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Abstract — Based on the concept of the converter fed machine
(CFM), an optimal machine design can be considered as the
best match of the machine topology, the power electronic
converter and the performance specification. To compare
power production potential of axial flux machines with various
topologies, different waveforms of back emf and current,
general purpose sizing and power density equations for such
machines are needed. In this paper, a general approach is
presented to develop and to interpret these equations. Sample
applications of the sizing and power density equations are
utilized to compare the axial flux toroidal permanent magnet

(AFTPM) machine and the axial flux two-stator permanent
magnet (AF2SPM) machine.

1. INTRODUCTION

In general, comparison of different machine types is a
formidable task since many variables exist for each machine
and it is difficult to select those variables which should be
held constant for comparison purposes. One traditional
method of comparison is to use the D,’L, sizing equation,
which compares the machine power on the basis of air gap
surface diameter D, and effective stack length L..

The traditional design of AC electrical machines is based
on the premise that the machine has a radial air-gap flux,
only one stator and one rotor, and it is supplied by a
sinusoidal source. It was recognized in [1] and [2], however
that the emergence of power electronic converters has
removed the need for such a concept as the basis for machine
design. Beginning with the variable reluctance and
permanent magnet machines, a new generation of electrical
machine has evolved, based on the principle that the best
machine design is the one that simply produce the optimum
match between the machine and the power electronic

Franco Leonardi**
Student Member, IEEE Member, IEEE

**McCleer Power Inc.
2421 Research Drive
Jackson, Mi 49203, US.A.

Thomas A. Lipo
Fellow, [EEE
Department of Electrical and
Computer Engineering
University of Wisconsin-Madison
1415 Engineering Drive
Madison, W1 53706-1691, U.S.A.

converter. In particular, promising developments in the field
of axial flux PM machines has raised issues concerning the
power density of such machines when compared with more
conventional topologies [5,6].

With the evolution of converter fed machines (CFMs), it
becomes important to compare power potential of machines
with vastly different topologies, having a variety of different
waveforms of back emf and current. In 1996, S. Huang et al.
{3] developed the general purpose sizing and power density
equations and introduced a systematic method to compare
the capabilities of machines with different topologies. The
power density was compared on the basis of total occupied
volume instead of air gap volume. Special factors were
introduced to account for the effects of non-sinusoidal
current and back emf waveforms. As a further study, a
detailed approach will be presented in this paper for the
application of the general purpose sizing and power density
equations to axial flux machines, focusing specifically on the
axial flux toroidal permanent magnet (pm) machine
(AFTPM) and the axial flux dual stator pm machine
(AF2SPM).

I1. SIZING EQUATIONS AND POWER DENSITIES

The general purpose sizing equations for radial gap
machines take the form, [3]
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K, ratio of electrical loading on rotor and stator. (In a
machine without a rotor winding, K,=0.)

m number of phases of the machine.

my; number of phases of each stator (if there is more than
one stator, each stator has the same m,).

K. emf factor incorporating the winding distribution
factor K,, and the ratio between the area spanned by
the salient poles and the total airgap area

K; current waveform factor.

K, electrical power waveform factor.



1 machine efficiency.

. flux density in the air gap.

total electrical loading including both the stator
electrical loading 4, and rotor electrical loading 4,.
converter frequency.

machine pole pairs.

diameter of the outer surface of the machine.

effective stack length of the machine.

k; aspect ratio coefficient L/D; of the effective stack
length over the gap diameter in radial air-gap
machines.

A, ratio of the diameter of the air-gap surface vs. the
diameter of the outer surface of the machine.

