490 20-30
Permanent magnet  Sintered NdFeB 7600 to 7700 420 9

8.2.2 Radiation

The net radiant energy interchange between two surfaces with a temperature
difference is a function of the absolute temperature, the emissivity and the
geometry of each surface. If heat is transferred by radiation between two gray
surfaces of finite size, A; and As, and temperature, ¥; and Y2 (in Celsius
degree), the rate of heat transfer, AP,, may be written as

(91 + 273)% — (95 + 273)4

AP,,. =0 1= | 1 1 (82)
61‘:1 + A1F12 + 52_22.
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where o is the Stefan-Boltzmann constant, F} is the shape factor which takes
into account the relative orientation of the two surfaces and 1 and &5 are their
respective emissivities which depend on the surfaces and their treatment. An
ideal surface or body that absorbs and emits energy at maximum rate is called
black surface or body. Real surfaces or bodies are normally approximated as
gray surfaces or bodies where 0 < ¢ < 1. Some selected emissivities related to
AFPM machines are given in Table 8.2.

Table 8.2. Selected emissivities relevant to AFPM machines

Material Surface condition Emissivity, €
Copper Polished 0.025
Epoxy Black 0.87
White 0.85
Mild steel - 0.2-0.3
Cast iron Oxidized 0.57
Stainless steel - 0.2-0.7
Permanent magnet, NdFeB Uncoated 0.9

8.2.3 Convection

Convection is the term describing heat transfer from a surface to a moving
fluid. The rate of convective heat transfer, AP,, is given according to Newton’s
law of cooling as:

APU = hA(ﬁhot - ﬁcold) (83)

where h is the convection heat transfer coefficient, which is a rather complex
function of the surface finish and orientation, fluid properties, velocity and
temperature, and is usually experimentally determined. The coefficient A in-
creases with the velocity of the cooling medium relative to the cooled surface.
For a surface with forced ventilation, the following empirical relation may be
used [159], i.e.

hy = hn(l + Ch\/;) (8.4)

where hy and h,, are the coefficients of heat transfer for the forced and natural
convection respectively, v is the linear velocity of cooling medium and ¢;, ~ 0.5
to 1.3 is an empirical coefficient.

Some important formulae for evaluating convective heat transfer coeffi-
cients of AFPM machines are discussed in the following sections.
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Convection Heat Transfer in Disc Systems

The rotating disc system plays a major role in the cooling and ventilation
of the AFPM machine. Accurately determining the convection heat transfer
coefficients needs thorough theoretical and experimental investigation because
of the complexity of flow regimes.

In this section the convection heat transfer coefficients in different parts
of the AFPM machine are evaluated, exploiting a number of existing models.

M laminar turbulent
R R
Q Q \
O laminar
(a) (b)

Fig. 8.1. Free rotating disc: (a) in laminar flow, (b) transition from laminar to
turbulent flow.

Free rotating disc

The average heat transfer coefficient at the outside surface of a rotating
disc may be evaluated using the formula developed for a free rotating disc
[270], i.e.

h = —Nu (8.5)

where R is the radius of the disc and the average Nusselt number Nu is given
according to the different flow conditions as follows:

(i) For combined effects of free convection and rotation in laminar flow (Fig.
8.1a) [270]

— 2 1
U= 3(R€2 + Gr)1 (8.6)
3 3/2A
G, = 9B ; v (8.7)

where Re is the Reynolds number according to eqn (2.72), (3 is the coefficient
of thermal expansion, v is the kinematic viscosity of the fluid (m?/s) and A9
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is the temperature difference between the disc surface and surrounding air.

(ii) For a combination of laminar and turbulent flow with the transition at a
radius r. (Fig. 8.1b) [270]

Nu = 0.015Re? — 100(%)2 (8.8)
where

re = (2.5 x 10°0/02)1/? (8.9)

The angular speed {2 = 27n when n is the rotational speed in rev/s. It is
instructive to compare the heat transfer capabilities between a rotation disc
and a stationary disc. If we consider a steel disc, which has a diameter of 0.4
m and rotates at 1260 rpm., the convection heat transfer coefficient may be
calculated as 41 W/(m? °C), which is about ten times that of the same disc
at standstill. Alternatively, one can say that the effective heat dissipation area
of the same disc can be increased by a factor of 10 when the disc rotates at
the specific speed.

Rotor radial peripheral edge

The heat transfer correlations for the radial periphery of the rotor disc
are similar to those of a rotating cylinder in air. In this case the average heat
transfer coefficient is given as

hy = (k/Dgut) Nu (8.10)
where D, is the outer diameter of the rotor disc, the average Nusselt number
is given by

Nu =0.133 Re2*Pr/3 (8.11)
and Reynolds number at the disc periphery is

Rep = D2, /v (8.12)

Note that a uniform temperature distribution in the cylinder is normally
assumed when eqn (8.10) is used. Since h,, is proportional to the angular
speed (2, it may be concluded that the rotor periphery plays an increasingly

important role in the heat dissipation as {2 increases.

Rotor-stator system

As seen in Fig. 8.2, an AFPM machine consists of a number of rotating
and stationary discs. The heat transfer relations between a rotating and a
stationary disc are of paramount importance in the thermal calculations. Due



256 8 Cooling and Heat Transfer

to centrifugal effects, there is a forced flow between the two discs, which in-
creases the local heat transfer rate compared with that of a free disc. The
relative increase will depend on the gap ratio, G = g/R, where g is the clear-
ance between the rotor and the stator and R is the radius of the disc, the
mass flow rate and the rotational speed of the system [209].

Having radial channels and thick impellers, an air-cooled AFPM machine
may be regarded as a poorly designed fan from a fluid flow perspective. Its tan-
gential velocity component is much larger than the radial component. Thus,
the heat transfer rate near the rotating disc shows more dependence on the
rotational Reynolds number, Re,., given by eqn (2.72).

Owen [207] provided an approximate solution for the flow between a ro-
tating and a stationary disc, which relates the average Nusselt number to
the moment coefficient of the stator-side rotor face, C,,, by the following
equation:

Nu = Re,Cpo/7
(8.13)
CroRer® = 0.333\r

where A7 is a turbulence parameter given as a function of volumetric flow rate,
Q, as follows

_a
Ap = %Rer s (8.14)
By replacing Az in eqn (8.13) with eqn (8.14), the average Nusselt number

becomes

= Q

Nu =0.333 p— (8.15)
As discussed in [208], it has been shown that for a small gap ratio (G < 0.1)
the flow in the air-gap space between the rotor and stator can be treated as
a boundary layer. Whilst it is not absolutely true that the convective heat
transfer coefficient from the stator to the air flow is close to that of the air
flow to a rotating disc, the same heat transfer coefficient may be assumed in

the thermal circuit simulation.

8.3 Cooling of AFPM Machines

Depending on the size of the machine and the type of enclosures, different
arrangements for cooling may be used. From a cooling perspective, AFPM
machines may be classified into two categories as follows:

e machines with self-ventilation, in which cooling air is generated by a ro-
tating disc, PM channels or other fan-alike devices incorporated with the
rotating part of the machine, and
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e machines with external ventilation, in which the cooling medium is circu-
lated with the aid of external devices, for an example, a fan or a pump.

8.3.1 AFPM Machines With Self-Ventilation

The majority of AFPM machines are air-cooled. Compared with conven-
tional electrical machines, a particularly advantageous feature of disc-type
AFPM machines from a cooling perspective is that they possess inherent self-
ventilation capability. Fig. 8.2 shows the layout and active components of a
typical AFPM machine. A close examination of the machine structure reveals
that an air stream will be drawn through the air inlet holes into the machine
and then forced outwards into the radial channel as the rotor discs rotate.
The PMs in fact act as impeller blades. The fluid behaviour of the AFPM
machine is much like that of a centrifugal fan or compressor.

Fig. 8.2. Exploded view of an AFPM machine: 1 — rotor disc, 2 — stator winding,
3 — PM, and 4 — epoxy core.

The Ideal Radial Channel

According to the theory of an ideal impeller, a number of assumptions have
to be made to establish the one-dimensional model of the ideal radial channel
[78, 232]:

(a) there are no tangential components in the flow through the channel;

(b) the velocity variation across the width or depth of the channel is zero;

(c) the inlet flow is radial, which means that air enters the impeller without
pre-whirl;
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(d) the pressure across the blades can be replaced by tangential forces acting
on the fluid;
(e) the flow is treated as incompressible and frictionless.

Fig. 8.3. Velocity triangles for a PM channel.

Figure 8.3 shows a radial channel with the velocity triangles drawn at the inlet
and the outlet. It can be observed that the pressures at the inlet p; and the
outlet po, and friction Fy, make no contribution to the sum of the momen-
tum, Y My. If gravity is ignored, the general representation of conservation
of momentum takes the following form [266]:

ZMO = gt[/cv(r X v)pdV] + /cs(r x v)p(v-n)dA (8.16)

where r is the position vector from 0 to the elemental control volume dV and
v is the velocity of the element.

For steady-state, one-dimensional air flowing between the entrance and
exit of the channel, eqn (8.16) may be simplified as:

ZM{) = T() = (Rout X U2)Th2 — (Rzn X ll]_)ml (817)

where mo = 11 = pQ, u1 = 2R;, and us = 2R,y,:. The input shaft power
P;,, is then given by:
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Re-arranging the above equation gives:

PL"IL
Q

Based on the principle of conservation of energy, the input shaft power may
be given as:

= pQQ (Rgut

- R) (8.19)

. — w2—w2
P :m(pzpp1+ Lo s a U 1) (8.20)

If the potential (22 — z1) and internal energy (Us — Uy) (friction) are ignored,
eqn (8.20) may be written in the same units as eqn (8.19) as:

P, wi — w?

g —(P2mp)tp—o—
If equations (8.19) and (8.21) are equated and noting that wy = Q/A; and
wy = Q/As, where A; and A, are the cross-section areas of the inlet and outlet
of the channel respectively, the pressure difference Ap between the entrance
and exit of the radial channel (shown in Fig. 8.3) may be expressed as:

(8.21)

1 1
Ap = po—p1 = p@*(R%, — R2) — B(=5 — =)@ (8.22)

Eqn (8.22) may be termed the ideal equation describing the air flow through
the radial channel.

Relative eddy

Fig. 8.4. The relative eddy in the PM channel.
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The Actual Radial Channel

The actual characteristics of a hydraulic machine differ from the ideal case
owing to two reasons: (i) the uneven spatial distribution of velocities in the
blade passages, and (ii) the leakage and recirculation of flow and hydraulic
losses such as friction and shock losses. These are completely different issues
[78] and shall be dealt with separately.

Slip factor

As a result of the unbalanced velocity distribution of the leading and trail-
ing edges of a PM channel and the rotation effects [232], there exists, according
to Stodola [198, 232], a relative eddy within the blade passage shown in Fig.
8.4. This results in the reduction of the tangential velocity components and
is called slip, which is usually accounted for using a slip factor. For approxi-
mately radial blades, the Stanitz slip factor ks (80° < (2 < 90°) is

ks =1—0.637/ny (8.23)

where (5 is the blade angle at exit and n; is the number of the blades. When
applying a slip factor, the pressure relation (8.22) becomes

p, 1 1

AR (8.24)

Ap = p2*(ksR%,, — RZ2) +

out

Total flow Q, leakage flow Q,

-

Fig. 8.5. Leakage flow in an AFPM machine (not to scale).
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Shock, leakage and friction

Energy losses due to friction, separation of the boundary layer (shock loss)
and leakage should also be considered in the flow analysis. As illustrated in
Fig. 8.5, if the total volumetric flow rate through the PM channel is @)y, the
pressure difference between the PM exit and the entrance will cause a leakage
or recirculation of a volume of fluid @Q;, thus reducing the flow rate at outlet to
Q = Q:— Q. The Q) is a function of mass flow rate and discharge and leakage
path resistances. The leakage flow reaches its maximum when the main outlet
flow is shut.

These losses can be accounted for by introducing a pressure loss term Ap; in

eqn (8.24) as follows [232]

p, 1
(

1
Ap = p*(ksR%,, — R}) + ~(—5 — —5)Q% — Ap, (8.25)
out mn 2 A% A%

System losses

As the air passes through the AFPM machine, the system pressure loss
due to friction must be taken into account. The sum of these losses is given
by:

pQ° = ki
Appr =522 — 8.26
where k; and A; are the loss coefficient and the cross section area of the flow
path 7 respectively.
There are a number of sections through which the air flows in the AFPM

machine (see Fig. 8.6). They are:

(1) entry into the rotor air inlet holes;

(2) passage through rotation short tube;

(3) bending of air from pipe to annulus (90°);

(4) round bend air passage (90°);

(5) contraction of air in the tapering passage;

(6) bending of air through the 90° elbow;

(7) entry to the permanent magnet channels;

(8) expansion of air through the tapering enlargement;

(9) abrupt expansion of the air on the exit of the channel;

(10) expansion as the air leaves the opening of the parallel rotor discs.

The loss coefficients associated with each section in eqn (8.26) are given in
[61, 188, 198]. When the section is not circular, use is made of the hydraulic
diameter to characterise the cross section. The hydraulic diameter is defined
as D, = 4A/p where A is the cross-sectional area of the flow path and p is
the wetted perimeter.
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Fig. 8.6. System losses of an AFPM machine.

The loss coefficient for a pipe is given by AL/d where A is a friction factor
obtained as a function of Reynolds number Re and surface roughness from a
Moody diagram [190]. To facilitate numeric calculations, the Moody diagram
may be represented by [61]:

A =8{(8/Re)'? + (X +Y) 3}z
X = {2457 In{(7/Re)*® + 0.27y/D} 1 }16 (8.27)

Y = {37530/ Re}'°

where Re = FJZ—;Q and where v is the equivalent sand grain roughness [61].

Characteristics

It is now possible to relate the theoretical prediction obtained from the ideal
flow model to the actual characteristic by accounting for the various losses
discussed above.

Assuming that the AFPM machine (shown in Fig. 8.1) operates at a con-
stant speed of 1200 rpm, the ideal developed pressure characteristic for a
radial channel is a function described by eqn (8.22) as shown in Fig. 8.6. Af-
ter introducing the slip factor, the resultant curve is shown as a dotted line as
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eqn (8.24). It was not possible to obtain a suitable correlation in the literature
[248] for the pressure loss due to shock and leakage as was the case for the
slip.

500

400

Ap 300 -
(Pa)
“—Apy (eqn (8.26))
200
eqn 8.29)—Apy
100 a/cxperimcntal curve |
b N
0
0 0.006 0.012 0.018
Q (m’/s)

Fig. 8.7. Losses and characteristic curves at 1200 rpm.

The calculated characteristic curve without considering shock and leakage
losses, i.e. eqn (8.24)-Apy, shown in Fig. 8.7, is significantly higher than the
experimental one. The shaded area in Fig. 8.7 represents the shock and leakage
losses. It can be seen that at low flow rates the shock and leakage losses are
greater but tend to zero at the maximum flow rate. This has been discussed
and experimentally validated in [260].

The derived characteristics describes the pressure relations of a single ro-
tating PM disc facing a stator. For a double-sided AFPM machine with two
identical coaxial rotating discs (Fig. 8.2) operating on the same stator, the
characteristic curve presented in Fig. 8.7 represents only half of the AFPM
machine. The characteristic curve of the whole machine may be obtained by
adding flow rate at the same pressure, which is similar to two identical fans
in parallel.

