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1

PERMANENT MAGNET ELECTRICAL MACHINE
Technical field

[0001] This invention relates generally to a permanent magnet (PM) electrical machine operating
either as a synchronous generator or a synchronous motor. More particularly, the invention
relates to the control of harmonic components in the output/stator voltage and current waveforms

under load.
Background

[0002] PM synchronous machines are robust, reliable and efficient, and have a relatively high
energy density. They have many attractive properties compared with wound-field synchronous
machines with brushed or brushless exciters. The need to save energy and increase the
efficiency of motors and generators means PM synchronous machines are becoming a popular
candidate because of their no-loss fotqrs. In some cases an energy saving of up to 20% can be

achieved by using PM rotors in place of wound rotors.

[0003] Despite these advantages, some current designs of PM synchronous machines have
shortcomings. They use relatively high volumes of magnetic material that increases their cost.
When operated as synchronous generators they have poor voltage regulation and can suffer from
distorted voltage and current waveforms under load. When operated as synchronous motors
they are difficult to start without some form of sensor feedback. Also, their (stator) back emf '
waveforms under load are distorted, reducing their efficiency and requiring more complex

control electronics.

[0004] These problems are greater with low pole number (e.g., 2- and 4-pole) machines, where
serious waveform distortion under load commonly occurs. The distortion arises due to the so-
called flux drag effect that causes the magnetic flux in the rotor to skew away from the radial
axis of the magnets due to the load current in the windings. 2- and 4-pole PM generators also
use more magnet material for the same power output than do higher'polc number generators.
Accordingly, PM synchronous generators have not found widespread use in small-scale powe_r
applications, such as single-phase and three-phase 3000 rpm (2-pole) or 1500 rpm (4\-pole)

petrol and diesel driven generators in the 5 to 20 kW range.
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[0005] The only practical current 2- and 4-pole designs are surface-mount magnet types.
However, thesc also have distorted output voltage/back emf and current waveforms under load,
and can suffer from demagnetization of the magnet edges under high loads. Surface-mounted
magnet Segments for 2-pole and 4-pole rotors have a large arc segment, meaning there is a large
amount of waste material in their manufacture, increasing the monetary cost of the magnets.
Current designs of surface-mount PM AC generators exhibit a large voltage drop under load. As
there is no simple method of voltage regulation at constant speed for these machines, generator

applications requiring good voltage regulation, cannot use PM synchronous types.

{0006] There are, however, PM synchronous generators which have acceptable waveform and
voltage regulation. These have one-piece PM rotors. The main problem with these designs is
that they use up to six times or moré magnet material than the equivalent surface-mount désigns,
even in the lower powers, and cannot be made in a 4-pole cohﬁguration. Rather, such machines
are only practical in 2-pole designs up to.3 kW power rating. Above this level the magnet cost

and volume increases to the square of the rotor diameter, making them no longer cost-effective.

[0007] These problems mean that current designs of PM generators and motors are suitable only
for low-grade, low power applications where voltage regulation (i.e., generators) or back emf

(i.e., motors), and harmonic distortion are unimportant.
[0008] A need exists to overcome or at least ameliorate one or more of these disadvantages.
.’ Summary of Invention

[0009] In one broad form, there is provided an electrical synchronous machiné comprising a
wound stator and a rotor. The rotor includes at least two magnetic poles with each pole being
formed of a pair of angularly spaced-apart permanent magnets, a rotor pole piece located
between each said pole, a triangularly shaped void located in the rotor pole piece, and a plurality

of slots located in the rotor pole piece.