If stator leakage inductance and resistance are neglected,

the output power for any electrical machine can be expressed
as [3] ‘
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where emf e(f) and E,; are the phase air-gap emf and its
peak value. The currents i(f) and I, are the phase current
and the peak phase current, and T is the period of one cycle
of the emf. The factor K, is defined as

K=+ [ 40X g o ;Efe(t)ff(t)dt @

1
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where fi(f)=e(t)Ey and fi(1)=i(tV1, are the expressions for
normalized emf and current waveforms.
The emf in Eq. (3) for the axial flux machines is given by

e)= Lt ~k,NB, L L a-2)pi )

where A, is the air-gap flux linkage per phase, N, is the
number of turns per phase. The ratio X is defined as

a=2 ' (6

where D is the inner diameter of the machine. From Eq. (5)
it is apparent that

Ey=KNB, L (1-2)D, (7)
p
The factor K is defined as [3]
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where /., is the rms phase current which is related to the
stator electrical loading A;. For the axial flux machines the
electrical loading 4, is a function of radius. Its average is

= 2ml N' rm: (9)
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where the average diameter of air gap is

b DtDi _1+2

4 2 2 (]

(10)

In the general case, the total electrical loading A should
include both the stator electrical loading 4, and rotor
electrical loading A, so that [3],

Axs':A'Ar: (11)
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By Egs. (8),(9) and (11) an expression for the peak current is
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Combining Egs. (3), (7), (10), (12), the general purpose D,’
sizing equation for the axial flux machines takes the form of

Pp= — -—~KKK7;BA-f—(l xz)”zl

D, (13
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To realize the required D,’L, sizing equation, it is useful
to define the ratio K;, considering the duality of the axial flux
and the radial flux machines

K, = ’L) =f(Ly Lo Lyng 2 D 8 )

e

(14)

where
L, axial length of the stator.
L, axial length of the rotor.
Ly axial length of the permanent magnet (if any).
g  axial length of the air gap.

A procedure needs to be developed to determine K; when
studying a specific machine or structure. This procedure will
incorporate the effects of temperature rise, losses, and
efficiency requirements on the design. In practice, the
lengths L, and L, depend upon the stator equivalent electrical
loading 4,, the current density J;, the slot fill factor X, and
flux densities in the different parts of the machine. The
length Ly, depends on the air gap flux density and air gap
length. The outer diameter D, is determined by Eq. (13).

In most axial flux machines, the ratio A is a major design
parameter which has significant effect on the characteristics
of the machine. To optimize machine performance, the value
of A must be carefully chosen. For many years, researchers
have been interested in choosing an optimal value of the
ratio A to yield the best electrical and magnetic loading for
an axial flux machine. In 1974 P. Campbell derived an

optimized value of A=1/y3 for the maximum armature
power in a permanent magnet axial field DC machine [4].
However, the length of the machine was not accounted for in
this analysis and thus the concept of power density was not
applied. In 1994 F. Caricchi et al. presented an optimized



value of the ratio A=0.63 for AFTPM machine, to achieve a
high value of both the torque and torque-to-weight ratio [5].

In practice, the optimal value of A is different depending
upon the optimization goal. Moreover, for given electrical
loading and flux densities, even when the optimization
criterion is the same the optimal value of A also differs for
different rated power, pole pairs, converter frequency etc.
Further, if different materials or different structures are
involved, the optimal A will have a significantly different
value.

The final general purpose sizing equation ultimately takes
the form of

Il mm RN LY
L KKK K B AL -2
1+K, m, 2 p BB d 3 =)=

DD2 LE

(13)

‘The overall power density of axial flux machine can be
defined as

PR=

Pr

" p2L,
4
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where D, is the total outer diameter of the machine
including the stack outer diameter and the protrusion of the
end winding from the iron stack in the radial direction.

By examining the back emf and current waveform for a
particular machine type, the factors, X; and X, in the sizing
equation can be determined. Typical waveforms and their
corresponding K; and K, from Ref. [3] are shown in Table .

TABLE I
TYPICAL PROTOTYPE WAVEFORMS
Model e(t) i(t) Ki K;
Sinusoidal £ ]&I ) T os "
t it 2
waveform T T z
Sinusoidal ’ !
£ £l oos
waveform T E
Rectangular Ead E To 1
[t ™ £l
waveform i T
i E 1
Trapezoidal ™ N % I,,j L " 1.134 0.777
waveform _12 h
. £ L
Triangular Ea + IW_ s 0333
waveform

IIl. APPLICATION OF THE GENERAL PURPOSE
SIZING EQUATION TO AFTPM MACHINES

The concept of the axial flux toroidal permanent magnet
(AFTPM) machine was presented in Refs. [1], [5] and [6].