Flow and Pressure Measurements

Due to the nature and complexity of thermofluid analysis, the form of the
system characteristics curve can at best be established by test. Depending
on the machine topologies and size, the measurements may be taken either
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at the air inlet or outlet. The AFPM machine under test is normally driven
by another motor. Fig. 8.8 shows the experimental arrangements of the flow
measurements at the machine outlet, in which a discharge duct is set up to
provide good conditions for observing the flow. Along one side of the duct,
several tapping points were made for measuring the static pressure with a
pressure gauge (manometer). Near the outlet of the duct, provision was made
for measuring velocity using a hot-wire anemometer probe.

Fig. 8.8. The experimental set up. 1 — manometer, 2 — AFPM machine, 3 —
discharge duct, 4 — prime mover (drive machine), 5 — pressure tapping point,
6 — wind speed probe. Photo courtesy of the University of Stellenbosch, South
Africa.

To vary the flow rate, the test duct was fitted at its outer end with an
obstruction. The test was started with no obstruction at the end of the dis-
charge duct. The only resistance was then the duct friction, which was small
and could be readily computed out of results. As the end of the duct was ob-
structed progressively, the flow was reduced and the static pressure increased
to a maximum at zero volumetric flow rate. The static pressure difference Ap
is measured as a function of volumetric flow rate QQ = A x v for different motor
speeds, where v is the linear speed.

The air flow-rate measurement can also be carried out by measuring inlet
air pressure difference Ap, which is then used for calculating mass flow-rate
mh according to the following equation:

m = /2pAp Ay (8.28)
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Fig. 8.9. Flow measurement at the air intake of AFPM machine. 1 — Prime mover
(drive machine), 2 — inlet duct, 3 — bell mouth, 4 — manometer, and 5 — pressure
tapping point. Photo courtesy of the University of Stellenbosch, South Africa.

where Ay is the cross section area of the inlet duct. Fig. 8.9 shows the setup
of the flow measurement. A specially designed inlet duct with a bell mouth
was mounted to the inlet (hub) of the AFPM machine. A few tapping points
were made on the inlet duct for pressure measurements. The pressure drop
through the bell mouth and inlet duct may often be assumed negligible.

8.3.2 AFPM Machines With External Ventilation

For medium to large power AFPM machines, the loss per unit heat dissipation
area increases almost linearly with the power ratings. Thus the forced-cooling
with the aid of external devices may be necessary. Some common techniques
are described as follows.

External Fans

Large AFPM machines may require a substantial amount of air flow per unit
time in order to bring out the heat generated in the stator windings. De-
pending on the operation conditions obtained on site, either an air-blast or a
suction fan may be used as shown in Fig. 8.10. In both cases, intake and/or
discharge ducts are needed to direct and condition the air flow. Since the inlet
air temperature, for a given volumetric flow rate, has a significant effect on the
machine temperature, this cooling arrangement can also help prevent recir-
culation of hot air should the machine operate in a confined space (e.g. small
machine room). For high speed AFPM machines, a shaft-integral fan may be
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AFPM machine

air discharge duct with fan

air inlet duct

air flow direction

Fig. 8.10. AFPM machine with external air cooling.

a good option. Fig. 8.11 shows the assembly of a large power AFPM machine
developed in the Department of Electrical and Electronic Engineering at the
University of Stellenbosch, South Africa, in which the rotor hub part serves as
both cooling fan and supporting structure for the rotor discs. It can be seen
that the “blades” of the hub are not curved as the machine may operate in
both directions of rotation.

Fig. 8.11. Configuration of the AFPM machine with shaft-integral fan.

Heat Pipes

The concept of a passive two-phase heat transfer device capable of transferring
large amount of heat with a minimal temperature drop was introduced by R.S.
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Gaugler of the General Motors Corporation in 1942. This device received
little attention until 1964, when Grover and his colleagues at Los Alamos
National Laboratory, NM, U.S.A., published the results of an independent
investigation and first used the term heat pipe. Since then, heat pipes have
been employed in many applications ranging from temperature control of the
permafrost layer under the Alaska pipeline to the thermal control of optical
surfaces in spacecraft.

A typical heat pipe consists of a sealed container with wicking material.
The container is evacuated and filled with just enough liquid to fully saturate
the wick. A heat pipe has three different regions, namely (i) an evaporator
or heat addition region of the container, (ii) a condenser or heat rejection
region, and (iii) an adiabatic or isothermal region. If the evaporator region is
exposed to a high temperature, heat is added and the working fluid in the
wicking structure is heated until it evaporates. The high temperature and the
corresponding high pressure in this region cause the vapour to flow to the
cooler condenser region, where the vapour condenses, dissipating its latent
heat of vaporisation. The capillary forces existing in the wicking structure
then pump the liquid back to the evaporator. The wick structure thus ensures
that the heat pipe can transfer heat whether the heat source is below the
cooled end or above the cooled end.

finned surface

/'

heat pipe stator

Fig. 8.12. AFPM machine cooled by heat pipes.

A heat pipe presents an alternative means for removing the heat from the
AFPM machine. The heat pipe in an AFPM machine may be configured as
shown in Fig. 8.12. Heat is transferred into the atmosphere through the finned
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surface. The finned surface is cooled by air moving over the fins. The heat loss
removed by the heat pipe, APy, is given by [235]:

79 ot — ﬁco
APy, = —— hot b (8.29)

hhot Anot + heotdAcold + NeinhfinAfin

where ¥, is the average temperature of the elements that surround the heat
pipe in the stator, ¥4 is the average temperature of the air cooling the finned
surface, hjpo is the convective heat transfer coefficient on the inside wall of
the heat pipe in the stator, Ap.: is the exposed area of the heat pipe in the
stator, h..q is the convection heat transfer coefficient on the inside wall of
the heat pipe in the finned area, A.,q is the exposed area of the heat pipe
at the finned surface, 7y, is the efficiency of the finned surface, hy;, is the
convection heat transfer coefficient on the surface of the fins and Ayg;, is the
total exposed area of the finned surface.

Direct Water Cooling

Depending on the conditions at the site of operation, it is often necessary to
use forced water circulation to cool the stator windings directly, especially
for large power AFPM machines. An external water pump is required for
forcing water circulation. A longitudinal section of a water cooled double-
disc motor has been shown in Fig. 2.7. For AFPM machines with an internal
iron core stator, an ideal location of placing cooling channel is around the
outer periphery of the stator disc, where the effective heat transfer area is the
largest. For coreless winding AFPM machines, the winding coils may have a
rhomboidal shape so that the space between the two active sides of each coil
may be utilised for placing a cooling water duct [45].

The heat removed through cooling pipes can be calculated by using eqn
(8.29). However, the heat transfer coefficients, hpot and heoq, are calculated
using the following relationships:

(i) for laminar flow, i.e. Req = 224 < 2000, where v is the flow velocity and

d is the diameter of the water pipe, the Nusselt number may be obtained
using following empirical relation [124]

1 d 1
Nug = 1.86(RedPr)§(L—)§(Mi)0'l4 (8.30)
P w

where L, is the length of the water pipe, p and p,, are the dynamic
viscosity of water at inlet and wall temperature respectively.
(ii) for turbulent flow, i.e. Regq = %‘i > 2000, the Nusselt number may be

calculated as [134]

Nug = 0.023Re;"® Prm (8.31)

where
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n— 0.4 for heating of the water,
1 0.3 for cooling of the water.

8.4 Lumped Parameter Thermal Model

Lumped-parameter circuits, consisting of a network of thermal resistances,
thermal capacitances, nodal temperatures and heat sources, have been used
extensively to represent the complex distributed thermal parameters of elec-
trical machines [84, 159, 245].

8.4.1 Thermal Equivalent Circuit

A thermal equivalent circuit is essentially an analogy of an electrical circuit,
in which the heat (analogous to current) flowing in each path of the circuit is
given by a temperature difference (analogous to voltage) divided by a thermal
resistance (analogous to electrical resistance). For conduction, the thermal
resistance depends on the thermal conductivity of the material, k, and the
length, [, and cross-sectional area, Ay, of the heat flow path and may be
expressed as

l

Ry =— 8.32
CT Agk (8.32)
Thermal resistances for convection is defined as:
R = - (8.33)
° A.h '

where A, is the surface area of convective heat transfer between two regions
and h is the convection coefficient.
The thermal resistance for radiation between two surfaces is

1—eq + 1 + l—eo
R. = 14 A1 F1o €2Ao
" o[(9 4+ 273) + (99 + 273)][(91 + 273)2 + (99 + 273)2]

(8.34)

It is seen that the radiation thermal resistance in eqn (8.34) depends on the
difference of the third power of the temperature, the surface spectral property
¢ and the surface orientation taken into account by a form factor F'.

The thermal circuit in the steady state consists of thermal resistances
and heat sources connected between motor component nodes. For transient
analysis, the thermal capacitances are used additionally to account for the
change of internal energy in the various parts of the machine with time. The
heat capacitance is defined as:

C =pVe, =me, (8.35)



270 8 Cooling and Heat Transfer

where ¢, is the heat capacity of the material, p is the density, and V" and m are
the volume and mass of the material respectively. Fig. 8.13a shows a sectional
view of an AFPM machine with a coreless stator. It can be observed that
the AFPM stator is symmetrical from a heat transfer perspective and each
half of the machine from the centre line mirrors the other half. It is therefore
reasonable to model only half of the machine as shown in Fig. 8.13b.

stator i 9, 3,
. ’hcn'gnu: _T_ A A
L L C, L 1
R,= =R, T f\PFVGD I "RE IR,
|
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AP T
Clg ! R, g TN T
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AP, R,y s
fﬁ half stator air gap |riwp g, magnet  rotor disc

(a) (b)

Fig. 8.13. The thermal resistance circuit of an AFPM brushless machine with
coreless stator.

The heat source terms APy,,, AP., APpy; and AP, stand for winding losses
(2.49), eddy current losses in one half of the stator winding (2.68), losses in
PMs (2.61) and rotational losses (2.70) per one rotor disc respectively. C,
C,, and C. are the thermal capacitances of stator, PMs and rotor steel disc
respectively. The heat resistances used in the circuit are described in Table
8.3.

In the lumped parameter thermal circuit analysis, it is often assumed that
the temperature gradients within certain part of the machine is negligible. This
assumption can only be made if the internal resistance to heat transfer is small
compared with the external resistance [124]. The Biot number, B;, is often
used for determining the validity of this assumption. In the case that internal
conduction resistance is compared with external convection resistance, B; is
defined as:

>

L
ks
where k; is the thermal conductivity of the solid material, L is the character-

istic length of a solid body and h, is the convection heat transfer coefficient.
The criterion B; < 0.1 ensures that the internal temperature will not differ

B; = (8.36)
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Table 8.3. Definition of thermal resistances

Symbols Definition
R Convection resistance from stator end-winding to open air
Reo Convection resistance from stator to air-gap
Res Convection resistance from air-gap to permanent magnets
Rea Convection resistance from air-gap to rotor disc plate
Res Convection resistance from rotor disc to open air
Res Convection resistance from rotor radial periphery to open air
R Radiation resistance from stator end-winding to environment
Rro Radiation resistance from stator to permanent magnets
Ry3 Radiation resistance from stator to rotor disc
Rya Radiation resistance from rotor radial periphery to environment
Ra1 Conduction resistance from PMs to rotor disc

from that at the surface of a solid body by more than 5% [190], and thus is
frequently used.

8.4.2 Conservation of Energy

If conservation of energy is applied, the rate of internal energy change in each
part of a machine (also called control volume) may be written as follows:

AU Av . .
Tt = CA_t = A-Pzn - APout + Mintin — Moutlout (837)
where U is the internal energy, i is the mass flow rate and ¢ is the enthalpy

and C' is the thermal capacitance of a control volume.

For steady-state conditions, % = 0 and therefore,

0= AP)’L’!L - APout + m’L’rLZ’LTL - moutiout (838)

These equations are applied to each part (the stator, air gap, PM and rotor
disc) of the AFPM machine to obtain a set of equations with the temperatures
of the parts being the only unknowns. This set of equations is rather complex
but is readily solved using for example, the Gauss-Seidel iteration. It should
be noted that the term (115,955 — Moutlont) in the above equations represents
internal heat removed due to the air flow pumped through the machine. This
air flow is of paramount importance to the cooling of the machine. The deter-
mination of the air gap temperature in the thermal equivalent circuit is only
possible if the mass flow rate through the air gap can be somehow predicted,
hence the necessity of using the fluid-flow model described in section 8.3.1.
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8.5 Machine Duties

Depending on the load conditions, there are mainly three types of duties or
operation modes for all the electrical machines, i.e. continuous duty, short-
time duty and intermittent duty.

8.5.1 Continuous Duty

When an electrical machine operates for a long period so that the tempera-
tures of various parts of the machine reach steady-state at a given ambient
temperature, this operation mode is called continuous duty. Due to the dif-
ferent physical properties, the final stablised temperatures in various parts of
the machine may vary greatly. The machine can be continuously operated for
an infinitely long time without exceeding the temperature limits specified for
each component of the machine. When only the solid parts of the machine are
considered, the air flow term in the eqn (8.37) is ignored. The temperature rise
versus time relationship in a control volume of the machine may be derived
based on the theory of solid body heating as [159]:

Uo=AP R(1—e )40, e " (8.39)

where R is the thermal resistance, 7 = RC is the thermal time constant, C
is the thermal capacitance , AP is the heat loss flow, and 1, is the initial
temperature rise of the control volume . In a case where 9, = 0, the above
equation is simply:

¥.=AP R(1—e"7) (8.40)

According to the properties of an exponential function, the final temper-
ature rise U,y = AP x R. Fig. 8.14a shows the typical transient temperature
response of an AFPM machine operated continuously.

8.5.2 Short-Time Duty

Short-time duty means that machine operates only within a short specified
period followed by a long period of rest or no-load condition. The operation
time is so short that the machine does not attain its steady-state temperature,
and the machine practically returns to its cold state after a long period of rest.
Given the operation time tg, the temperature rise of the machine can be found
by using eqn (8.40) as
B, =APR(1—e %)=ty (1—ec ) (8.41)
Compared with continuous duty, it is obvious that ¥, < ¥.y. This implies
that the permissible load for the same machine in short time duty can be
1/(1—e~7) times greater than that in continuous duty. Fig. 8.14b shows the
typical temperature rise curve for short time duty machines.
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Fig. 8.14. Characteristic temperature curves of AFPM machines for different op-
eration modes: (a) continuous duty, (b) short-time duty, (c¢) intermittent duty.

8.5.3 Intermittent Duty

The intermittent duty is characterised by short-time operations alternated
with short-time pause intervals. Suppose a machine operates for a short period
of t,, and then stops for a period of ¢,g, the cycle t., is then t.y = ton + tog-
The duty cycle d., may be defined as:

ton

dey fon + tog (8.42)

The temperature rise of the machine ¥J; during the ¢,,, period can be calcu-

lated by using eqn (8.39) provided that thermal time constant and the steady-

state temperature rise for continuous operation duty are known. During the

Lo period, the machine loss AP = 0 and the machine’s temperature decreases

according to an exponential function, i.e. ﬁie_toﬁ/ " before the second cycle
sets in.

