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Magnet Shaping for Minimal Magnet Volume
In Machines
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Abstract—An expression for the no-load flux linkage in perma- ferent from the conventional expression given by (1)
nent-magnet (PM) machines is derived. From this expression, a

method is proposed to increase the no-load flux linkage generated Ao — B A5 )
in a stator winding per volume of PM material. The method is suit- M = PM * & Scoil
able for machines with short pole pitch and is applied to a trans- Seoil

verse-flux machine with single-sided surface-mounted PM. The re- ) ) .
sult is an increase of 37% of the no-load flux linkage per volume WhereBpy; is the flux density created by the PM, afd.; is a

of PM, compared with the case of rectangular PM covering 100% surface bounded by the coil conductors. In (1), the coil geometry
of the pole pitch. An increase of 15% is also obtained, if compared 5 considered. not the PM geometry. The new expression for
. . . . 0, i . 1 . X . / . )
\[f)\li![ThThe common practice of using PM covering 80% of the pole Apn is derived, by injecting a currenin the coil. The product
i\ is written as

Index Terms—Permanent-magnet machines, permanent-
magnet shaping, transverse-flux permanent-magnet machines. _ _

A= / J . dsmnd //B . dsmﬂ (2)
I. INTRODUCTION Scond Scoil

ARE-EARTH permanent magnets (PMs) are expensivéherej is the current density inside the conductors forming the
The specific cost of Nd-Fe-B and Sm—Co materi&o0il, Scond is the conductor cross sectioB, is the total flux
is many times higher than that of steel and copper. TIggnsity created in the coil by both the currém@ind the PM. If
optimization of PM volume is investigated, by evaluatind? is replaced by the curl of the magnetic vector potendial
the contribution of each PM volume element to the no-load - -
magnetic flux in a machine. B=VxA4 ®3)
The rotor of a PM electrical machine comprises an alternate , .
arrangement of north poles and south poles formed by Pl\x\é? can apply Stoke’s theorem, and obtain
which create an alternating flux in the stator winding. In this
paper, the no-load flux linkage in the stator winding is expressed iX= //f d B eond j{ A-dlo (4)
as a mathematical function integrated over the PM volume. This &
gives each volume element inside the PM a contribution to the
total no-load flux linkage. A method is presented that eliminateghich can be expressed by (5), if the variatiordothroughout
the PM elements with low contribution to the flux generated ithe conductor cross section is negligible
the stator winding. Higher value of flux linkage per cubic meter
of PM material can then be obtained. iA = ///j.gdv (5)
The method is applied to a transverse-flux PM machine. A
pole pitch of 1 cm is used for that purpose, which exhibits a
high content of fringing field in the air gap and in the magnetsvhere V.4 is the total volume of the conductors linking the
The magnet shape resulting from this method is comparedaail. Using (3) and (6), and using the method applied in [1], (5)
the more conventional rectangular magnet layout, which hasan be rewritten into (7)
clearance of 0.1 to 0.3 times the pole pitch between each magnet.

cond looil

A
Veond

j=VxH (6)

Il. CONTRIBUTION OF MAGNET ELEMENTS TO THE ix— B.Hdv )
No-LOAD FLUX

Viniverse

In this section, an expression for the stator flux linkage, . .
created by the PM at no-load is derived. This expression is d\fhere Viyiverse i the total volume of universe. From (7), we
can separatg, B, andH into the componentspy;, Bpnv, Hpum
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For the case considered here, Maxwell's equations give

V'BP]\q:V'Ba:VX.HP]\qIO. (9)

The integral overall universe of a product of two vectors is =
zero, if the first vector has a divergence of zero and the second =
vector has a curl of zero [2]. Using this statement, we rewrite (8)

i(Apm + Ao) = / / / (Beam +Bo)-Hadv.  (10) e

Vimi
nmiverse

. Fig. 1. Cross-sectional and 3-D views of a TFPM SSSM machine.
From (10), we isolatépy;

IApM = /// EPM 'Ha dv. (11) Permme

Rl ngiels

i

C=Cove liend

W e
2 ik

Vini
universe

If the magnet is assumed to have a constitutive relationst
defined by (12)

Bpy = NOHPM +B,. (12)
As shown in [3], (11) and (12) can be combined, and written :

Doy = / / B, Hoydo+ / / H, B.dv. (13)
y ,

universe Veum

The first term is zero, because the divergencBgfis zero, and

the curl of Hpy, is zero. This leaves the following result: Fig. 2. Dot product ofH, and B,. inside the volume of adjacent block
— Nd-Fe-B magnets. MMF injected in the statorris = 10 ampere-turns
H, - (A-turns). Width of PM= 10 mm. Distance between P¥ 0 mm. Height of
APM = T -B,. dv. (14) PM = 8 mm. Total area of PM per magnet80 mn?. B, = 1.23 T.