The AFTPM topology is shown on Fig. 1. The machine total
outer diameter D, is given by

D, =D, + 2Wqy, (17)

where W,,, is the protrusion of the end winding from the
iron stack in the radial direction. Protrusions exist toward
the axis of the machine as well as toward the outside: their
amplitude depend on the stator equivalent electrical loading

A,, the current density J,, and the copper fill factor K,,, as
shown in Eq. (18)

44D,
’1),2 + D
KL'IIJ.\'
Wcm‘ =
2
(18)
44.D,
DX+ "5 D
KL‘XIJJ
WL‘HO =
2
The axial length of the machine is given by
L=L,+2L, +2¢g (19)

,Winding  Stator Core

Rotor T
~Rotor
O H
'
D, D,
e
Y, e i
O o) H
J
L, - al
B Amomhous Iron Tape Stainless ~ Steel
Delrin Mild Steel

I Permanent Magnet

Fig. 1 AFTPM Machines

From manufacturing experience, the axial length of the
stator can be approximated by



L= Leg + 1.6W,y, (20)

where L, is the axial length of the stator core.

B =D, (1+))
L.. = it e A 21
T (21)
where B,, is the flux density in the stator core.
The axial length of rotor L, is given by

Le=Le+ Lpm (22)

where L, is the axial length of rotor disc core. The PM
length Lpy, can be calculated as [7]

Hu,B
—— (g + W) 23)
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where p, is the recoil relative permeability of the permanent
magnet, B, is the residual flux density and depends on PM
material, B, is the attainable flux density on the surface of
the permanent magnets, and K; is the flux leakage factor of
the PM machines obtained through a finite element study or
through design experience. [In a very simplified approach
K, can be taken as (1-p/30)]
The axial length of rotor disc core L, is expressed as

_ BaD,(1+))

LCI‘
B,.8p

(24)

where B, is the flux density in the rotor disc core.
Combining Eqs. (18) to (24) the axial length L, is
B
L= nD,(1+4) fd
4p B

cs

B
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Referring to Eq. (14) the aspect ratio K can be derived as

—™+n) B B 1
K, =( p (Bcs + B Y+ ) (1L.6W,,; +2g) x
B
(14—t ) (26)
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d

Due to the structure of an AFTPM machine, the flux in the
stator and rotor have different characteristics. In the stator
core an AC flux exists while on the other hand in the rotor
disc core a nearly constant flux exists. The relationship
between flux density B,, and converter frequency f can be
estimated by [3]

5477032 f>40Hz
By=

fS40Hz 27)
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The flux density in the rotor disc core should be set to

B,=161018 (28)

The air gap flux density B, can also be expressed as

Bg= 1<ﬁ)cus Bu (29)

where Kj,.,, is the flux focusing factor which is related to the
structure of the permanent magnet machine. Generally [3]

Apm

T d

(30)

focus
4,
where A4, is the surface area of permanent magnets, A, is
the area of the gap surface physically crossed by the flux.
For a surface mounted machine like the AFTPM it is Apm =
A, (Fig. 1). Because the AFTPM machine does not have the
capability of flux focusing, rare earth permanent magnets
can be used to increase the power density. For the AFTPM
(Fig. 1), it can be determined that K,= n. As there is no
rotor winding K= 0. Considering the trapezoidal waveforms
in Table I (row 4), K,K, = 0.881. From Egs. (15), (29) and
(30), the following AFTPM machine sizing equation is
obtained

Prusey = 0.22 7 n Ky B, A A K (1-2)(1+3)D,’L, (31)
P

and the power density of the AFTPM machine is

;

DZ

Erom) = 0.881 7Kg By A % Ku(1-A)(1+) (32)

In Egs. (31) and (32), the only independent term is A
while the other terms either depend on A or have certain
physical limitations. The relationships between power
density and efficiency of the AFTPM machine vs. ratio A are
shown on Fig. 2, respectively. It is very clear that the ratio A
has a more significant effect on power density than on
efficiency. It should be noted that, because of the curve of
efficiency vs. A has a flat shape, from the design point of
view it is advantageous to choose an optimal value of A to
achieve the maximum power density. Further research also
shows the close connection between the optimal value of A
and the pole pairs of the machines. Equation (33) gives the
recommended optimal value of L for AFTPM machines with
different pole pairs, for the case specified in Fig. 2.