After many subsequent cycles, the machine’s temperature variation be-

comes uniform and tends to be within a certain limited range (see Fig. 8.14c).
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Under the same load and cooling condition, the maximum stablised temper-
ature of a machine in intermittent operation duty is smaller than that in
continuous duty. Hence, similar to short-time operation duty, a machine op-
erated in intermittent duty has overload capacity.

Numerical Example 8.1

A self-cooled 8-pole, 16-kW AFPM generator with an ironless stator as shown
in Fig. 8.2 will be considered. The outer diameter is D, = 0.4 m and the inner
diameter is D;, = 0.23 m. The magnet width-to—pole pitch ratio a; = 0.8
and thickness of a rotor disc d = 0.014 m. The measured flow characteristic
curves are shown in Fig. 8.15. At rated speed 1260 rpm, the total losses are
1569 W, of which (i) rotational losses AP,.,; = 106 W; (ii) eddy current losses
in the stator AP, = 23 W; (iii) stator winding losses (rated) APy, = 1440 W.
Find:

(a) Convective heat transfer coefficients of the disc system
(b) Steady-state temperatures at different parts of the machine.
Solution

(a) Convective heat transfer coefficients of the disc system

The dynamic viscosity, density and thermal conductivity of air are assumed
to be p = 1.8467 x 107> Pa s, p = 1.177 kg/m? and k = 0.02624 W /(m °C)
respectively in the following convective coefficients calculations.

Convection coefficient: outside rotor disc surface

At rated speed, the Reynolds number according to eqn (2.72) is

D? 27 x 1260/60 x 0.42

QD3
= out 1.1 = 4.
Re = p= ¢ 1T X = e = 3363847

According to eqn (8.9) the transition between laminar and turbulent flow
takes place at

[25 100 _ [2.5x 109 x 1569 x 105 _ . Dou
c = = = . m
" 9, 27 x 1260,/60 2

The average Nusselt number of the disc according to eqn (8.8) is

2r.

Nu=0.015 x Re5 — 100 x ( )

out
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2% 0.172\?
— 0.015 x 336384.7F — 100 x <XO4) —321.9

The average heat transfer coeflicient at the outer surface of the disc according
to eqn (8.5) is

k 0.02624

=" X Nu=-—"""""x321.9=1422 W/(m2°
Dom/zx u 0.2 x 321.9 /(m* °C)

Tipr

Convection coeflicient: rotor disc peripheral edge

The Prandtl number is taken as Pr = 0.7 (Atmospheric pressure, 25 °C). The
Reynolds number at disc periphery according to eqn (8.12) is

D2

per — oDbu _ 2mx 1260 04
D: =
14

60 1560105 1000388

The average Nusselt number according to eqn (8.11) is

Nu=0.133 x Rep? x Pri = 0.133 x 1345538.8% x 0.75 = 1439.3

The average heat transfer coefficient around the radial periphery according to
eqn (8.10) is

— k — .02624
hy = ><Nu:006

— 2 o
V= o ¥ 14303 =044 W/(m” °C)

Convection coefficient: rotor-stator system

The volumetric flow rate of the machine at rated speed can be looked up from
Fig. 8.15. Assuming equal flow on both sides of stator, the equivalent flow
rate is taken as @ = 0.013 m3/s. The average Nusselt number according to
eqn (8.15) is

Q 0.013

=0.333 x = 440

Nu=0333——2
" T0(Dout/2) 71.566 x 105 x (0.4/2)

The average heat transfer coefficient between two discs according to eqn (8.5)is

T = 2k « Nu — 2 % 0.02624

Doyt 0.4

x 440 = 57.7 W/(m? °C)

(b) Steady-state temperatures at different parts of the machine

If the radiation from the rotor disc to ambient, the convection from the stator
overhang to air flow, and the conduction resistance between magnets and
rotor are ignored, the generic thermal equivalent circuit given in Fig. 8.13 is
simplified as shown in Fig. 8.16.
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Fig. 8.15. Measured characteristic curves of the AFPM machine. Numerical exam-
ple 8.1.
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Fig. 8.16. Simplified thermal equivalent circuit. Numerical example 8.1.
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The convection heat transfer resistance between the stator and air flow in the
air gap is

1 1
Rer = = = = 0.223 °C/W
' hpax Z(D2,, — D2,)  57.7x 5(0.4% — 0.232) /

The radiation heat transfer resistance between the stator and rotor discs is

1—e; 1 1—es
e1 A + A1 Fyo + 2o

= o[(91 + 273) + (93 + 273)][(91 + 273)2 + (U2 + 273)2]

er

in which the areas of both discs can be taken as the same, i.e. A] = Ay =
(D2, — D?)) = 0.084 m?, the shape factor Fy» = 1, the Stefan-Boltzmann
constant o = 5.67 x 1078 W/(m? K*), the emissivity of epoxy encapsulated
stator e; = 0.85. Since part of the rotor disc is covered with PMs, the emissiv-
ity of the rotor disc is defined based on the proportion of different materials,

i.e.
g2 =€fe; + pm(l — ;) =03 % 08409 x (1 -0.8) =0.42

Apparently R, is a function of ; and 95, an iterative approach has to be
used to solve R, for different temperatures.
According to conservation of energy, the steady-state energy equation for
control volume 1 can be written as

e R el

1
—(APy, + AP,) — - -0 8.43
5 (AP1 + APe) o o (8.43)

Control volume 2 (air gap)

The convection heat transfer resistance from air gap to the rotor disc may be
taken as the same as that from stator to air gap, i.e. R.o = R.1. The mass flow
rate mm = pQ = 1.177 x 0.013 = 0.0153 kg. Assume that the air temperature
at the machine inlet is ambient temperature, i.e. ¥;, = 9, and the air gap
average temperature 1 = %(ﬂout + 9in). The heat dissipated due to the air
flow is

moutiout - miniin =1m Cp (ﬁout - 19171) =2m Cp (192 - 190,)

=2 x 0.0153 x 1005 x (¥ — 20)
The steady-state energy equation for control volume 2 is

91—V Yo Vs

—2 % 0.0153 x 1005 x (95 — 20) = 0 8.44
o o (92 — 20) (8.44)
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Control volume 3 (rotor disc)

The convection heat transfer resistance at the outside surface of the disc is

4 4
Rz = =

5 = 5 = 0.1877 °C/W
hprm Doy 424 x ™ x 04

The convection heat transfer resistance at the periphery of the disc is

ho 1 B 1
T R 7 Doy d 944X 7 x 0.4 x 0.014

= 0.602 °C/W
The steady-state energy equation for control volume 3 is

192—193+191—193 1 U3 —Vq U3—1a

—AP,or — =0 8.45
Rc2 er * 2 ‘ RCB Rc3p ( )

Having established the energy equations (8.43),(8.44) and (8.45) for each part
of the machine, the steady-state temperatures can be found by solving these
equations. Due to the temperature dependency of R,;, a simple computer
program using Gauss Seidel iteration has been created to find the solutions
of the equations. The results are given in Table 8.4.

Table 8.4. Predicted temperature rises

Machine parts Temperature rise, °C
Stator winding, ¢ 114.9
Air-gap flow, Y2 21.35
Rotor disc, 93 18.32

Numerical Example 8.2

A totally enclosed AFPM brushless machine has a power loss of APy, =2500
W in the stator winding at continuous duty. The machine’s outer and inner
diameters are Dy, = 0.72 m and D;,, = 0.5 m respectively. To remove the
heat from the stator, use is made of heat pipes for direct cooling of the motor
as shown in Fig. 8.12. The convection heat transfer coefficients on the inside
wall of heat pipes in the stator and in the finned area are assumed to be
h = 1000 W/(m? °C). The average convective heat transfer coefficient on the
fin surface is taken as h i, = 50 W/(m? °C). The finned surface has an overall
area of Ay, = 1.8 m? and an efficiency of Npin = 92%. The length of heat
pipe embedded in the finned surface is {74, = 1.5 m. Find:

(a) Steady-state temperature of the stator winding if the heat pipe with a
diameter Dy, = 9 mm is placed along the average radius of the stator
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(b) Steady-state temperatures of the stator winding if the heat pipe is replaced
by a d = 9 mm water cooling pipe, in which water (with an average
temperature of 60°C) flows at v,, = 0.5 m/s.

Solution

(a) Steady-state temperature of the stator winding if the heat pipe with a
diameter Dy, = 9 mm is placed along the average radius of the stator

Assuming the outside wall of the heat pipe is in full contact with the stator
winding and finned surface, the exposed area of the heat pipe in the stator
will be

(Dout + Dzn)

T 7(0.72+ 0.5

= 0.0097 x = 0.0542 m?

The exposed area of the heat pipe embedded in the finned surface will be

Acotd = ™Dpplyin, = 0.0097 x 1.5 = 0.0424 m?

Assuming the temperature of cooling air over the finned area to be ¥.,q =
30°C, the steady-state temperature of the stator may be obtained by using
eqn (8.29)

1 1 1

U =1 AP,
stater cotd hp(hhotAhot hcoldAcold * nfznhfznAfzn

1 1 1
1000 x 0.0542 * 1000 x 0.0424 + 0.92 x 50 x 1.8

= 30 + 2500( ) =165.3 °C
(b) Steady-state temperatures of the stator winding if the heat pipe is replaced
by a water cooling pipe of diameter d = 9 mm, in which water flows at 0.5 m/s.

The Reynolds number is first calculated to determine the flow regime. The
properties of water at 60°C are p = 983.3 kg/m?, ¢, = 4179 J/(kg °C), p =
4.7x107* Pas, k = 0.654 W/(m °C), Pr = uc,/k = 4.7x10~1x4179/0.654 =
3, Req = pvyd/(2u) = 983.3 x 0.5 x 0.009/4.7 x 10~% = 9414.6 > 2000, so
that the flow is turbulent. Thus, the Nusselt number for the heating of the
water is

Nugp = 0.023Re® Pro4 = 0.023 x 9414.6%% x 3°* = 53.9

while the Nusselt number for the cooling of the water is

Nugp, = 0.023Re® Pro? = 0.023 x 9414.6%% x 3°% = 48.3
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The convection heat transfer coefficients of the water pipe inside the stator
hpot and in the finned area h.,q are calculated as

k Nug, —0.654 x 53.9 ,
Bhor = - = 3916.7 W/(m? °C
hot d 0.009 /(m”2C)

k Nug.  0.654 x 48.3

— _ 20
heotd = —— 0o = 39098 W/ (m? °0)

The steady-state temperature in the stator can be calculated as in (a) with
the exception that the heat transfer coefficients are different

1 1 + 1
hhotAhot hcoldAcold nfznhfznAfzn

'lgstator = ﬁcold + A-Php(

1 1 1
3916.7 x 0.0542+3509.8 X 0.0424+0.92 x 950 x 1.8

= 30+ 2500 ) = 88.8°C
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Applications

9.1 Power Generation

Brushless PM electrical machines are the primary generators for distributed
generation systems. They are compact, high efficient and reliable self-excited
generators. The distributed generation is any electric power production tech-
nology that is integrated within a distribution system. Distributed generation
technologies are categorized as renewable and nonrenewable. Renewable tech-
nologies include solar, photovoltaic, thermal, wind, geothermal and ocean as
sources of energy. Nonrenewable technologies include internal combustion en-
gines, combined cycles, combustion turbines, microturbines and fuel cells.

AFPM brushless generators can be used both as high speed and low speed
generators . Their advantages are high power density, modular construction,
high efficiency and easy integration with other mechanical components like
turbine rotors or flywheels. The output power is usually rectified and then
inverted to match the utility grid frequency or only rectified. A method for
active output voltage regulation in an AFPM automotive alternator by means
of mechanical flux weakening is proposed in [34].

9.1.1 High Speed Generators

Although the minimization of windage losses of high speed generators requires
rotors with small diameters, a multidisc design has the advantages of modular
and compact construction, low synchronous reactance, good voltage regulation
and very high efficiency in the case of coreless stators.

A multidisc AFPM high speed generator is usually driven by a gas micro-
turbine . The turbine rotor and PM rotors are mounted on the same shaft.
Such a generator has compact construction, low mass and very high efficiency.

According to TurboGenset Company, U.K., a 100-kW, 60 000 rpm mul-
tidisc generator has an outer diameter of 180 mm, length of 300 mm and
weighs only 12 kg (Fig. 9.1)!. The high frequency output is rectified to d.c.

! ULEV-TAP Newsletter, No. 2, 2000, www.ulev-tap.org
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Fig. 9.1. 100-kW, 8-disc AFPM synchronous generator. Courtesy of TurboGenset,
London, U.K.

and then inverted to 50, 60 or 400 Hz a.c. (Fig. 2.20). The generator is totally
air cooled.

Armed forces are interested in applications of microturbine driven PM
synchronous generators to battery chargers for soldiers. The low energy den-
sity of portable bagpack batteries imposes a major constraint and challenge
to future infantry operations. With recent advancement in PM brushless ma-
chine technologies, a lightweight miniature generator set can minimize the

X \\\QEN

Fig. 9.2. High speed AFPM synchronous generator integrated with the rotor of a
microturbine. 1 — SmCo PM, 2 — backing steel ring, 3 — rotor of microturbine,
4 — nonmagnetic retaining ring, 5 — stator winding, 6 — stator core.
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mass of heavy batteries and charge them during field operations. A miniature
generator can deliver electric power for a long period of time limited only by
the fuel availability. Easy and rapid refueling can be done in the field by using,
e.g. kerosene. Fig. 9.2 shows a tiny microturbine integrated with a miniature
AFPM synchronous generator. At speed 150 000 to 250 000 rpm and outer
diameter of PM ring D,,; ~ 50 mm, the generator can deliver about 1 kW
electric power.

Table 9.1. Specifications of five phase Kestrel AFPM synchronous generators

Type of generator KestreLL 600  KestreLL 800  KestreL. 2000
Rated power, W 400 at 12.5m/s 800 at 11.5m/s 2000 at 10.5m/s
Maximum power, W 600 at 14.5m/s 850 at 12m/s 2200 at 11m/s
Number of poles 2p 48 48 200
Generation steps 2 2 4
Rated wind speed, m/s 12.5 11.5 10,5
Cut in wind speed, m/s 2.5 2.5 2.2
Rated rotational speed, rpm 1100 1010 925
Rotor diameter, m 1.2 2.1 3.6
Number of blades 6 3 3
Type of blade Basic aerofoil Full aerofoil
Tower top weight, kg 23 35 80
Lateral thrust, N 250 300 450
Speed control Self stall Dynamic tail
Standard rectified d.c. voltage, V 12, 24, 36, 48 48
Protection 1P55
2500
Ki 000 —
2000 Ke 0 7

s Kestrel 600 /

E 1500 //

= /

£ 1000 s

8 /

500 7 ~
/
~ (m/s)
0

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 9.3. Output power versus wind speed of Kestrel AFPM synchronous generators.
Courtesy of Kestrel Wind Turbines, South Africa.
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Fig. 9.4. Stator and rotor of a medium power AFPM generator with inner coreless
stator and twin external rotor: (a) stator coils, (b) rotor disc with NdFeB PMs.
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9.1.2 Low Speed Generators

A low speed AFPM generator is usually driven by a wind turbine. With wind
power rapidly becoming one of the most desirable alternative energy sources
world-wide, AFPM generators offer the ultimate low cost solution as compared
with e.g. solar panels. Table 9.1 shows specifications of five-phase AFPM
synchronous generators manufactured by Kestrel Wind Turbines (Pty) Ltd,
Gauteng, South Africa. All three types of Kestrel generators use laminated
cores. The Kestrel. 2000 is a double-sided AFPM generator with twin rotors.
The KestrelL 600 generator rated at 400 W is in fact capable of delivering
power in excess of 600 W. Controlled by a shunt regulator the maximum
charging current is 50 A into a 12 V d.c. battery bank. At wind speeds of
52.2 km/h, which translates into 14.5 m/s (28.2 knots) and rotational speed
of 1100 rpm, the power output is 600 W (Fig. 9.3).

