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Axial Flux Permanent Magnet Brushless Motors

Topologies and Geometries

(a) Single sided AFPM machines

with slotted stator
with slotless stator

with salient-pole stator
(b) Double sided AFPM machines

with internal stator

with slotted stator

with slotless stator

with iron core stator
with coreless stator

without any cores

with salient pole stator

with internal rotor
with slotted stator
with slotless stator

with salient pole stator

(a) (b)
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Basic topologies of AFPM machines: (a) single-sided slotted machine, (b)
double-sided slotless machine 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.
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Topologies and Geometries
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Double-sided AFPM brushless machine with three-phase, 9
—coil external salient-pole stator and 6-pole internal rotor. 1
— PM, 2 — stator backing ferromagnetic disc, 3 — stator pole,
4 — stator coil.

Double-sided AFPM brushless machine with internal salient-pole
stator and twin external rotor: (a) construction, (b) stator, (¢)
rotor. 1- PM, 2 —rotor backing steel disc, 3 — stator pole, 4 —
stator coil/

Coreless multidisk AFPM machine with three coreless
stators and four PM rotor units: 1 — stator winding, 2 —
rotor unit, 3 — frame, 4 — bearing, 5 — shatft.
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Slotted versus slotless

SLOTTED SLOTLESS

HIGHER TORQUE DENSITY ? ?
HIGHER EFFICIENCY IN THE LOWER SPEED RANGE X

HIGHER EFFICIENCY IN THE HIGHER SPEED RANGE X
LOWER INPUT CURRENT X

LESS PM MATERIAL X

LOWER WINDING COST ? ?
LOWER THRUST RIPPLE X

LOWER ACOUSTIC NOISE X
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Why multidisk motors?

There is a limit on the increase of the motor torque that can be achieved by
enlarging the motor diameter. Factors limiting the single disk design are:
(a) force taken by bearings,

(b) integrity of mechanical joint between the disk and shaft,

(c) disk stiffness.

A reasonable solution for larger torques are double or tripple disk motors.

100-kW, 60,000-rpm multi-disk PM brushless
generator. Photo courtesy of Turbo GenSet, London,

U.K.




Axial Flux Permanent Magnet Brushless Motors

Disk Type Coreless PM Brushless Motor

A Y

A Y

ANIIITTTTNSS,

A Y
N

T,

NN

A Y

A .
N

\\
g

QR

<
//////1///1
KRN ARRRNNNNNE

\ NANANN

—

9 = ///////////////////AI////////////// SN

L hW-H..H

iy
4

”” A7 ANANNNNNNNNNNNNNNN I  NANNNNNNNNNNNNNNNNNNY

L AN A B = g o M

< MMM E E HTREREEL L S

7777, M— | ] S

Segmental construction: (a) single module (segment)

armature) winding,

(

coreless stator
2 - permanent magnets,

1 -

(b) three-module assembly

3 - twin rotor, 4 - shaft, 5 bearing, 6 - frame
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Coreless stator coils
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Disk Type Coreless PM Brushless Motor
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Disk Type Coreless PM Brushless Motor

(b) Stator
winding / A\

(a) Halbach array
PM rotor

(c) Stator
winding and %2
rotor

(d) Stator
winding and
twin rotor
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Polarity of Permanent Magnet Halbach Array

magnetization magnetziation
vector of red vector of blue
magnets magnets
4
magnetization
vector of green
magnets or

Halbach array
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Polarity of Permanent Magnet Halbach Array




Axial Flux Permanent Magnet Brushless Motors

Halbach Configuration of PMs Provides High Air Gap —
Magnetic Flux Density without any Ferromagnetic Core

Peak value of
normal component
of magnetic flux
density B,>=06T
atB,=1.23T, H.=
979 kKA/m,

magnet-to-magnet
air gap = 10 mm
and magnet
thickness = 6 mm
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Disk Type Coreless PM Brushless Motor

ADVANTAGES of coreless machines DRAWBACKS of coreless machines
there is no cogging (detent) torque
the armature (stator) winding

the are no forces between the stator and inductance is low

rotor at zero current state
large axial forces between two halves

*no core losses, no flux pulsation losses of the twin rotor

due to toothed armature cores, high
efficiency *‘much higher volume of permanent

magnet material in comparison with

*slotless armature (stator) system provides standard motor

more space for conductors and winding
losses can be reduced due to higher
conductor cross section