0315 p=2
D 1035 p=3
A= Zio 33
D, |0375 p=4 (33
0405 p=6
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Fig. 2 Power density and efficiency of the AFTPM machine vs. ratio A.
4=60,0004/m,J;= 6.2 x 10° A/m® , Py = 75,000 w,
n,=3000 rpm, p= 2(AFTre-4), p= 4(AFTre-8), using rare earth PM.
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Axial flux PM machine. 1,2 stator pole's,

3, ferrite magnets, 4, rotor pole pieces,
5,6 stator poles.

Fig.3 AF2SPM Machines

IV. APPLICATION OF THE GENERAL SIZING
EQUATION TO AF2SPM MACHINES

The concept of an axial flux two-stator permanent magnet
(AF2SPM) machine has been discussed in Ref. [8]. The
AF2SPM topology is shown on Fig. 3. The machine total
outer diameter D, is given by

D, =D, | 2W,, (34)

Inspecting the AF2SPM  stator configuration (Fig. 3), it
can be assumed that the protrusion of the end winding from
the iron stack in the radial direction is half the value of the
stator pole inner arc, that is

WL_":._ 0 5
8 (35)

The axial length of the machine is given by

L,=L+2L+2g (36)

The axial length of rotor depends on flux focusing factor
Kpocus and pole pairs by

L=

V4 Kjocm‘
—D,(1+ )= 37,
D1+ 1) (37)

d

The most interesting feature of this machine is that the factor
Kiocus can easily be adjusted by changing the axial length of
the rotor to obtain the desired flux density in the air gap. It
illustrates a new concept of flux-focusing structure and is
very suitable for ferrite magnets.

The axial length of stator L, is given by

Ly=d_+d,; (38)
where the depth of stator core d,, is
og=2D, (14 K 4, 20 39
16[7 o( + ) Jocus ( )
and the depth of stator slot d,, is
_ A 1+
: dsx 2 -]S KL,,, ;\ (40)
Combining Eqs.(36) to (40), the axial length L, is
V4 1 B, A 1+4
= e K (424 —_—42 ]
Le l6p Do (1+ '1) j()cus( Kd + ch )+ JSKW l + g (4 )

From Eq. (14) the aspect ratio of the AF2SPM machine is

T 1 B 1 A
K =(—(+A)K s (—+2—-)+
L (16p( ) f(xu.\(K‘! ch) DO(J\K

I+4 4
—+2
7 8))

cu

(42)

The aspect ratio K, depends on electrical loading A4, current
density J;, and the distribution of flux density on the
different part of the machine in a manner similar to the
AFTPM machines. Also, because the axial length of the
rotor is related to the flux-focusing factor Ky, the ratio K
is largely affected by the material selected.

Due to the doubly salient structure, the flux densities in the
stator teeth (By), in the air gap (B,), and in the rotor teeth
(B.r) have the same value. The choice of the flux density in
the stator tooth can be estimated by [3]

1 B A
Le=-2—D,(1+ A)K pus(——+225) +
€ 16p o( ) ﬁ)cus(Kd B )

cs

1+4 )
L 2g (41
Tk A g (4])

From Eq. (14) the aspect ratio of the AF2SPM machine is
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Fig. 4 Power density and efficiency of the AF2SPM machine vs. ratio A.
A=60,0004/m,J,=6.2 x 10° A/m* , Py =75,000 w, n,=3000 rpm,
p=2(AF2Sfe4), p=4(AF2Sfe-8), using ferrite PM.
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For the AF2SPM topology (Fig. 3), it can be determined
that K.= n/4, the number of phases of the machine is m=2,
the number of phases of each stator is m;=1. Because there is
no rotor winding K= 0. Considering the trapezoidal
waveforms in Table I (row 4), it can be determined that
KK, = 0.881. From Eq. (15), the following AF2SPM
machine sizing equation is then obtained

Prurasy = 0.11 2 7 B, A A K (1-2)(1+4) DL,  (45)
P

and the power density of the AF2SPM machine is

D,
DZ

3

Erasong = 0.441 frntA% Ki(1-2)(1+4) (46)
In Egs. (45) and (46), similar to AFTPM machine, the only
independent term is A. The power density and efficiency
curves of the AF2SPM machine vs. ratio A using ferrite
permanent magnets are shown on Fig. 4, respectively.