Figure 9.4 shows a medium-power AFPM generator with twin external
rotor and inner coreless stator for a 5-m blade diameter wind turbine. The
stator system consists of 15 non-overlapping concentrated coils, one coil per
phase. The thickness of coil is 12 mm and diameter of wire 0.6 mm. Each coil
is individually rectified to d.c., to reduce the commutation torque ripple effect
and provide better control over the voltage. The rotor has 2p = 16 poles.
Performance characteristics are shown in Fig. 9.5.

Figure 9.6 shows the construction detail of a 2 kW 500 rpm AFPM air-
cored wind turbine-driven generator with concentrated coil topology devel-
oped by Durham University, UK [27]. The stator is located between two rotor
discs and contains 12 circular bobbin armature coils while each rotor disc has
16 circular NdFeB magnets. The rotor discs are mechanically joined by an
outer location ring and through bolts. The magnets are secured and positioned
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Fig. 9.5. Steady-state performance characteristics of a 10-kW AFPM generator
shown in Fig. 9.4.

Table 9.2. Specifications of the AFPM wind generator [27]

Rated speed, rpm 500
Rated power, W 2000
Number of phases 3
Number of magnets 16
Number of armature coils 12
Frequency, Hz 66.67
Magnet type NdFeB
Magnet diameter, mm 65
Magnet thickness, mm 8
Pole pitch at mean diameter, mm 70
Pole pitch, deg 22.5
Rotor thickness, mm 10.0
Generator overall diameter, mm 495
Generator axial length, mm 67
Stator thickness, mm 20
Pitch of armature coil, deg 30
Outer diameter of armature coil, mm 75.0
Inner diameter of armature coil, mm 30.0
Coil height, mm 14
Wire diameter, mm 1.0
Number of turns/coil 276

Running clearance, mm 3
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in a retainer ring. The stator is supported from the inside using a double-shaft
arrangement. The generator is of an overall diameter 495 mm and axial length
67 mm. The main generator parameters are given in Table 9.2. The advantages
associated with this type of generator are as follows [27]:

circular coils offer the shortest turns and lowest resistance;

simple manufacture and low production costs;

easy assembly as no magnetic forces between rotor and stator;

no cogging torque and thus presents little mechanical resistance to turbine
starting.

A prototype generator has been manufactured and integrated with a ver-
tical axis wind turbine as shown in Fig. 9.7.

Fig. 9.6. The stator and rotor layout of the 2 kW 500 rpm air-cored AFPM wind
generator with concentrated coil topology developed by Durham University: 1 —
bobbin wound air-cored stator, 2 — rotor disc. Courtesy of Durham University,
UK.

9.2 Electric Vehicles

Electric vehicles are divided into three general categories: hybrid electric ve-
hicles (HEVS), battery electric vehicles (EVs) and fuel cell electric vehicles
(FCEVs). The switch from gasoline to HEVs and EVs/FCEVs would reduce
the total primary energy consumed for personal transportation. Traction elec-
tric motors for HEVs and EVs/FCEVs should meet the following require-
ments:
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Fig. 9.7. Generator integrated with a vertical axis wind turbine. Courtesy of
Durham University and Carbon Concepts, UK.

power rating: high instant power, high power density;
torque—speed characteristics: high torque at low speed for starting and
climbing, high speed at low torque for cruising, wide speed range including
constant torque region and constant power region, fast torque response;
high efficiency over wide speed and torque ranges;
high reliability and robustness under various operating conditions, e.g. at
high and low temperature, rain, snow, vibration, etc.;

e low cost.

9.2.1 Hybrid Electric Vehicles

HEVs are now at the forefront of transportation technology development.
HEVs combine the internal combustion engine of a conventional vehicle with
the electric motor of an EV, resulting in twice the fuel economy of conven-
tional vehicles. The electric motor/generator is usually located between the
combustion engine and gear box. One end of the rotor shaft of the electric
motor/generator is bolted to the combustion engine crankshaft, while the op-
posite end can be bolted to the flywheel or gearbox via the clutch (Fig. 9.8).
The electric motor serves a number of functions, i.e.:

e assisting in vehicle propulsion when needed, allowing the use of a smaller
internal combustion engine;
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Fig. 9.8. Hybrid electric gasoline car: 1 - gasoline combustion engine, 2 - integrated
motor-generator, 3 - cranking clutch, 4 - gearbox, 5 - inverter, 6 - battery.
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Fig. 9.9. Torque-speed characteristics of an electric motor and gasoline engine. The
electric motor assists the gasoline engine at low speeds.

operating as a generator, allowing excess energy (during braking) to be
used to recharge the battery;

replacing the conventional alternator, providing energy that ultimately
feeds the conventional low voltage, e.g. 12 V electrical system;

starting the internal combustion engine very quickly and quietly. This
allows the internal combustion engine to be turned off when not needed,
without any delay in restarting on demand;

damping crankshaft speed variations, leading to smoother idle.

In a hybrid electric gasoline car the electric motor assists the gasoline engine
in the low speed range by utilizing the high torque of the electric motor,
as shown in Fig. 9.9. Currently manufactured hybrid electric gasoline cars
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(Fig. 9.8) are equipped either with cage induction motors or PM brushless
motors. A PM brushless motor can increase the overall torque by more than
50%. In most applications, the rated power of electric motors is from 10 to 75
kW. Because of limited space between the combustion engine and gear box
as well as the need to increase the flywheel effect, electric motors for HEVs
are short and have large diameters. AFPM brushless machines are pancake-
type high torque density motors and fit perfectly the HEV requirements. An
AFPM brushless machine can be liquid cooled and integrated with a power
electronics converter.

In the HEV shown in Fig. 9.10 the energy is stored in a flywheel integrated
with the AFPM machine. The vehicle may operate without an electrochem-
ical battery. If the electromagnetic conversion process is included within the
flywheel, there is no external shaft end, because the power flow to and from
the machine is via electric connections to the stationary armature [3]. Thus,
complex vacuum seals are avoided.

Fig. 9.10. HEV with flywheel energy storage: 1 — gasoline combustion engine,
2 — brushless generator, 3 — integrated flywheel-motor—generator, 4 — solid state
converter, 5 — d.c. bus, 6 — electrical motorized wheel.
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The moment of inertia and tensile stress are respectively

e for a rotating disc

PP RE,
5 out» g = 3 ‘ (91)

e for a rotating ring

_ 2

1
J = 7m(R2 + Rout) 3

5 = (R} + RinRouw + R%,,) (9.2

where p is the specific mass density of the rotating body, m is the mass,
2 = 27n is the angular speed, R,,: is the outer radius and R;, is the inner
radius. The kinetic energy is

e for a rotating disc

= 492 =m3pdRE, ,n* ] (9.3)

e for a rotating ring

Ek - ,/Tgpd(Réut an)nQ J (94)

where d is the thickness of the flywheel (disc or ring).
Combining together pairs of eqns (9.1), (9.3) and (9.2), (9.4), the stored
energy density in a flywheel can be expressed as

e for a rotating disc

ep=—=-—J/kg (9.5)
p
e for a rotating ring

Ey 3 R + RZ, o
= — o - J/k 9.6
€L m 4 R2 + Ranout + Rout / g ( )
For a very high strength steel, e.g. alloy steel (3% CrMoC) with o ~ 1000 MPa
and p = 7800 kg/m?® [3], the stored energy density of a disc-type flywheel is
er = 96.1 kJ/m®. If we need to store a kinetic energy Ej = 500 kJ, the mass
of the disc will be 5.2 kg.
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9.2.2 Battery Electric Vehicles

Battery EVs are vehicles that use secondary batteries (rechargeable batteries
or storage batteries) as their only source of energy. An EV power train can
convert energy stored in a battery into vehicle motion and it can also reverse
direction and convert the kinetic energy of the vehicle back into the storage
battery through regenerative braking.

AFPM brushless motors are used in EVs as in-wheel motors (Figs 6.8 and
9.11) [215, 225]. The pancake shape of an AFPM motor allows for designing
a compact motorized wheel.

=\

Fig. 9.11. Single-sided AFPM brushless motor fitted to spoked wheel [215].

With the aid of the AFPM brushless motor the differential mechanism
can be replaced by an electronic differential system [101]. The configuration
shown in Fig. 9.12a illustrates the use of a pair of electric motors mounted on
the chassis to drive a pair of wheels through drive shafts, which incorporate
constant velocity joints. In the configuration shown in Fig. 9.12b, the motors
forming the electronic differential are mounted directly in the wheels of the
vehicle. The electromechanical drive system is considerably simplified, when
the motor is mounted in the wheel, because the drive shafts and constant
velocity joints are now no longer needed. However, the resultant “unsprung”
wheel mass of the vehicle is increased by the mass of the motor. Wheel motors
of this direct drive configuration also suffer overloading because the speed of
the rotor is lower than would be the case with a geared arrangement. This
leads to an increase of the active materials volume required in the motor.

The disadvantages of conventional wheel motors can be overcome by using
the arrangement shown in Fig. 9.13. The two stators are directly attached to
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the vehicle body whilst the PM rotor is free to move in radial directions. It
can be observed that in this case the wheel and disc rotor form the unsprung
mass, whilst the stators of the motor become sprung mass supported on the
chassis [101].

L

Fig. 9.12. Alternative forms of ”electronic differential” drive schemes: (a) onboard
motor, (b) wheel mounted motor.

Given the advantages of using wheel motor in electric vehicle drive system
such as more onboard space, better vehicle control and modular drive train
topology, there is a growing interest in automotive industry to develop wheel
motors for future electric vehicles. Figure 9.14 shows the AFPM wheel motor
developed at General Motors Advanced Technology Center, Torrance, CA,
U.S.A. The developed wheel hub motor has a single stator located between
two PM rotor discs. This topology features higher torque density design as
it utilizes copper from both surfaces of the stator for torque production [66,
199, 223]. To remove heat from inside stator winding, provision is made of an
aluminum ring with internal liquid coolant passages along end winding of the
outer stator winding [P149]. The design specification of the GM’s wheel motor
is summarised in Table 9.3. To demonstrate the performance and robustness
of the AFPM wheel motor technology, two wheel motors were fitted on GM’s
S-10 show truck and underwent several thousand miles road tests.



9.2 Electric Vehicles 293

L
Ll

A\ B AN
]

\w
?

Fig. 9.13. Schematic representation of the disc-type machine with lower unsprung
mass: 1 — wheel, 2 — disc rotor, 3 — stator, 4 — shaft, 5 — damper, 6 — spring,
7 — chassis.
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Fig. 9.14. GM’s AFPM wheel motor: (a) Section of the AFPM motor showing
details of slotted stator, (b) Basic layout of the AFPM motor showing complete
stator located between two PM rotor discs, (¢) AFPM wheel motor mounted on
GM S-10 show truck. Courtesy of General Motors Corporation, U.S.A.

Table 9.3. GM’s wheel motor design specification [66]

Number of phases 3

Number of poles 24
Peak torque, Nm 500
Stator outer diameter, m 340
Maximum axial length, m 75
Peak power, kW 25
Nominal bus voltage, V 280
Peak current, A 150

Maximum speed, RPM 1200
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9.2.3 Fuel Cell Electric Vehicles

The fuel cell principle was first discovered by William Robert Grove in 1839
[272, 273]. Although fuel cells are well-proven technologies, they are presently
still at a pre-commercial stage. Being widely regarded as a transforming tech-
nology, fuel cells offer the prospects of great improvements in energy efficiency
for both mobile and stationary applications, and of a long-term transition to
the hydrogen economy. In transport sector, the light-duty automotive appli-
cations are potentially the largest market opportunity available to fuel cell
technology and have been the focus of intense development effort [76, 98].
Most major car manufacturers have on-going fuel cell vehicle programmes.

Fuel cells can be used with hydrogen or hydrocarbon fuels. The high cost
of producing hydrogen, as compared to hydrocarbon fuels, has been a major
barrier to its commercialisation, which would also require major infrastruc-
tural changes such as build-up of a hydrogen production and distribution
infrastructure. However, with the continuing technology development in this
fast-moving field and increasing possibility for introduction of renewable en-
ergy sources into fuel supply path, costs are expected to decline to an extent
within the next decade.

Fig. 9.15. GM’s Sequel fuel cell concept electric vehicle: (a) Front view of the
AFPM wheel motor, (b) Back view of the AFPM wheel motor, (c) Sequel FCEV,
(d) Rear AFPM wheel motor with electromechanical brake, rear steering actuator
and integrated controlled damper. Courtesy of General Motors Corporation, U.S.A.
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Recently developed GM Sequel FCEV is powered by an induction mo-
tor located in the front compartment and two AFPM wheel motor on the
rear. Figure 9.15 shows front and back view of the AFPM wheel motor and
the mechanical integration detail. This powertrain arrangement demonstrated
excellent vehicle performance, driveability and safety as well as potential of
axial flux motor technology. GM Sequel FCEV achieved a record-breaking
range of 300 mile on a single tank of hydrogen.

9.3 Ship Propulsion

9.3.1 Large AFPM Motors

Fig. 9.16. Large power double disc AFPM brushless motor. 1 — PMs, 2 — stator
assembly, 3 — housing, 4 — shock snubber, 5 — shock mount, 6 — rotor shaft,
7 — rotor disc clamp, 8 — shaft seal assembly, 9 — bearing retainer, 10 — stator
segment, 11 — centre frame housing, 12 — spacer housing, 13 — rotor disc, 14 —
bearing assembly, 15 — rotor seal runner, 16 — rotor seal assembly. Courtesy of
Kaman Aerospace, EDC, Hudson, MA, U.S.A.

Stators of large AFPM brushless motors with disc type rotors usually have
three basic parts [48]:

e aluminum cold plate;
e bolted ferromagnetic core;
e polyphase winding.
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Table 9.4. Design data of large power, three phase AFPM brushless motors man-
ufactured by Kaman Aerospace, EDC, Hudson, MA, U.S.A.