°Josses due to skin effect in the armature
conductors can be reduced by using
stranded Litz wires.

the mass of the motor is significantly
reduced
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Excitation Flux

For sinusoidal distribution ot the magnetic Hlux density wavetorm excited
by PMs, the average magnetic flux density is

| /p o D 1 - w/p
Boy, = ———— Bg sin(pa)da = —=B,,, | — cos(pa)
] m/p—0Jo ) ' T TP N
1 ‘?
= —:B}”ﬂ[('{)!ﬁa — {(}HU] - mq {218}

i

Since the surface element per pole 1s 2mrdr/(2p), the magnetic flux excited
by PMs per pole for a nonsinusoidal magnetic flux density wavetorm B,,, =
;i Bpg 1s

Hgm 23—| T } Houi
(]}f — /]r fléB?”{FQ_p}r(j}- — (.IEEIB]-”H; ?
Hiﬂ.

T (R?

— ;B 2 —R?) (2.19)

T 2

where B,,,, 1s the peak value of the magnetic flux density in the air gap, p 1s
the number of pole pairs, I, = 0.5D,,;: 1s the outer radius of the PMs and
I, = 0.5D,, 1s the nner radius of the PMs.
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Excitation Flux

It 15 convenient to use the inner—to—outer PM radius or inner—to—outer PM
diameter ratio. 1.e.

Thus,
b=y Bmg [L{} 5Dt ) )< {U,SD@-H]E] — rm,.-Bm,fJ%D”“!LL ‘Eu (2.21)
2p I8p

The same equation for a cylindrical type machine 1s [96]

Of = Z1L;iBmyg (2.22)

_]|h.:J

where 7 is the pole pitch and L; is the effective length of the stack.
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Electromagnetic Torque
The line current density 1s also a function of the radius r. Thus the peak
value of the line current density 1s

. V2N I, my V2N, 1,
Ap(r) = mlv’F .11 _ m1v 2N (2.15)
pr(r) ds

The tangential force acting on the disc can be calculated on the basis of Am-
pere’s equation

dF . = I(dr x B,) = A(r)(dS x B,) (2.16)

where I,dr = A[r]rf_g, A(r) = A,,(r)/v/2 according to eqn (2.15), dr is the
radius element, 45 is the surface element and B_;, is the vector of the normal
component (perpendicular to the disc surface) ot the magnetic flux density in
the air gap. An AFPM disc-type machine provides ﬁg practically independent
of the radius 7.

Assuming the magnetic flux density m the air gap B,,,, 1s independent of
the radius r, dS = 27rdr and B,,, = o;B,,, according to eqn (2.14), the
electromagnetic torque on the basis of eqn (2.16) 1s

dly = rdF, = rky A(r)Ba,,dS] = EHHE-L'“_.[.Ll{f']B},,{Ff'QrI}' (2.17)
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Electromagnetic Torque

The average electromagnetic torque developed by AFPM motor according
to eqns (2.15) and (2.17) 1s

”r"{tf — 2”é 1y -E—u;\'rl ’E“u'l Brr.!p'jr{h‘

[f the above equation is integrated from D,,; /2 to D;, /2 with respect to r, the
average electromagnetic torque may be written as

- 1 9
_l]_[“l‘ == Irl F,i'.i'lj—”_:\J,IE 1 I.B?Iil')llf).:]“f _D ”':I
1 ; - 2.
= II"'I.!{”.;'[;\'.]JEI'“-[B”EIU ;_;“jl._J- i Jrlfj ;|_|Er” (224}

where %, 1s according to eqn (2.20). Putting eqn (2.21) into eqn (2.24) the
average torque is

T; = ng[;\-rj .IE.‘“.[*I’II.I'JT“ (2.25)
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Electromagnetic Torque

To obtain the rms torque for sinusoidal current and sinusoidal magnetic flux
density, eqn (2.25) should be multiplied by the coefficient 7v/2/4 =~ 1.11, i.e.