Vem

Equation (14) has the advantage of expressing the no-IJgﬁce (MMF) and the rotc_)r-cregted no-load flux linkage. In
flux linkage in the stator coil as a volume integral performed opther words, the W'”‘?'OW In ‘_Nh'Ch the conductor_s are pl_ace_d
the PM. In (14), each volume element inside the PM gives a can he made many times wider than the pole p|tch,_wh|ch IS
certain contribution to the total flux linkagkpy,. not the case with .con\_/entlonal brushless dc PM machines. This
A method of PM volume optimization can be implemented"}IIOWS the poIe. p|tch n the_TFPM SSSM_ of .F'g' 1.t0 be made
with the use of (14). This can be done with a finite-elemeNE™Y small, V\_'h'le St.'" keeping a large winding window area.
analysis (FEA) software, by replacing the PM by vacuum in th%ma_II pole p|tcr_1es increase the rate of change of the no-load
FEA model. A current is injected in the stator coil, and theﬂux linkage, which, in turn, Increase the no-load voltage._
resulting fieldH , is obtained in the volume previously occupied The TFPM SSSM mr_:lchlr}e Is composed of Q-cores in the
by PM. The dot product off,, with B, must be performed and stgto_r, mpunted on the m'genor pqrt of the machine. The.stator
divided byi. The local contributions are then obtained, and dinding is made of one single coil wound on top of the inner
PM volume elements with low contribution can be eliminateB™t of_the C-cores. The PMs are placed on _the inner part of _the
from the total volume. outer ring, and face the C-core heads. For this study, a pole pitch
Inspection of (14) readily indicates that such a method wiif 1 cm is used, which is also the value used in [4].
give equal contributions inside the PM, if the fielfl, is con- B
stant in direction and amplitude inside the PM volume. This A ) )
method will be more helpful in the case of machines with very A current: = 10 amperes is injected in the stator coil of the
short pole pitch, where two- and three-dimensional (2-D a d&PM SSSM machine, and three cases of PM configurations

3-D) fringing fields are present. The contribution inside the PXAe investigated: PM with no clearance between them, PM with
will then vary for each volume element. a clearance of 0.2 times the pole pitch between them, and PM

with areas of lowerH, - B, removed. The three PM shapes
. M AGNET SHAPING IN SHORT-POLE-PITCH MACHINES with the corresponding plots @, - B,. are shown in Figs. 2—4.
o ] It must be noted that the same magnet height is used for the

A. Description of the TFPM SSSM Machine three shapes. Further optimization of magnet material utilization

The method described in the last section is applied tocauld be achieved if the magnet height is allowed to vary, which
transverse-flux permanent-magnet (TFPM) machine, with not done here.
single-sided surface magnets (SSSMs) [4], shown in Fig. 1.  The no-load flux linkage\py; is computed for the three

The main characteristic of TFPM machines is the indepeshapes and displayed in TableNpy; is calculated by using
dence between the amount of stator-created magnetomotiath the conventional (1) and the new expressions (14) for flux

. Derivation of Magnet Shapes With Increased Contribution
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TABLE |
FEA ResuLTS FORTHREE DIFFERENTPM CONFIGURATIONS

Fermanen
Mmmets

|

P Shape  Apwpien®y  Apggivenby  Ermo o L™

Whim '} IkEmi if =i | P

Rezians [LRE | = bn 151 ia |

=] 7S

W' hiapes [IEEIRE |- [IEE 1] ]

Fig. 3. Dot product o] , andB.. inside the volume of rectangular Nd—Fe—B
magnets. MMF injected in the statonis = 10 A-turns. Width of PM= 8 mm. IV. CoNCLUSION

Distance between PM: 2 mm. Height of PM= 8 mm. Total area of PM per  An expression for the no-load flux linkage is derived for PM
magnet= 64 mn¥. B, = 1.23T. . . .
machines, which expresses the no-load flux linkage as a func-

tion integrated over the PM volume. From this expression, a
method is proposed to increase the no-load flux linkage gen-
erated by the PM in the winding per volume of PM material.
The method is applied to a machine with a small pole pitch
(1 cm), i.e., a transverse-flux machine with SSSM PM. The re-
sult is a V-shaped PM, with an increase of 37% of the no-load
flux linkage per volume of PM, compared with the case of rect-
angular PM covering 100% of the pole pitch. An increase of
15% is also obtained, if the V-shaped PM is compared with the
common practice of using PM covering 80% of the pole pitch.
The no-load flux linkage calculated with (14) shows a maximum

_ o error of 8% compared to the conventional expression of no-load
NGLFe-8 magnets. MM injectad in the siatonia — 10 Adums. Distance. 14X linkage. This error is attributed to the assumption in (14)
between PM in the top past 1 mm. Width of PM in the bottom paet 2 mm.  Of Unity recoil permeability for the PM material. The proposed

Distance between PM in the bottom par8 mm. Total height of PM= 8 mm.  method of computing no-load flux linkage is a valid tool for PM

Height of the top (rectangular) part of the PiM2 mm. Total area of PM per ,, . ; i ;
magnet— 51 mn?. B, = 1.23T with recoil permeability close to unity.
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