Quantity PA44-5W-002 PA44-5W-001  PA57-2W-001
Number of poles, 2p 28 28 36
Number of windings per phase 2

Output power P,,:, kW 336 445 746
Peak phase voltage, V 700 530 735
Rated speed, rpm 2860 5200 3600
Maximum speed, rpm 3600 6000 4000
Efficiency

at rated speed 0.95 0.96 0.96
Torque

at rated speed, Nm 1120 822 1980
Stall torque, Nm 1627 1288 2712
Continuous current

(six step waveform), A 370 370 290
Maximum current, A 500 500 365
Peak EMF constant

per phase, V/rpm 0.24 0.10 0.20
Winding resistance

per phase at 500 Hz, 0.044 0.022 0.030
Winding inductance

per phase at 500 Hz, uH 120 60 100
Moment of inertia, kgm? 0.9 0.9 2.065

Cooling

Maximum allowable
motor temperature, °C
Mass, kg

Power density, kW /kg
Torque density, Nm/kg
Diameter of frame, m
Length of frame, m

Application

195
1.723
5.743
0.648
0.224

Water and glycol mixture

150
195
2.282
4.215
0.648
0.224
Traction,

Drilling industry

340
2.194
5.823
0.787
0.259

General
purpose

The cold plate is a part of the frame and transfers heat from the stator to the
heat exchange surface. The slots are machined into a laminated core wound of
steel ribbon in a continuous spiral in the circumferential direction. The copper
winding, frequently a Litz wire, is placed in slots and then impregnated with a
potting compound. The construction of a double disc AFPM motor developed
by Kaman Aerospace, EDC, Hudson, MA, U.S.A. is shown in Fig. 9.16 [48].
Specifications of large axial flux motors manufactured by Kaman are given in

Table 9.4.
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Fig. 9.17. Exploded view of the axial flux PM motor with counter-rotating rotor:
1 — main propeller, 2 — counter-rotating propeller, 3 — radial bearing, 4 — outer
shaft, 5 — PM rotor, 6 — motor bearing, 7 — assembly ring, 8 — stator, 9 — inner
shaft.

9.3.2 Propulsion of Unmanned Submarines

An electric propulsion system for submarines requires high output power,
high efficiency, very salient and compact motors [64, 195]. Disc-type brushless
motors can meet these requirements and run for over 100 000 h without a
failure, cooled only by ambient sea water. These motors are virtually silent and
operate with minimum vibration level. The output power at rated operating
conditions can exceed 2.2 kW /kg and torque density 5.5 Nm/kg. The typical
rotor linear speed of large marine propulsion motors is 20 to 30 m/s [195].

9.3.3 Counterrotating Rotor Marine Propulsion System

An AFPM brushless motor can be designed with the counterrotation of two
rotors [39]. This machine topology can find applications in marine propulsion
systems, which use an additional counter-rotating propeller in order to recover
energy from the rotational flow of the main propeller stream. In this case the
use of an AFPM motor having counter-rotating rotors allows the elimination
of the motion reversal epicyclical gear.

The stator winding coils have a rectangular shape, which depends on the
cross section of the toroidal core [39] (also see Fig. 2.4). Each coil has two
active surfaces and each coil surface interacts with the facing PM rotor. In
order to achieve the opposite motion of the two rotors, the stator winding
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coils have to be arranged in such a manner that counter-rotating magnetic
fields are produced in the machine’s annular air gaps. The stator is positioned
between two rotors that consist of mild steel discs and axially magnetized
NdFeB PMs. The magnets are mounted on the disc’s surface from the stator
sides. Each rotor has its own shaft that drives a propeller, i.e. the motor has
two coaxial shafts that are separated by a radial bearing. The arrangement is
shown in Fig. 9.17 [39].

Table 9.5. EMALS requirements [79]

End speed, m/s 103
Maximum peak-to—mean thrust force ratio 1.05
Cycle time, s 45
End speed variation, m/s 1.5
Maximum acceleration, m/s? 56
Launch energy, MJ 122
Maximum thrust, MN 1.3
Maximum power, MW 133
Volume, m?® <425
Mass, kg <225 000
5 1

\

V4

;
M

N\
N

B3| | |

NN
N

\

6

Zz 7
&X

i

Fig. 9.18. AFPM synchronous machine for EMALS. 1 — PM rotor assembly, 2 —
stator assembly, 3 — bearing, 4 — enclosure, 5 — mounting flange, 6 — brake,
7 — shaft encoder.
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Table 9.6. Specifications of AFPM synchronous machine for EMALS [79]

Number of phases

Number of poles

Number of active stator slots

Type of stator

Number of stator windings

Generator winding

Motor winding

Maximum speed, rpm

Maximum frequency, Hz

Output power at maximum speed, MW
Maximum line-to-line EMF for motoring, V
Maximum line-to-line peak voltage, V
Maximum phase peak current, A
Power losses, kW

Efficiency

Resistance per phase, m{2

Inductance per phase, uH

Stator cooling

Coolant

Flow rate, 1/min

Average temperature of winding, °C
Average temperature of stator core, °C
Type of PMs

Remanence at 40°C, T

Air gap magnetic flux density, T
Tooth magnetic flux density, T
Maximum energy storage capacity, M.J
Energy density, kJ/kg

Mass, kg

6
2p = 40
s1 = 240
double-sided slotted
2
air gap side
bottom of slots
6400
2133
81.6
1122
1700
6400
127
0.893
8.6
10.4
cold plate
water and glycol mixture
151
84
61
sintered NdFeB
1.05
0.976
1.7
121
18.1
6685

9.4 Electromagnetic Aircraft Launch System

Military aircrafts are catapulted from the decks of aircraft carriers with the
aid of steam catapults. A steam catapult uses two parallel rows of slotted
cylinders with pistons connected to the shuttle that tows the aircraft. The
pistons under the steam pressure accelerate the shuttle until the aircraft will
takeoff. Steam catapults have many drawbacks [79], i.e.:

operation without feedback control;

large volume (over 1100 m?®) and mass (up to 500 t);
occupation of the ”prime” real estate on the carrier and negative effect on

the stability of the ship;
low efficiency (4 to 6%);

operational energy limit, approximately 95 MJ;

need for frequent maintenance.
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The electromagnetic aircraft launch system (EMALS) is free of the drawbacks
listed above. The EMALS technology employs linear induction or synchronous
motors fed from disc-type alternators through cycloconverters. The electrical
energy obtained from the carrier power plant is stored kinetically in the ro-
tors of AFPM synchronous generators. The energy is then released as a few-
second pulses to accelerate and launch an aircraft. The cycloconverter between
the AFPM generator and linear motor raises the voltage and frequency. The
EMALS operates in a “real time” closed loop control [79]. The requirements
are given in Table 9.5.

Specifications of the AFPM synchronous machine shown in Fig. 9.18 are
given in Table 9.6 [79]. The EMALS uses four AFPM machines mounted in a
torque frame and grouped in counter-rotating pairs to reduce the torque and
gyroscopic effect. The rotor of the AFPM machine serves both as the kinetic
energy storage when operating as a motor and a field excitation system when
operating as a generator. The electric power from the on-board generators
is fed to the AFPM machine via rectifier—inverters. There are two separate
stator windings for motoring and generating mode. The motor winding is
located at the bottom of slots to provide better thermal conductivity between
the winding and enclosure.

Table 9.7. Specifications of ECI drilling systems with AFPM synchronous motors
manufactured by Tesco Corporation, Calgary, Alberta, Canada

ECE drilling system 670 1007
Drilling unit without swivel

Mass, kg 5,909 6,270
Operating length, m

(including 2.8-m links and elevators) 4.34 4.34
Make-up Torque (typical), Nm 5,965 9,490
Breakout torque, Nm 7,592 11,389
Max. Drill Torque, Nm 5,098 7,860
Max. Speed, rpm 187 187
Power system (mechanical module)

Approximate mass, kg 3,340 3,730
Length, m 6.4 6.4
Width, m 2.3 2.3
Power system (power module)

Approximate mass, kg 3,545 4,320
Length, m 6.35 mm 6.30

Width, m 2.311 2.30
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Fig. 9.19. ECI drilling system: (a) general view, (b) power unit with AFPM syn-
chronous motors, (c¢) PA-44 Kaman Aerospace AFPM motor. Courtesy of Tesco
Corporation, Calgary, Alberta, Canada.

9.5 Mobile Drill Rigs

Drill rigs vary from small electric motor driven tools to large oil field rigs.
The basic elements of an aboveground drill rig are the power unit or motor,
pump or air compressor for circulating drilling fluid to the bit and cleaning the
borehole, drill head, hoisting drums and cables, derrick, mounting platform
or deck and assorted equipment such as hammers for driving and removing
casing, portable mud pit, racks for stacking the drill rods and samples, small
tools for coupling or uncoupling and hoisting the drill string, etc.
The power unit (motor) performs the following functions:

e operates a drive weight mechanism for percussion or churn drilling or pro-
vides rotary motion to turn augers and coring equipment for rotary drilling
operations;

e operates a winch for raising and lowering the drilling and sampling equip-
ment;

e provides downward pressure for pushing boring and sampling equipment,
or lifting and dropping a hammer to drive casing or sampling equipment.
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For most drilling and sampling operations, the power source is the power take-
off from the truck motor on which the drilling machine is mounted or from a
separate engine, which is assigned or attached as an integral component of the
drilling rig. It is estimated that approximately 90% of the motors are gasoline
or diesel engines and 10% are compressed air or electric motors. A drive train
that consists of gears or hydraulic pumps is used to convert the power supply
to speed and torque for hoisting and rotating the drilling equipment. Most
units have a transmission that allows 4 to 8 speeds for hoisting and drilling. In
general, the hoisting capacity of the drill rig governs the depth of the borehole.
A rule of thumb for selecting the power source is that the power required to
hoist the drill rods should be about three times the power that is required to
turn the drill string. For high elevations, the power loss is about 3% for each
300 m.

Large power AFPM brushless motors (Table 9.4) are especially suitable
for portable drilling equipment because of their compact design, light weight,
precise speed control, high efficiency and high reliability.

In the ECI lightweight top drive drilling system (Fig. 9.19) manufactured
by Tesco Corporation, Calgary, Alberta, Canada, the traditional induction
or brush type d.c. motors have been replaced with high performance liquid
cooled AFPM synchronous motors. This system is compatible with most 600
V a.c. rig power systems. The product highlights include:

e Kaman PA44 AFPM synchronous motors that (Table 9.4) have been suc-
cessfully tested to 60g triaxial loading, making them the ideal choice for
rough drilling environments;

e AFPM synchronous motors that allow a high level of precision in speed
and torque control not available with other motors;

e a modular design that allows drilling to continue at reduced power with
one motor;

e direct connection to the rigs a.c. bus and interface with the existing power
supply with minimal degradation to the rig power;

e the entire ECI system can be transported in three standard 6-m sea con-
tainers.

Specifications of the ECI drilling system are given in Table 9.7.

9.6 Oil Beam Pumps

An oil beam pump (Fig. 9.20) consists of an overground electromechanical
drive and underground reciprocating piston pump. An electric motor drives
one end of a heavy beam via pair of cranks with counterweights and trans-
mission. The other end of the beam is equipped with the so called horse head
with attached vertical cable. The cable is connected to a polished rod of a
pump at the bottom of the well. The cranks move the beam up and down and
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actuates the pump. Typically, a beam pump delivers 5 to 40 liters of a crude
oil-water mixture per each stroke.

Fig. 9.20. Oil beam pump: 1 - horse head, 2 - walking beam, 3 - counterweights, 4 -
Pitmans arm, 5 -cranks, 6 - transmission, 7 - sheaves and belts, 8 - electric motor or
other prime mover, 9 - Samson beams, 10 - casing, 11- flow line, 12 - polishing rod.

[ ' ]
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Fig. 9.21. Novel oil beam pump with AFPM brushless motor: 1 - horse head, 2 -
walking beam, 3 - counterweights, 4 - Pitmans arm, 5 - disc type motor 6 - Samson
beams, 7 - casing, 8- flow line, 9 - polishing rod.
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Fig. 9.22. AFPM brushless motor for oil beam pumps: 1 - stator core, 2 - stator
winding, 3 - PM, 4 - rotor, 5 - shaft, 6 - bearing, 7 - base.

Table 9.8. Specifications of a prototype of AFPM brushless motor for beam pumps
[130]

Rated power, kW 9.0
Rated torque, Nm 4820
Rated speed, rpm 20
Rated frequency, Hz 8
Rated voltage, V 380
Rated current, A 16
Number of rotor poles 48
Number of stator slots 144
Remanent magnetic flux density of PM, T 1.2
Thickness of PM, mm 10.0
Air gap, mm 4.0
Stator inner diameter, m 0.6

Stator outer diameter, m 0.9
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The novel beam oil pump (Fig. 9.21) uses a low speed AFPM brushless
motor, which replaces an induction motor, sheaves, belts and transmission
[130]. There is a counterweight on the motor side of the beam that has an
approximate weight as the horse head. Applications of an AFPM brushless
motors simplifies the construction and maintenance of a beam pump, reduces
its cost and improves the overall efficiency of the machine. Longitudinal sec-
tion of the prototype of AFPM brushless motor is shown in Fig. 9.22 and
specifications are given in Table 9.8 [130].

9.7 Elevators

The concept of gearless electromechanical drive for elevators was introduced in
1992 by Kone Corporation in Hyvink&é, Finland [113]. With the aid of a disc
type low speed compact AFPM brushless motor (Table 9.10), the penthouse
machinery room can be replaced by a space-saving direct electromechanical
drive. In comparison with a low speed axial flux cage induction motor of
similar diameter, the AFPM brushless motor has a doubled efficiency and a
three times higher power factor.

Fig. 9.23a shows the propulsion system of the elevator while Fig. 9.23b
shows how the AFPM brushless motor is installed between the guide rails of
the car and the hoistway wall.

Table 9.9 contains key parameters for the comparison of different hoisting
technologies [113]. The disc type AFPM brushless motor is a clear winner.

Specifications of single-sided AFPM brushless motors for gearless passen-
ger elevators are given in Table 9.10 [113]. Laminated stators have from 96
to 120 slots with three phase short pitch winding and class F insulation. For
example, the MX05 motor rated at 2.8 kW, 280 V, 18.7 Hz has the stator

Table 9.9. Comparison of hoisting technologies for 630 kg elevators [113]

Hydraulic Warm gear Direct PM brushless

Quantity elevator elevator motor elevator
Elevator speed, m/s 0.63 1.0 1.0
Motor shaft power, kW 11.0 5.5 3.7
Speed of motor, rpm 1500 1500 95
Motor fuses, A 50 35 16
Annual energy

consumption, kWh 7200 6000 3000
Hoisting efficiency 0.3 0.4 0.6

Oil requirements, 1 200 3.5 0

Mass, kg 350 430 170

Noise level, dB(A) 60..65 70...75 50...55
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(a)

Fig. 9.23. MonoSpace™ elevator: (a) elevator propulsion system; (b) Ecodisk”™
motor. Courtesy of Kone, Hyvinkaa, Finland.

Table 9.10. Specifications of single-sided AFPM brushless motors for gearless ele-
vators manufactured by Kone, Hyvinkaa, Finland

Quantity MXO05 MX06 MX10 MX18
Rated output power, kW 2.8 3.7 6.7 46.0
Rated torque, Nm 240 360 800 1800
Rated speed, rpm 113 96 80 235
Rated current, A 7.7 10 18 138
Efficiency 0.83 0.85 0.86 0.92
Power factor 0.9 0.9 0.91 0.92
Cooling natural natural natural forced
Diameter of sheave, m 0.34 0.40 0.48 0.65
Elevator load, kg 480 630 1000 1800
Elevator speed, m/s 1 1 1 4
machine

Location hoistway hoistway hoistway room
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winding resistance Ry = 3.5 (2, stator winding reactance X; = 10 €2, 2p = 20,
sheave diameter 340 mm and weighs 180 kg.