[0010] Other aspects are disclosed.
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Brief Description of Drawings
[0011] In the drav;'ings:
[0012] Figure 1 shows a sectional view of a two-pole machine;'

.[0013] Figure 2A shows the flux lines fc;r no load for the machine of Figure 1;
[0014] .Figure 2B shows the flux lines for full load for the machine of Figure 1; |
{0015] Figure 3 is é partial sectiqnal view of the machine of Figurev 1;

[6016] Figure 4 shows a cut-away view of an assembled two-pole machine;
[0017] F igure 5 shows a sectional view of a four-pole machine;

(0018] F igurg 6A shows the ﬂux lines for no load for the machine of Figure 5;
[0019] Figure 6B shows the flux linesvf(-)r full load for the machine of Figure 5,

[0020] Figure 7 shows an output voltage waveform under load for a known 2-pole machine (i..,

-~

with no flux voids);

- [0021] Figure 8 shows a pl‘ot of the fundamental and harmonic frequency components of the

output waveform of Figure 7;

[0022] Figure 9 shows an output voltage waveform under load for the two-pole 'machihe of

Figure 1; and

[0023] Figure 10 shows a plot of the fundamental and harmonic frequency components of the

output waveform of Figure 9.
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" Detailed Description

)/

[0024] In what follows, reference to “an electrical machine” (or simply “a machine™) is to be
understood as applying equally to a machine configured and/or operated as a generator or motor,

Vg

unless specifically indicated as being otherwise.

[0025] Figure 1 shows, in cross-section, a 2-pole machine arrangement 10 embodying the -
invention. The stator 100 has windings 101 in conventional form, wound either in a single phase
or three phase configuration. The rotor is formed of stacked laminations. The number of such
laminatiqns determines the power output of the machine. The laminations are clamped together
by rods (not shown in Figure 1) passing throuéh the spaced holes 102 and 117, and secured at
either end-most lamination, typically using end plates (not shown). A typical rotor diameter for
a 5 to 20 kW machine is in the range 100 mm to 130 mm. The laminations include rotor pole
pieces 107 located between the two magnetic poles. Each pole is formed by a pair of
(embedded) permanent magnets 103, angularly spaced-apart by inter-magnet segments 106. The
magnets 103 and rotor pole pieces 107 are mounted from a central shaft 105. The shaft typically

is formed of non-magnetic material.

[0026] The rotor pole pieces 107 include a series of evenly-spaced slots 109 and a centrai void
108. The void ideally would extend from a point 114 near the air gap 121 to the inner points 115
and 116 at the foot of the respective magnét, however this would compromise the structural
integﬁty of the rotor, in which case the void 108 lea\)es a margin of rotor material as shown.

The slots 109 are of various lengths to direct the flux from the magnets 103 into the air gap 121
at a desired angle normal to the rotor surface. The slots 109 may be varied in width and angle by
modelling or experimental trial to achieve the desired lowest waveform distortion under load and
the highest air gap flux. The slots 109 also contribute to changing the saliency of the rotor, as
wiﬂ be described below. The voids 108 and slots 109 would normally be occupied by free

space, but could equally be filled with a non-magnetic material, such as aluminium.

[0027] Saliency is the ratio of the direct axis inductance (Xd) divided by the quadrature axis
inductance (Xq). The Xd ax'is lies in the direction 201 shown in Figure 2A, and Xq axis is at 90
degrees thereto. The magnetic flux lines 202 also are shown. The slots 109 are positiqn_ed ina
direction 206 which bisects the angle between the Xd axis 208 (repositioned for graphical

representation) and the magnetic polar (N-S) axis 207. Such slot orientation represents the best
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engineering compromise between the Xd axis and the magnets’ orientation, and results in the
optimum flux flow with least obstruction for the configuration in Figure 1 under both load and

no load conditions.

[0028] The léngth 112 and width 110 of the magnets 102 is determined by having tﬁem touch at
an inner point 118 and extend lto\an outer point 104. The length 1 12 for an ideal 2-pole rotor

| should half the pole arc length, which is the radius of the rotor, but if this were the case the
magnets’ width 110 would be zero and there would be no room for a shaft 105. It has found that
a ratio of 0.7 to the pole arc length 120 gives maximum air gap flux while allowing an adequate
shaft diameter 113. The outer point 104 is constrained by the need to keep the magnets held in
place against the centrifugal force that arises when the machine is at full speed, but should
ideally extend to the full diameter of the rotor. The overhang at 104 on the rotor pole pieces 107
could also be removed and the magnets held in place via other methods such as gluing or
bonding. The arc segment 111 for a 2-pole rotor preferably is 60 degrees, 6r one half of the arc
length 1 19, i'ebresenting an arc ratio (for a 2-pole machine) of 1/3. This split-magnet
arrangement results in a significant saving in cost by reducing the volume of magnetic material
needed by about 50%.