The recommended optimal values of the ratio A for
AF2SPM machines with different pole pairs are given in Eq.

(47). It is apparent that the optimal values also depend on
rated mechanical speed for AF2SPM machines.

0.1 039 0..1014 -
s 01277 p=2 Ferrite.  Magnets
1D _ 01188, p=4 )
D, 10.0960n %% p=2 R h Maenet
are —ear agn
0.17022,°%%  p=4 grets

V. COMPARISON BETWEEN INDUCTION
AND AXIAL FLUX MACHINES

It is now possible to compare the power densities of AFTPM
machines and AF2SPM machines through the use of the
sizing and power density equations. Because the squirrel
cage induction machine is regarded as the “workhorse” of
the ac machine community, it can be considered as a point of
reference for the other machines. Figure S shows the
comparison of power densities among the 4 pole induction
machines (IM-4) (Ref.[3]), the 4 pole AFTPM machines
with rare earth magnet (AFTre-4) and the 8 pole AFTPM
machines with rare earth magnet (AFTre-8). Every point in
the curve represent a different machine design optimized for
that particular rated mechanical speed. A power density
improvement of nearly a factor of three can be achieved for
the machine rated at 6000 rpm.

10

AFTre-8

Power density(10° win?

0 2000 000 BO00
Rated Mechanical Speed ng(rpm)
Fig 5 Power densities comparison between induction machines and AFTPM
machines (4 = 60,0004/m,J,=6.2 x 10° A/m* Py = 75,000 w).

8
mg AF2Sre-4
=6}
o AF2Ste-4
g I IM-4
z 2t
O
o
0

2000 4000
Rated Mechanical Speed ng{rpm)

Fig. 6 Power densities comparison between induction machines and AF2SPM
machines. (4 = 60,0004/m,J,= 6.2x10° A/m* , Pz = 75,000 w.)

8000

Figure 6 shows the comparison of power densities among
the 4 pole induction machines (IM-4), the 4 pole AF2SPM



machines with rare earth magnet (AF2Sre-4) and with ferrite
magnet (AF2Sfe-4). Taking the 3600rpm machine as an
example, our best design for the IM has a stack length of
9.5” and a diameter of 17.5”, while the AF2Sre-4 has an
axial length of 13” and a diameter of 11”.

Clearly, the choice of the most suitable material remains
application dependent. Although the machines with rare
earth magnet can achieve higher power density, it is
apparent that the utilization of a ferrite magnet being much
more economical has clear advantages over conventional
machines. However it important to mention that due to a
considerable axial force that causes vibration and bearing
trust, the AF2SPM machines is suitable only for small power
ratings.

VL. CONCLUSION

In this paper, the following results have been obtained:

. A detailed approach is outlined to size axial flux
machines by means of general purpose sizing and power
density equations [3]. The sizing equations for axial flux
machines take a form similar to the general purpose sizing
equations for radial flux machines. Such equations permit a
comparison of the power capability of different machine
topologies based upon overall occupied volume.

2. It is shown that the ratio A=D, /D, has a strong effect on
the power density and has relatively less effect on machine
efficiency. Optimization of A will achieve a maximum power
density as well as nearly the highest efficiency. This result
implies that compared to the traditional optimization
method, an optimization based on the new sizing equations
has distinct advantages, particularly for axial flux machines.
3. It is argued that the optimal value of A depends upon
electrical loading, flux density, frequency, materials, and
machine topology etc. and cannot be reduced to a simple
numeric value as previously reported. However it is highly
dependent on the mmachine topology and remains in a
relatively narrow band.

4. It is shown in the paper that both the axial machines have
higher power density than the traditional induction machine
particularly when a rare earth magnet is applied and the
degree of improvement could reach a factor of three. If cost
is a dominating factor, the power density still increases by a
factor of two with a ferrite magnet.
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