Fig. 9.24. Double-disc AFPM brushless motor for gearless elevators. Courtesy of
Kone, Hyvinkaa, Finland.

Table 9.11. Specifications of double disc AFPM brushless motors manufactured by
Kone, Hyvinkaa, Finland

Quantity MX32 MX40 MX100
Rated output power, kW 58 92 315
Rated torque, Nm 3600 5700 14,000
Rated speed, rpm 153 153 214
Rated current, A 122 262 1060
Efficiency 0.92 0.93 0.95
Power factor 0.93 0.93 0.96
Elevator load, kg 1600 2000 4500
Elevator speed, m/s 6 8 13.5

A double disc AFPM brushless motor for gearless elevators is shown in Fig.
9.24 [113]. Table 9.11 lists specifications data of double disc AFPM brushless
motors rated from 58 to 315 kW [113]. The double disc configuration offers
high output torque and compensation of axial forces [P105].
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Fig. 9.25. Penny-motor. Photo courtesy of Mymotors € Actuators GmbH,
Wendelsheim, Germany.

Fig. 9.26. Construction of penny-motor: 1 — shaft, 2 — soft steel yoke cover, 3 —
PM ring, 4 — ball bearing, 5 — stator winding, 6 — flange, 7 — bottom steel yoke.

9.8 Miniature AFPM Brushless Motors

Ultra-flat PM micromotor, the so called penny-motor is shown in Figs 9.25 and
9.26 [154]. The thickness is 1.4 to 3.0 mm, outer diameter about 12 mm, torque
constant up to 0.4 uNm/mA and speed up to 60,000 rpm. A 400-um eight
pole PM and a three-strand, 110-pum disc shaped, lithographically produced
stator winding have been used [154]. Plastic bound NdFeB magnets are a cost
effective solution. However, the maximum torque is achieved with sintered
NdFeB magnets. A miniature ball bearing has a diameter of 3 mm. Penny-
motors find applications in miniaturized hard disc drives, cellular phones as
vibration motors, mobile scanners and consumer electronics.

Movwing Magnet Technologies (MMT) two or three phase, miniature AFPM
brushless motors (Fig. 9.27) are well adapted to high volume low cost produc-
tion. In order to obtain rigidity the stator coils are overmoulded. The stator
is mounted on a single-sided printed circuit board. Each part can be man-
ufactured using standard moulding, stamping techniques and automatic coil
winding with a specific design for simple and efficient assembly. Three position
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Fig. 9.27. Two-phase, four-coil, single-sided 15-mm AFPM brushless motor. Photo
courtesy of Moving Magnet Technologies, SA, Besancon, France.

Fig. 9.28. Miniature two-phase, four-coil, 4-pole, single-sided AFPM rotary actua-
tor. Photo courtesy of Moving Magnet Technologies, SA, Besancon, France.

sensing methods for the closed-loop control are used: (a) digital Hall probes
located in the stator, (b) EMF signal (sensorless mode) and (c) absolute ana-
logue position sensor (position sensor mode).

MMT AFPM miniature rotary actuators (Fig. 9.28) have been designed
for automotive applications to provide an efficient, contactless, direct drive
rotary motion on a limited stroke. Ring, disc and tile shaped PMs have been
used. The main features of this family of actuators are:

contactless actuation principle;

constant torque independent of the angular position for a given current;
linear torque—current characteristic;

two directions of rotation;

high torque density.
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Additional functions, such as a magnetic return spring or analogue contactless
position sensing can also be implemented. Owing to the linearity of the torque-
current characteristic and its independence of position, it is possible to operate
actuators in an open-loop against a spring or in a simple closed-loop mode by
using a position sensor.

9.9 Vibration Motors

m mobile phone demand @ applications of vibration motors
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Fig. 9.29. Worldwide demand estimate for mobile phones and vibration motors.

Advances in cellular telecommunication have made mobile phones to be
highly popular communication tool in modern society. Since a mobile phone
is now a gadget as necessary as a watch or wallet, small vibration motors with
diameters from 6 to 14 mm are manufactured in unbelievable large quantities
(Fig. 9.29). The trends in vibration motors for mobile phones include reduction
of mass and size, minimization of energy consumption and guaranteed stable
vibration alarming in any circumstances [62].

There are two types of brushless vibration motors for mobile phones: cylin-
drical or RFPM motor and coin type or AFPM motor (Fig. 9.30). The unbal-
anced exciting force generated by an eccentric rotor is

F = mef2 = 2mmen? (9.7)

where m, € and n denote the rotor mass, eccentricity and rotational speed
respectively. The rotational speed is the most effective design parameter to
increase the unbalanced exciting force [62].
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Fig. 9.30. Coin type AFPM vibration motor for mobile phones [62]: (a) two coil
motor; (b) multicoil motor. 1 — phase coil, 2 — PM (mechanically unbalanced
system), 3 — ferromagnetic yoke, 4 — cover, 5 — base plate, 6 — shaft, 7 —
bearing, 8 — detent iron [62].

Fig. 9.31. Cost effective AFPM brushless vibration motor. Photo courtesy of Mov-
ing Magnet Technologies, SA, Besancon, France.
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Moving Magnet Technologies single-phase AFPM brushless vibration mo-
tors provide a strong vibration feeling and silent alert with a very simple
design (Fig. 9.31). Fabrication of MMT vibration motors is cost effective due
to contactless design, scalable size and slim shape.

9.10 Computer Hard Disc Drives

The data storage capacity of a computer hard disc drive (HDD) is determined
by the aerial recording density and number of discs. It is expected that the
aerial density will soon increase from 6 Gb/cm? = 38.7 Gb/in? to 15.5 Gb/cm?
= 100 Gb/in?. The mass of the rotor, moment of inertia and vibration increase
with the number of discs.
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Fig. 9.32. Construction of computer HDDs with AFPM brushless motors: (a)
single-sided motor; (b) double-sided motor. 1 — stator coil, 2 — PM, 3 — shalft,
4 — bearing, 5 — hub, 6 — rotor ferromagnetic yoke, 7 — stator ferromagnetic
yoke, 8 — base plate, 9 — pole fingers, 10 — nonmagnetic ring.

Special design features of computer HDD motors are their high starting
torque, limited current supply, low vibration and noise, physical constraints
on volume and shape, protection against contamination and scaling problems.
A high starting torque, 10 to 20 times the running torque is required, since
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the read/write head tends to stick to the disc when not moving. The starting
current is limited by the computer power supply unit, which in turns, can
severely limit the starting torque.

AFPM brushless motors (Fig. 9.32) can develop higher starting torque
than their radial field counterparts. The additional advantage is zero cogging
torque. The drawback of the single-sided AFPM HDD motor shown in Fig.
9.32a is the high normal attractive force between the stator with ferromag-
netic yoke and rotor mounted PMs. In double-sided HDD AFPM motors the
stator does not have any ferromagnetic core and no normal attractive force
is produced at zero-current state. The stator has a three-phase winding with
coreless coils fabricated with the aid of a lithographic method. In a typical
design, there are two coils per phase for 2p = 8 PM poles and three coils per
phase for 2p = 12 PM poles. To reduce the air gap and increase the magnetic
flux density, the so called pole fingers are created in the lower part of the hub
and the rotor magnetic circuit is bended by pressing it towards the stator coil
centres (Fig. 9.32b). According to [140], for a HDD AFPM brushless motor
with a 51-mm stator outer diameter, N; = 180 turns per phase and torque
constant k7 = 6.59 x 1073 Nm/A the current consumption is 0.09 A at 13 900
rpm and no load condition.

The acoustic noise of HDD brushless motors with ball bearings is usually
below 30 dB(A) and projected mean time between failures MTBF = 100 000
hours. HDD spindle motors are now changing from ball bearing to fluid dy-
namic bearing (FDB) motors. Contact-free FDBs produce less noise and are
serviceable for an extended period of time.

9.11 Ventricular Assist Devices

When electricity was new, people had high hopes that it had curative pow-
ers. For example, electropathy (electrodes between patient’s hands and ailing
body part), very popular from 1850 to 1900, promised to cure most diseases
and conditions, including mental illness. The 21st century biomedical engi-
neering community has resurrected magnetic fields to treat depression, e.g.
magnetic seizure therapy (high frequency, powerful electromagnets) or tran-
scranial magnetic stimulation (strong pulse magnetic fields).

At present, many medical devices use small permanent magnet (PM) elec-
tric motors as, for example, high-quality pumps, centrifuges, infusion pumps,
hemodialysis machines, precision handpieces and implantable devices (ventric-
ular assist devices, pacemakers, defibrillators, nerve stimulators, etc). Since
the reliability of medical products is critical, the electric motor is considered
a precision component rather than a commodity device [203]. This section
focuses on very small PM brushless motors for implantable devices, in partic-
ular, motors for rotary blood pumps [102].

A left ventricular assist device (LVAD) is an electromechanical pump im-
planted inside the body and intended to assist a weak heart that cannot
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efficiently pump blood on its own. It is used by end-stage heart failure pa-
tients who are unable to receive a heart transplant due to donor availability,
eligibility, or other factors.

Motor driven pumps implanted in the human body must be free of shaft
seals. This problem can be solved by embedding PMs in the pump rotor placed
in a special enclosure and driven directly by the stator magnetic field. In this
case the nonmagnetic air gap is large and high energy PMs are required.

Electromagnetic pumps for LVADs can be classified into three categories:

1st generation (1G), i.e. electromagnetic pulse pumps;

2nd generation (2G), i.e. electromagnetic rotary pumps;

3rd generation (3G), i.e. electromagnetic pumps with magnetic or hydro-
dynamic bearings.

Electromagnetic 1G pumps were driven by electromagnets, linear oscil-
lating motors or linear short-stroke actuators. The pump, integrated with a
linear actuator, is heavy, large and noisy.

DuraHeart™ 3G LVAD developed by Terumo Corporation, Tokyo, Japan,
combines centrifugal pump with magnetic levitation technologies (Figs 9.33
and 9.34) [102]. Magnetic levitation allows the impeller to be suspended within
the blood chamber by electromagnets and position sensors. The three-phase,
8-pole, axial flux PM brushless motor with slotless stator resembles a floppy
disc drive spindle motor (Fig. 9.33). NdFeB PMs are integrated with the
impeller. The output power of the motor is 4.5 W, speed 2000 rpm and torque
0.0215 Nm [226].
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Fig. 9.33. DuraHeart™ centrifugal rotary pump with axial flux PM brushless motor
and magnetic levitation bearings: 1 - impeller, 2 - PM, 3 - stator winding, 4 - stator
core, 5 - magnetic suspension, 6 - ceramic pivot, 7 - inlet, 8 - outlet.
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Fig. 9.34. Exploded view of DuraHeart® centrifugal rotary pump. Courtesy of
Terumo Corporation, Tokyo, Japan.

An axial flux slotless motor integrated with a centrifugal blood pump is
shown in Figs. 9.35 and 9.36. The so-called VentrAssist”™ manufactured now
by Australian company Ventracor is a new cardiac LVAD, which has only one
moving part - a hydrodynamically suspended impeller integrated with a PM
rotor. The hydrodynamic forces act on tapered edges of the four blades. The
stator of the brushless electric motor is of slotless type and has only upper and
lower coils. The three coil winding and four pole rotor use the second harmonic
of the magnetic field wave to produce the torque. To provide redundancy, body
coils and cover coils are connected in parallel so that the motor still can run
even if one coil is damaged.

The housing and impeller shell are made of titanium alloy Ti-6A1-4V.
Vacodym 510 HR NdFeB PMs are embedded into impeller. To reduce the
reluctance for the magnetic flux, laminated silicon steel return paths (yokes)
are designed.

The 2D FEM simulation of the magnetic field distribution is shown in Figs
9.37 and 9.38 [102]. The measured performance characteristics are shown in
Figs 9.39a and 9.39b [226]. For output power between 3 and 7 W and speed
between 2000 and 2500 rpm, the efficiency is from 45 to 48% (Fig. 9.39a). At 3
W and 2250 rpm the winding losses are 1.7 W, eddy current loses in titanium
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Fig. 9.35. Longitudinal section of VentrAssist” ™ hydronamically levitated cen-
trifugal blood pump: 1 - impeller, 2 - PM, 3 - body coil, 4 - body yoke, 5 - cover
coil, 6 - cover yoke, 7 - inlet, 8 - outlet.

Fig. 9.36. Computer generated 3D image of VentrAssist™™ centrifugal blood pump.
Photo Courtesy of Ventracor Global Company, Australia, www.ventracor.com.

1.0 W and losses in laminated yokes are 0.7 W [226]. At load torque 0.03 Nm
the fundamental phase current is 0.72 A (Fig. 9.39Db).

The device weighs 298 g and measures 60 mm in diameter, making it
suitable for both children and adults.
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Fig. 9.37. Magnetic flux (contour plot) and magnetic flux density (shaded plot)
excited by NdFeB PMs at no load [102].
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Fig. 9.38. Magnetic flux (contour plot) and magnetic flux density (shaded plot)
excited by armature (stator) coils [102].

9.12 Axial Flux Machines with Superconducting
Field Excitation System

Superconducting excitation system can provide stronger magnetic field in the
air gap than the best rare-earth PMs. A superconducting axial flux machines
is at least 30% smaller in volume than an equivalent PM machine.
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Fig. 9.39. Steady state performance characteristics of VentrAssist’™ BA2-4 pump
driven by a six-step sensorless inverter: (a) efficiency; (b) fundamental phase current
calculated on the basis of EMF (solid line) and obtained from laboratory tests
(circles) [226].

A Japanese industry-academia group, called frontier group, which includes
Sumitomo FElectric Industries, Ltd.> (SEI), the manufacturer of HTS wires,
has developed a 12.5 kW synchronous motor with HT'S BiSrCaCuO (BSCCO)
field excitation winding [249, 252]. This motor was integrated with a pod
propulsor and completed in 2003.

The pod propulsor has outer diameter of 0.8 m and is 2 m long. The
diameter of the propeller is 1 m. When a large conventional motor is used
with a pod propulsor, the outside diameter of the propulsor becomes also
large.

This HTS motor is an axial flux (disc type) three phase, eight-pole ma-
chine. The stationary field excitation system and rotating armature simplify
the cooling system. Technical specifications of the HT'S motor are given in
Table 9.12. The expanded view of the motor is shown in Fig. 9.40. The main
features include:

machine is cooled by low-cost, easy-to-handle liquid nitrogen;

uses the bismuth-based 1G BSCCO HTS wires that were fabricated in the
lengths of several kilometers with the aid of SEI innovative manufacturing
process;

very low noise;

very low leakage magnetic flux;

the surface of the machine is kept at a room temperature and, therefore,
can be installed in used in any place.

2 Sumitomo Electric Industries, Ltd., Fuji Electric Systems Co., Ltd., Hitachi, Ltd.,
Ishikawajima-Harima Heavy Industries Co., Ltd., Nakashima Propeller Co., Ltd.,
Taiyo Nippon Sanso Corporation, University of Fukui (H. Sugimoto)
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Fig. 9.40. Computer created 3D image of the axial flux 12.5 kW HTS motor for pod
propulsor: 1 — HTS field excitation coils, 2 — armature excitation coil, 3 — cores,
4 — back yoke, 5 — fiberglass reinforced plate of cryostat, 6 — cryostat.