- [0029] Figure 2B shows the flux lines for the 2 pole machine 10 of Figure 1 at full electrical or
mechanical load. While the Xd axis 201 lies at the centre of the flux lines at né load, the Xd axis
under load 204 moves through an arc 205, reéulting in flux drag caused by the torsional load on
the shaft 105 and the current in the windings 101. The central voids 108 and the slots 109

- ameliorate the flux drag effect. It can also be seen that the flux lines 203 from the magnet 103

have been dragged to the right. It can further be seen that the current flowing in the windings

101 is trying to dragflux from the magnet 103 to the right-hand side of the magnet. If this is

allowed to happen then there will be uneven flux in the air gap 120. The number of slots

included represents a compromise between increasing saliency and avoidi'ng insufficient
material forming the pole pieces that would result in saturation, leading to poo: voltage

. regulation.

[0030] Referring now to Figure 3, it can be seen that the inter-magnet segment 106 is curved,
giving a large air gap clearance 301. This is done so that the flux linkage to the stator 100 is

kept to a minimum. The clearance 301 is restricted by the need to provide sufficient magnetic
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material to prevent the inter-magnet pole pieces 106 from becoming saturated. The inter-magnet
| segment 106 also locks the magnets 103 securely in place, and also keeps the magnets in close

contact to the rotor pole pieces 107.

[0031] Figure 4 shows a cut-away view of the rotor in Figure 1 where stacked laminations of
rotor pole pieces 107 are held in place by bolts 401. The magnets 103 and segments 106 are
fitted between the stacked rotor pole pieces 107, and retained by respective bolts. An
intermediate plate 404 is provided.to mechanically support the pole pieces 107. The bolts 401
are made from mild or high tensile steel, and are magnetic so as to allow flux to pass through
them. The bolts 401 are anchored to a flange 406, and at the other end, a plate 402 and nuts 409
serve to both clamp the rotor pole pieces 107 together, aﬂd hold the magpnets 103 and inter-
magnet segments 106 to the shaft 105. For ease of va.ssembl'y, the'magnets of a longer rotor are
also split into segments 103’ lengthwise. The shaft 105 has a female téper for driving the
machine when operated as a generator by an engine. This taper drive could be replaced with any
suitable drive. On the back end of the shaft 105 is a stub shaft 408 to take a bearing for end
suﬁport. |

[0032] Figure 5 shows a 4-pole PM AC machine 50 embodying the invention. The machine 50
has a stator 500, windings 501, embedded permanent magnets 503 (i.e., a pair per pole), inter-
magnet segments 506 and central shaft 505, as is the case with the generator shown in Figure 1.
In the same way, fixing holes 502 are -pfovided, as are rotor pole pieces 507. In this 4-pole rotor
arrangement, the correct ratio of magnet length 512 is the dimension 515, which is 2 pble
segment 504. This dimensioning achieves maximum ﬂux concentration for the minimum
magnet volume. The reduction in magnet volume achieved by segmenting the magnet into two
pieces is less than in a 2-pole rotor, at around 38%. However, the output power per volume of
magnet is higher due to the higher air gap flux. This is because the ideal magnet-to-pole arc
ratio can be achieved in 4-pole deéigns. The central void 508 has the same dimensional
constraints as in Figure 1, but has curved sides 513 to fbllow the required 4-pole flux lines.
There are three flux control slots 509 having a curved profile, to also follow the required flux
lines. A larger shaft dimension 514 than is the case for the embodiment of Figure 1 can be

accommodated.
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| [0033] Figure 6A shows the no-load flux lines 603 for a 4-pole embodiment of Figure 5, where
the Xd axis 601 lies in the centre of the flux lines 603. Similarly to the 2-pole configuration, the
curved slots 509 are orientated in the direction 606 that bisects the Xd axis 601 and the magnet
polar axis 605. It can be seen that the curved sides 513 of the central void 508 and the curved
slots 509 follow the flux lines 603.

[0034] Figure 6B shows the flux lines 603 in the 4-pole rotor under full load, from which it can
be seen that the effective centre of flux has moved from axis 601 to 604 by an arcuate distance
602. This exemplifies the flux drag effect for the 4-pole embodiment of Figure 5. It can also
been seen, as in.Figure 6A, that current in the winding is trying io drag the flux lines 603 to the

right.

[0035] Figure 7 shows the output voltage waveform/back emf under load for a known 2-pole
embedded magnet machine without flux voids or flux control slots. Figure 8 is a plot of the
harmonics in the waveform of Figure 7, showing a third harmonic component of about 19.0%,

and fifth harmonic of about 7.0%,-with total harmonic distortion (THD) of over 20%.

[0036] Figure 9 shows the output voltage waveform/back emf under load for‘th‘e machine shown
in Figure 1, demonstrating a near-sinusoidal shape. Figﬁre 10 is a plot of the harmonics in thé
waveform/back emf shown in F igure 9, indicating a third harmonic component of about 1.0%,
and fifth harmonic of about 1.5%, with THD of less than 4%. Additionally, skewing the stator
also reduces the THD further by 50-60% overall. ' '

[0037] In other embodiments, the slots in the stator 100 containing the windings 101 can be
skewed by 1 or more slots over the length of the stator to further reduce the THD. This reduces
the harmonic produced by the magnets passing over the slot openings. The rotor can be diecast
in one piece, using the diecast aluminium in the slots and void to effectively clamp the rotor
segment 116 together, thus eliminating the need for the clamping bolts 401 and nuts 409. A
secondary effect of the voids and slots in the rotor segments 107 is to improve the voltage
regulation under load when operated as a generator. When operated as a motor, the voids and

slots improve the torqué efficiency (Nm/A) as mechanical load is increased.
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[0038] In the embodiments shown, the measured voltage regulation, when operated as a
generator, from no load to full load was only & 3%. Also, the effect of improved THD and

voltage regulation improves the efficiency of the generator.

[0039] When operated as a motor, a 20% improvement in torque delivered for the same current
at full load was observed compared with the known 2-pole machine. Additionally, since the
back emf exhibits a good sine wave, high efficiency is achieved over the full load range.
Furthermore, the back emf changes as the load torqﬁe forces the flux from the centre point, and
this drop in back emf results in an increased current, meaning no feedback is required to a
variable frequency supply with éhanging loads (i.e., providing full sensor-less control). Since
the machine design exhibits a non-linear torque/back emf relationship, a resultant large angle
exists over which the rotor-can produce eﬁ'ective torque, making low pole nhmber motors easier
to start.

[0040] The foregoing describes only some embodiments of the ptesent invention, and
modifications and/or changes can be made thereto without departing from the scope and spirit of

the invention, the embodiments being illustrative and not restrictive.
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Claims:

1. . A permanent magnet electrical machine comprising:

a wound stator; and

a rotor including at least two magnetic poles with each pole being formed of a pair of
angularly spaced-apart permanent magnets, a rotor pole piece located between each said pole,a
triangularly shaped void located in the rotor pole piece, and a plurality of slots located in the

rotor pole piece. J

2. The machine of claim 1, wherein the voids and slots are dimensioned and located such
that the relative total harmonic distortion of the output voltage waveform urder load is less than
5%. |

3. The machine of claim 1, wherein said void is located in the middle of a rotor pole piece.
4. “The machine of claim 3, wherein said slots are located between a void and an adjacent
magnet. '

5. The machine of claim 4, wherein the slots are oriented in the rotor pole piece to bisect

the direct axis inductance and magnetic polar axis:

6. The machine of claim 5, wherein there are two poles and four slots between a void and

an adjacent magnet. .,

7. The maéhine of claim 5, wherein there are four poles and three slots between a void and

an adjacent magnet.

8. The machine of any one of the preceding claims, further including a triangularly shaped

spacer located between the magnets of each pole. .
9. The machine of any one of the preceding claims configured as a generator.

10. The machine of any one of the preceding claims configured as a motor.
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