Table 9.12. Specifications of Japanese 12.5 kW HTS axial flux motor

Rated output power, kW

Rated torque, Nm

Short time duty power, kW

Speed, rpm

Armature phase rms current, A
Armature current density, A/mm?
Liquid nitrogen temperature, K
Diameter, m

Length, m

Number of turns of HT'S field excitation coil
Dimensions of HT'S BSC wire, mm
Diameters of HTS coil, mm

Filed excitation pole core diameter, mm
Number of turns of armature coil
Diameter of armature coil, mm
Diameter of armature copper wire, mm

125
1194
62.5
100
30
5.0
66
0.65
0.36
330
W =143, T =022
ID = 136, OD = 160
96
850
208
2

The rotating armature is located in the center of the motor between twin
stators. The coreless armature winding consists of 6 pancake coils wound with
a copper wire. Coreless winding does not produce any cogging torque. The
motor is furnished with slip rings and brushes to supply the heavy electric
current to each of the armature phase windings, which is the main disadvan-

tage.



320 9 Applications

The stationary field excitation system is placed in fiberglass reinforced
plastic (FRP) cryostats. The FRP cryostat is lightweight, strong and does not
conduct electric current (no eddy-current losses). The temperature of liquid
nitrogen is 66 K in order to increase the field current. There are two field
excitation systems (one on each side of the armature) with eight ferromagnetic
poles and eight HTS coils each. The pole cores are concentric with respect
to the HTS coils, which results in limited penetration of the magnetic flux
into the coils. The pole cores protrude outside the cryostat where they are
mechanically fixed to the disc-shaped ferromagnetic yokes, which create a
back path for the magnetic flux. The cores are wound with ferromagnetic
ribbon to reduce the eddy current losses. Since cores are outside the cryostat,
the loss to cool cores is zero.

The maximum magnetic flux density in the core is only 1.8 T, so that
the magnetic circuit is unsaturated. The maximum normal component of the
magnetic flux density penetrating to HTS coils is 0.29T, i.e. below the value
corresponding to critical current.

Fig. 9.41. Japanese 12.5 kW HTS motor for pod propulsor: (a) motor; (b) pod
propulsor integrated with the motor.

The 12.5 kW HT'S motor and pod propulsor are shown in Fig. 9.41. Perfor-
mance characteristics obtained from laboratory tests are shown in Fig. 9.42.
The maximum efficiency is 97.7 % and it remains practically constant for the
load from 60 to 210 Nm. However, the cooling loss is not taken into account.
The motor was loaded far below the rated torque, which is 1194 Nm (Table
9.12). The maximum shaft torque at laboratory tests was only 210 Nm, which
corresponds to 2.2 kW shaft power at 100 rpm. The frontier group justifies it
by the limit on the load equipment.
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Fig. 9.42. Performance characteristics of the 12.5 kW HTS machine obtained from
laboratory tests: (a) voltage versus speed (generating mode); (b) efficiency versus
shaft torque (motoring mode).

The axial flux HTS motor has a small size and is characterized by low
energy consumption. It is expected to find potential applications not only in
pod propulsors, but also in railcar motors, wind generators and large industrial
electromechanical drives, e.g. steel rolling mills.

The group has a plan to develop a commercial 400 kW, 250 rpm HTS
motor. The development will include the test at a wharf the contra-rotating
propeller pod propulsion system incorporating 2 units of a 400 kW full su-
perconducting motor. The 400 kW motor is proposed for a coasting vessel.
Further plans include development of larger motors 2.5 MW and 12.5 MW.
Instead of BSCCO, coated YBCO wire will be the mainstream HTS wire.
With YBCO wire the current density is considerably improved.

Another Japanese industry-academia group® has developed a 15 kW, 720
rpm, coreless axial flux HTS motor, similar to that shown in Figs 9.40 and
9.41. Kitano Seiki is marketing this motor [153].

The axial gap superconductive motor uses GdBaCuO bulk HTS for rotor
excitation system and HTS tapes for the stator (armature) winding. The rotor
system is in the central position of the machine and the twin stator (armature)
is on both sides of the rotor (Fig. 9.43). The rotor has 8 poles 26-mm diameter
each. The armature winding has 6 poles. The rotor assembly is 0.3 m long and
is 0.5 m in diameter. The magnetic flux density in the air gap is 3 T at 77K
under field cool magnetization. The bulk HTS poles are magnetized inside
the machine using a pulsed-copper coils. The armature system is stationary
so that there are no slip rings, only armature leads. The rotor field excitation
system with bulk HTS does not require any leads. No electric power supply
is needed to maintain the magnetic field. The machine can operate both as
a motor and generator. The prototype has been designed for marine pod
propulsors. Potential application to medical, biomedical, and environmental
protection are under consideration.

3 Puji Electric Systems, Fukui University, Hitachi, Ishikawa-hajima Heavy Industry
(THI), Kitano Seiki, Nakashima Propeller Co., Ltd., Niigata Motors, SEI, Taiyou
Nissan and Tokyo University of Marine Science and Technology.
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Fig. 9.43. Axial flux brushless machine with bulk HTS rotor developed by Kitano
Seiki, Japan: (a) computer 3D image; (b) motor and propeller on test bed. 1 —
HTS bulk magnet, 2 — armature coil, 3 — magnetic seal unit, 4 — vacuum pump,
5 — liquid nitrogen inlet, 6 — armature winding terminal, 7 — coil cooling layer.

Numerical Example 9.1

Find the kinetic energy and tensile stress of the ring with dimensions R, =
0.142 m, R;, = 0.082m, thickness d = 0.022m and density p = 7800 kg/m?
rotating at the speed of 30 000 rpm.

Solution
The mass of the ring is
m = mpd(R2,, — R2,) = 77800 x 0.022(0.142% — 0.082?) = 7.25 kg
The moment of inertia according to eqn (9.2) is
1
J= 57.25(0.1422 +0.082?) = 0.097 kgm?

The rotational speed n = 30 000/60 = 500 rev/s and angular speed 2 =
27500 = 3141.6 rad/s. Thus the kinetic energy according to eqn (9.4) is

E), = 77800 x 0.022(0.142* — 0.082%) x 500% = 480.74 kJ
The tensile stress according to eqn (9.2) is

141.62
o — 1800 X IALGT () 1092 1,082 x 0,142 + 0.1422) = 988.6 MPa

The energy density according to eqn (9.6) is

480 740
= = 66.3 kJ/k
T 725 /ke
The shape factor of the ring [3] is
p 7800
ks, e 66300988.6><106 0.523
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Numerical Example 9.2

Find the main dimensions of a three-phase, 1200 W, 4-pole, 200 000 rpm
AFPM synchronous generator for a mobile battery charger. The total nonmag-
netic air gap including magnet retaining ring (Fig. 9.2) should be g = 2 mm,
number of slots s; = 12, air gap magnetic flux density B; = 0.4 T, line cur-
rent density A,, = 16 000 A/m, PM inner—to—outer diameter ratio kq = 0.5,
PM temperature 350°C. Vacomax 225 SmCo PMs ( Vaccumschmelze, Hanau,
Germany) with By = 1.04 T and H. = 760 kA/m at 20°C are recom-
mended. The temperature coefficient for B, is ap = —0.035 %/°C, leakage
flux coefficient o;5; = 1.3, EMF-to-voltage ratio ¢ = 1.3 (E;y > V3), pole
shoe width—to—pole pitch ratio a; = 0.72, efficiency n = 0.8 and power factor
cos ¢ = 0.8.

Solution

The winding coefficients (2.8), (2.9) and (2.10) are kg1 = 1, kpy = 1 and
kw1 = 1 since ¢ = 12/(4 x 3) = 1. The coefficient kp according to eqn (2.27)

1S

1
kp = g(l +0.5)(1 — 0.5%) = 0.141

The outer diameter of PMs according to eqn (2.100) is

Doyt = § 1.3 1200 =0.044 m
720.141 x 1 x (200 000/60) x 0.4 x 16 000 x 0.8 x 0.8

The remanent magnetic flux density at 350°C according to equs (3.2) is

—0.035
100

B, =1.04 [1 + (350 —20)| =0.92T
Since demagnetization curves for different temperatures are parallel lines, the
relative recoil magnetic permeability will be approximately the same as for
20°C (linear magnetization curve), i.e.

0.92

rrec = =0.963
. 0.47 x 105 x 760 000
The PM thickness with the leakage coefficient oy, included, can be calculated
on the basis of eqns (3.13) and (3.9), i.e.
Oim By 1.3 x 0.4

ot % ore —1.089— 2% (002 = 0.0026
M7 firree g g 092—13x04 m

r UlmBg

The inner diameter of PMs is D;, = kqDow = 0.5 X 44 = 22 mm, radial
length of PM [, = 0.5(44.0 — 22.0) = 11.0 mm, average diameter of PMs
D = 0.5(44.0 + 22.0) = 33 mm, average pole pitch 7 = 733/4 = 26 and
average PM circumferential width b, = o;7 = 0.72 x 26 = 18 mm.
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Numerical Example 9.3

A 10-kW, 2200-rpm electric motor operates at almost constant speed ac-
cording to the torque profile given in Fig. 9.44. The overload capacity factor
koct = Trmaxz/Tshr = 1.8. Find the thermal utilisation coefficient of the motor.

Solution

The required rated shaft torque is

P 1
Tapr = 2% = 0,000 _ 434 Nm
2n 2w x (2200/60)

The rms torque based on the given duty cycle is

TP, (tittat .. +tn) =TPt + Tota+...+Totn or T2, ti=> Tt

Thus
24,
T’rms: ZTitZ
>t
_\/252><3+402><8+652><5+382><30+152><10
N 3+8+5+30+10
= 38.1 Nm
A
T
— 65
40
B 38
p—t 25
] 15
t
—> |- >« > >
3 8 5 30 10

Fig. 9.44. Torque profile of the electric motor according to Numerical example 9.3.
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The maximum torque in Fig. 9.44 cannot exceed the rated shaft torque
times the overload capacity factor kocrTsn, = 1.8 x 43.4 = 78.12 Nm. Also,
the required Ty, should be greater than or equal to T 5.

The coefficient of thermal utilisation of the motor is

38.1

T .
rms 100% = —— x 100% = 87.8
Topy 1007 = g5 X 100% %
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ovllve IS,
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wms
0
Cpm
CTC
Csh
Cuw
CCu
CE
CFe

SEOHG!

Cins
Cp
cpPm
Csteel
Cy

D
Din
Dout

magnetic vector potential

line current density; cross-section area

number of parallel current paths of the stator (armature) winding
vector magnetic flux density

magnetic flux density; damping of the system

instantaneous value of the magnetic flux density; width of slot
pole shoe width

cost of frame

cost of insulation

cost of all other components independent of the shape of the machine
cost of PMs

cost of the rotor core

cost of shaft

cost of winding

cost of copper conductor per kg

armature constant (EMF constant)

cost of ferromagnetic core per kg

cost of insulation per kg

specific heat at constant pressure

cost of PMs per kg

cost of steel per kg

heat capacity

diameter; duty cycle of power semiconductor switches

inner diameter of PMs equal to the inner diameter of stator bars
outer diameter of PMs equal to the outer diameter of stator bars
EMF (rms value); electric field intensity

EMF per phase induced by the rotor without armature reaction
internal EMF per phase

instantaneous EMF'; eccentricity

force; number of winding sections

shape factor of two surfaces involved in radiation
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Symbols and Abbreviations

space and/or time distribution of the MMF
armature reaction MMF

MMEF of the rotor excitation system

frequency; friction factor

permeance; gap ratio g/R

air gap (mechanical clearance); gravitational acceleration
Grashof number

equivalent air gap

vector magnetic field intensity

magnetic field intensity

height; heat transfer coefficient

height of the PM

electric current

stator (armature) current

instantaneous value of current; enthalpy

vector electric current density

moment of inertia

current density in the stator (armature) winding
current regulator gain

inverter gain

coefficient, general symbol; thermal conductivity
skin effect coefficient for the stator conductor resistance
reaction factor in d-axis

reaction factor in g-axis

Carter’s coefficient

inner-to-outer diameter ratio kg = D;pn /Doyt
distribution factor for fundamental

EMF constant kg = cg®y

form factor of the field excitation ky = Byng1/Bmg
stacking factor of laminations

overload capacity factor kocr = Tinaw/Lshr

pitch factor for fundamental

saturation factor of the magnetic circuit due to the main
(linkage) magnetic flux

torque constant kr = cr Py

winding factor k1 = kq1kp1 for fundamental
inductance; length

length of the one-sided end connection

armature stack effective length

axial length of PM

mutual inductance

momentum

number of phases; mass

mass flow rate

amplitude modulation ratio
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P;
Pout

AP
APlFe
APy,
APpe
AP,
APy,
APPM
AP’r‘ot
APwind

Symbols and Abbreviations 329

frequency modulation ratio

number of turns per phase; number of machines
Nusselt number

rotational speed in rpm; independent variables
no-load speed

active power

electromagnetic power

input power

output power

Prandt]l number

active power losses

stator core losses

stator winding losses

rotor core losses

eddy current losses in stator conductors

friction losses

losses in PMs

rotational (mechanical) losses

windage losses

specific core loss

number of pole pairs; pressure

radial force per unit area

wetted perimeter

electric charge; reactive power; volumetric flow rate
number of slots per pole

number of stator coils

enclosed electric charge

number of slots per pole per phase

radius; resistance

armature winding resistance of a.c. motors

inner radius of PMs equal to the inner radius of stator bars
outer radius of PMs equal to the outer radius of stator bars
Reynolds number

air gap reluctance

external armature leakage reluctance

permanent magnet reluctance

apparent power; surface

cross section area of PM; Sy = warLar or Sy = by Ly
cross section area of stator conductor

number of stator slots equal to the number of stator teeth
torque

electromagnetic torque developed by the machine
reluctance torque

synchronous or synchronizing torque

mechanical time constant
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Symbols and Abbreviations

shaft torque (output or load torque)

time; slot pitch

internal energy

tangential velocity

electric voltage; volume

instantaneous value of electric voltage; linear velocity
energy produced in outer space of PM; rate of change of the air
gap energy

stored magnetic energy

energy per volume, J/m?; radial velocity

width of PM

reactance

stator winding leakage reactance

d-axis armature reaction (mutual) reactance

g-axis armature reaction (mutual) reactance

d-axis synchronous reactance; Xoq = X1 + Xag

g-axis synchronous reactance; X, = X1 + Xgq
impedance Z = R+ jX; | Z |= Z = VR? + X2
number of coils in a phase group

complex attenuation constant of electromagnetic field
effective pole arc coefficient o; = b,/

form factor of demagnetization curve of PM material
power (load) angle

inner torque angle

eccentricity

emissivity; surface spectral property

efficiency

equivalent sand grain roughness

rotor angular position for brushless motors

slot pitch angle

electrical angle corresponding to the coil layer width
temperature; angle between I, and I,4

coefficient of leakage permeance (specific leakage permeance)
turbulent parameter

dynamic viscosity

magnetic permeability of free space p, = 0.47 x 10~¢ H/m
relative magnetic permeability

recoil magnetic permeability

relative recoil permeability fiyrec = frec/ o

number of the stator vth harmonic; kinematic viscosity
reduced height of the stator conductor

specific mass density

electric conductivity; Stefan-Boltzmann constant
form factor to include the saturation effect

output coefficient
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o, radiation factor
T average pole pitch; thermal time constant
P magnetic flux
Dy excitation magnetic flux
D, leakage flux
10} power factor angle
v flux linkage ¥ = N&; angle between 1, and Ey
P flux linkage
9] angular speed 2 = 2mn
w angular frequency w = 27 f
Subscripts
a armature (stator)
avg  average
c conduction
cv control volume
Cu copper
d direct axis; differential; developed
e end connection; eddy-current
elm  electromagnetic
eq equivalent
exc excitation
ext external
Fe ferromagnetic
f field; forced
fr friction; free
g air gap
h hydraulic; hysteresis
mn inner
l leakage
M magnet
m peak value (amplitude)
n,t  mnormal and tangential components
out output, outer
q quadrature axis
r rated; remanent; radiation; rotor
r, 0, z cylindrical coordinate system
rel reluctance
rot rotational
s slot; synchronous; system; stator
sat saturation
sh shaft
st starting
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syn  synchronous or synchronizing

t teeth; total
u useful
v convection

vent  ventilation
wind windage

Y yoke
x, y, z cartesian coordinate system
1 stator; fundamental harmonic; inlet
2 rotor; exit
Superscripts
inc incremental

(sq) square wave
(tr)  trapezoidal

Abbreviations
A/D analog to digital
AFPM axial flux permanent magnet
ATFI American Iron and Steel Industry
a.c. alternating current
AWG American Wire Gauge
BPF band pass filtering
BSCCO bismuth-strontium-calcium-copper-oxygen
CAD computer-aided design
CPU central processor unit
DSP digital signal processor
d.c. direct current
EDM electro-discharge machining
EMALS electro-magnetic aircraft launch system
EMF electromotive force
EMI electromagnetic interference
EV electric vehicle
FCEV fuel cell electric vehicle
FDB fluid dynamic bearing
FEM finite element method
FPGA field programmable gate array
FRP fiberglass reinforced plastic
GCD greatest common divisor
HDD hard disk drive
HEV hybrid electric vehicle

HTS high temperature superconducting



IC
IGBT
ISG
LPF
LVAD
MMF
MMT
MOSFET
MTBF
MVD
NdFeB
PFM
PLD
PM
PWM
RFI
RFPM
SEMA
SMC
SmCo
SSC
YBCO

Symbols and Abbreviations

integrated circuit

insulated-gate bipolar transistor
integrated starter-generator

low pass filter

left ventricular assist device
magnetomotive force

moving magnet technologies
metal oxide semiconductor (MOS) field effect transistor
mean time between failures
magnetic voltage drop
neodymium iron boron

pulse frequency modulation
programmable logic device
permanent magnet

pulse width modulation

radio frequency interference
radial flux permanent magnet
segmented electro-magnetic array
soft magnetic composite
samarium cobalt

solid state converter
yttrium-barium-copper oxide (YBagCuszOr_,)
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microturbine, 68, 96, 281-283
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mobile phones, 154, 193, 310, 311
pod propulsor, 318, 320, 321
power generation, 207, 281
precision robotics, 207
propulsion system for submarine, 297
ship propulsion, 295
ventricular assist devices, 313
vibration motors, 308, 310, 312
wind generator, 1, 284
armature (stator) winding, 46, 52, 158,
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armature constant, see EMF constant
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62, 65, 94, 105, 126, 160, 175, 176,
178
form factor, 59, 69

inductance, 60, 128, 160, 230
reactance, 62, 128, 160
armature winding resistance, 45, 158
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factor, 24, 77
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iron core, 6, 123, 125, 126, 239
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sine-wave excitation, 6, 53, 62, 69, 70,
132, 138, 166
single-sided construction, 6, 29, 49,
76, 87, 116, 123, 139, 154, 305,
308, 313
square-wave excitation, 6, 63, 137
superconducting field excitation
system, 317
wound rotor, 4

battery electric vehicle, 286, 291
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bottle-neck feature, 17

centrifugal force, 179
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leakage permeance, 129
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trapezoidal, 10, 36, 38, 165, 200
control, 217
control strategy, 235, 236
current angle, 234-236, 244
current control, 217, 223, 225, 233
digital signal processor, 240
high frequency voltage injection, 241
motion control, 198
overtemperature, 134
sensorless position control, 217, 241
single sensor current controller, 224
sinusoidal AFPM machine, 227, 237
speed control, 153, 217, 225, 233, 283,
302
square wave, 46
trapezoidal AFPM machine, 217, 223
converter-fed AFPM machine drive, 217
cooling of AFPM machine, 256
direct water cooling, 268
external fan, 265
external ventilation, 257, 265
heat pipes, 266268
self-ventilation, 256, 257
cost model, 202
critical speed, 10, 19, 21
Dunlerley’s empirical method, 11
Rayleigh’s method, 11
current
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fictitious field, 158, 231

fictitious magnetising, 230

instant average, 222, 223

ripple, 126, 225, 239

starting, 313

versus speed characteristic, 205
cycloconverter, 300

disc motors, 2, 58
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flywheel motor-generator ststem, 198
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renewable, 281

duties (operation)
continuous duty, 272
duty cycle, 222, 226, 243, 273, 324
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207, 233, 240, 268, 281, 287, 294,
297, 299, 302, 305, 315, 320
elevators, 2, 29, 305, 307
EMF
armature reaction, 62
constant, 165
line to line, 63, 68, 205
sinusoidal, 227
trapezoidal, 137, 217
waveform, 6, 137, 217, 226
EMF constant, 44, 62, 63, 200

fabrication of
coreless windings, 111
laminated stator cores, 84
rotor magnetic circuits, 107
slotted windings, 110
soft magnetic powder cores, 87
vibration motor, 312
failure of rotor-shaft mechanical joint,
1, 19
fan, 1, 2, 5, 52, 96, 256, 257, 263, 265
Faraday’s disc, 3, 22, 23
film coil winding, 111, 112, 154, 155,
199
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195, 200, 203, 315

axial-symmetric element, 180
boundary conditions, 180
Dirichlet boundary condition, 138
Neuman boundary condition, 138
periodic boundary conditions, 138
shell element, 180

kinematic viscosity of fluid, 254
kinetic energy, 11, 290, 291, 300, 322

Laplace transform, 225
large AFPM machine, 295
air cooling, 265
basic parts, 295
cold plate, 295, 296

solver, 138 for ship propulsion, 295
triangular element, 161 water cooling, 110, 268
virtual work method, 180 laws

Fourier’s law, 252
Kirchhoff’s magnetic voltage law, 23
Newton’s law of cooling, 253
line current density, 42, 72, 142, 323
Litz wires, 172, 175, 296
load angle, 55, 136, 141, 151, 156, 191,
213
Lorentz force theorem, 153
losses
armature (stator) winding, 45, 46, 52,
134, 137, 187, 270

Fourier expansion, 138
fuel cell, 207, 281, 294
fuel cell electric vehicle, 286, 294

gap ratio, 256
Gauss-Seidel iteration, 271, 278

Halbach array, 107-109, 120, 153, 195,
197, 198, 200, 206

Hall effect, 224, 226

heat transfer, 184, 251, 266

conduction, 252, 269
convection, 253, 254
emissivity, 252, 253

radiation, 252, 277

shape factor, 253

thermal conductivity, 269, 270

high speed generators, 281

microturbine, 96, 281, 282
miniature generator set, 282

core, 33, 46-49, 52, 79, 81, 82, 125,
150

eddy current, 9, 33, 47, 50, 74, 96,
153, 158, 170-175, 178, 187, 195,
211, 320

excess, 47

for nonsinusoidal current, 52

frequency dependent, 52

friction, 51, 187, 211

high temperature superconducting coil
critical current, 320

hydraulic diameter, 261

hydrogen economy, 294

hydraulic, 260

hysteresis, 9, 33, 47-49, 74, 153

in PMs, 48, 49, 150, 157, 270

rotational, 51, 65, 141, 158, 187, 212,
251, 270

inductance, 9, 63, 126, 139, 160, 165, stray, 52

207, 230, 231, 239, 244

armature reaction, 60, 128, 160, 230

end winding, 162

leakage, 160-162, 231

mutual, 158, 160, 231

self, 158

synchronous, 126, 134, 138, 158, 160,
191, 218, 229, 246

induction machine, 4, 17, 160, 295

differential leakage factor, 131
disc-type, 6
slip, 156

switching, 223

ventilation, 51, 52

windage, 51, 52, 175, 187, 211, 281
low speed generators, 281, 284

performance characteristics, 284

wind turbine generator, 284

magnetic circuit, 17, 23, 29, 31, 32, 84,
99, 107, 131, 176, 197, 232, 251,
320
calculation, 93, 105
fabrication, 88, 107
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saturation, 60
with stabilized PM, 102
magnetic flux density
air gap, 23, 33, 42, 93, 94, 114, 115,
117, 138, 147, 148, 176, 195, 210,
321
at the surface of Halbach array, 108,
120
average, 42, 76
average-to-peak ratio, 41
coefficient of distortion, 47, 74, 185
distribution in the air gap, 126, 128
peak value, 43, 51, 108, 120
remanent, 90, 91, 94, 96, 109, 114,
120, 323
saturation, 84, 91
magnetic permeability, 14, 22, 23, 29,
49, 77, 95, 98

magnetic saturation, 9, 59, 60, 105, 153,

161, 208, 229
magnetic vector potential, 14, 15, 161
miniature
AFPM brushless motor, 308
ball bearing, 308
generator set, 282
rotary actuator, 309
moment of inertia, 2, 10, 20, 133, 165,
189, 190, 209, 226, 290, 296, 312,
322
Moody diagram, 262
mutual inductance

see armature reaction inductance, 158

noise, 9, 128, 179, 198, 240, 305, 312,
313, 318
non-overlap winding, 167

Nusselt number, 254-256, 268, 274, 279

oil beam pumps, 302, 305

Park’s transformation, 162, 228
penny-motor, 308
permanent magnet, 1, 89, 96
Alnico, 3, 5, 94
classes, 94
coefficient of leakage flux, 92, 147
coercivity, 90, 95, 97, 100, 195

demagnetization curve, 89, 91-94, 99,

101, 323

ferrite, 3, 94, 96

intrinsic coercivity, 91

leakage flux, 92, 105

maximum magnetic energy, 91

NdFeB, 3, 48, 94, 96, 97, 99, 165, 195,
200, 284, 298, 308, 314

operating diagram, 99, 118

operating point, 100-102

rare-earth, 3, 48, 94, 96, 97, 317

recoil line, 90, 100-102

recoil permeability, 60, 90, 91, 93

remanence, 5, 90

SmCo, 48, 94, 96, 155

stabilization, 99, 101

volume, 32, 33, 93, 114, 115, 126

permeance, 101, 102, 105

air gap, 43, 61, 94, 102, 105, 117

differential leakage, 131, 160

dividing the magnetic field into
simple solids, 102, 104

end connection leakage, 129-131, 160

external magnetic circuit, 99, 101

fringing flux, 105

leakage, 92, 93, 100, 102, 105, 160

permanent magnet, 100

slot leakage, 127, 129

pole pitch, 12, 13, 35, 40, 42, 104, 126,

141

power

apparent, 57, 58, 144, 235

electromagnetic, 56, 58, 69, 132, 134,
135, 137, 138, 158, 159, 186, 210,
220, 230, 244, 245

input, 56, 66, 134, 144, 157, 159, 212

output, 1, 19, 53, 58, 66, 134, 138,
158, 159, 165, 212, 251, 284, 297

reactive, 54, 77

pulse width modulation (PWM), 46,

137, 200, 222, 224, 227, 237, 240

pumps, 1, 2, 96, 257, 268, 302, 313, 314

reactance, 128

armature reaction, 53, 61, 62, 128,
144, 160

differential leakage, 128

end connection leakage, 128

leakage, 53, 105, 128, 143, 156, 188

slot leakage, 128



synchronous, 53, 66, 125, 128, 200,
281
synchronous d—axis, 66, 159
synchronous g—axis, 66, 159
relative recoil permeability, 23, 49, 60,
91, 93, 148
Reynolds number, 51, 78, 254, 255, 262,
274
rotary actuator, 309
rotor dynamics, 10
critical speed, 11
first natural frequency, 11

salient pole, 6, 9, 87, 135, 158
saturation factor, 23, 60, 105, 184
shapes of PMs, 107
shock, leakage and friction, 260
silicon steel, 73, 79, 80, 126, 315
sinusoidal excitation, 62, 208
sizing equation, 56
skewed slot, 85
skin effect coefficient, 45, 46, 52, 129
slip factor, 260, 262
soft magnetic composite, 84, 87
solid-state converter, 126, 217, 237, 241
stacking factor, 81, 83
Stefan-Boltzmann constant, 253, 277
Stokes theorem, 161
synchronization with utility grid, 67
infinite bus, 67
power circuit, 68
synchroscope, 68
system losses, 261, 262

thermal equivalent circuit, 269, 271, 276
conservation of energy, 259, 271, 277
control volume, 271, 272
thermal capacitance, 269272
thermal resistance, 269, 271, 272

time constant
electrical, 133, 165, 209, 237
electromagnetic, 189, 191
mechanical, 133, 165, 191, 222, 237
thermal, 133, 272, 273

topologies, 1, 3, 6, 123, 251, 263

toroidal winding, 36
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torque
cogging, 9, 85, 133, 153, 167, 193,
200, 204, 286, 313, 319
continuous, 66, 208
control, 223, 302
developed, 132, 134, 137, 220, 230
electromagnetic, 58, 62, 64, 147, 153,
157, 159, 190, 193, 197, 198, 228,
235
peak, 66, 133, 153
reluctance, 230, 235
shaft, 69, 135, 158, 167, 320
stall, 65, 133
torque-current characteristic, 153,
309, 310
torque-speed characteristic, 65, 66,
132, 202, 287
torque constant, 44, 64, 71, 133, 165,
185, 200, 207, 210, 235, 308, 313
toys, 96
transverse flux machines, 1
turbulence parameter, 256
types of AFPM machines, 3, 217
PM brushless d.c. machines, 4
PM d.c. brushless machines, 66
PM d.c. commutator machines, 3, 5
synchronous machines, 4, 124, 166,
214, 282, 283, 300, 302

unbalanced force, 183, 310

vibration, 10, 11, 179, 183, 200, 287,
297, 310, 312
vibration motor, 193, 308, 310, 312
coil type, 310
cylindrical, 310
voltage gain, 225

wind turbine, 284
vertical axis, 286, 287
winding, 109
chorded winding, 46
coil pitch to pole pitch ratio, 35
coreless winding, 111, 112, 153, 172,
197, 319
distribution factor, 36, 39
double-layer winding, 45, 72, 130, 142
non-overlap winding, 38, 40, 138, 166,
167, 169
phase-group winding, 167
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pitch factor, 36, 40 slotted winding, 110, 131
printed, see film coil winding, 5, 111,

toroidal winding, 37
154

single-layer winding, 130 winding factor, 36, 39, 69, 131, 141,

slotless windings, 1, 9 185
slotted, 9 windscreen wiper, 96