I .
= w—%p_m-m“,l<1> i1, = krl, (2.26)
where the torque constant
kr = —pN1ky @ 2.27
1 v{.zp 1Rl Py ( )

[n some publications [84, 218] the electromagnetic force on the rotor is simply
calculated as the product of the magnetic and electric loading B,,,,,4 and active
surface of PMs S = 7(R2,; — R? ), ie. Fy = mBay,A(R2,; — R? ), where
A 1s the rms line current density at the inner radius F;,,. For a double-sided
AFPM machine S = 27(R?,, — % ). Thus, the average electromagnetic

torque ot a double-sided AFPM machine 1s
Tqg=F. Ry = QﬁBﬂe'ﬂA{Riuﬁ - R?:;}Rin = QﬁBe'u‘gARguf.Uﬁf _;*':r}:' (2.28)

Taking the first derivative of the electromagnetic torque 1, with respect to %y
and equating it to zero, the maximum torque is tor k; = 1/v/3. Industrial
practice shows that the maximum torque 1s for by = 1/4/3.



Axial Flux Permanent Magnet Brushless Motors

EMF

The EMF at no load can be found by differentiating the first harmonic of
the magnetic flux waveform ¢4 = & sinwt and multiplying by Nk, 1.e.
(f‘I’fj

dt
The magnetic flux ¢ 1s expressed by eqns (2.19) and (2.21). The rms value
is obtained by dividing the peak value 27 f N k1 @ ¢ of the EMF by V2. ie.

ef = Nikw = 27 f Niku1® 5 coswt

E; = nV2fNiky1®r = 7V 2pNiku1 ® ng = kpn. (2.29)

where the EMF constant (armature constant) 1s
kg = mV2pNik,1®; (2.30)
The same form of eqn (2.29) can be obtained on the basis of the developed

torque 1y = mE 1, /(2mns) in which 7} is according to eqn (2.26). For the
drum type winding the winding factor %) = 1.
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Sizing Equations

The peak line current density at the average radius per one stator 1s expressed
by eqn (2.15) in which the radius may be replaced by an average diameter

D = 0.5(Dyut + Din) = 0.5Dpus(1 + ky) (2.85)

where [),,; 1s the outer diameter, [);,, 1s the inner diameter of the stator core
and ky; = D;,, /D, (according to eqn (2.20)). Thus,

4/2miI,N
e O T (2.86)
ﬁ-'I—_")l.':'u!. []- + -'El'e'”

The EMF induced in the stator winding by the rotor excitation system, ac-
cording to eqns (2.29) and (2.21) has the following form

Ef = ’,-T\,/Eri'.ﬁp;'\ir] JE{H_.[ ‘I’f = EVEH-H;?\TJ "E"u.ll Bng?

out

(1-Kk3)  (2.87)
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Sizing Equations

The apparent electromagnetic power in two stators is

Setm = Mm1(2E¢)l, = mEy(21,)
.
il i i Y f - "_}l y
= - ﬁ'f“.lJJHB”,F_,A”,D;MLl + Eg)(1 — k3) (2.88)

For series connection the EMF 1s equal to 2E'r and for parallel connection
the current 1s equal to 2/,. For a multidisc motor the number "2" should be
replaced by the number of stators. Putting

J— ‘- " - )., _

the apparent electromagnetic power 1s

~ _2 . 3
‘bi’.ﬁljﬂ — JE'li_Ir;IJEIf“'] ;}_H.B”;ﬂd’_l.”;_D

ot

(2.90)



Axial Flux Permanent Magnet Brushless Motors

Sizing Equations

The apparent electromagnetic power expressed in terms of active output power

is thus
I{-?re%-!'m =€ - (2.91)
fjf COE D
where the phase EMF-to—phase voltage ratio 1s
Ey
7

For motors ¢ < 1 and for generators € > 1.
In connection with eqns (2.90) and (2.91), the PM outer diameter (equal to
the outer diameter of the stator core) 1s

I) -'% I'II F L |F L} -y
out — \[ —9 _ | {2 ‘J}
\' i _JE'lljr)g"“'] JIF_q.Br”IrJ‘FLrH.IrJII GO D
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Sizing Equations

20000

40000

100000

Outer diameter D, , as a function of the output power P, , and parameter &, for €= 0.9,
k. mcos ¢=0.84, n,=1000 rpm = 16.67 rev/s and B,,,4,, = 26,000 TA/m.
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Sizing Equations

The outer diameter of PMs 1s the most important dimension of disc rotor PM
motors. Since Doy o v/ Pyt the outer diameter increases rather slowly with
the increase of the output power (Fig. 2.16). This 1s why small power disc
motors have relatively large diameters. The disc-type construction 1s preferred
for medium and large power motors. Motors with output power over 10 kW
have reasonable diameters. Also, disc construction i1s recommended for a.c.
servo motors fed with high frequency voltage.
The electromagnetic torque is proportional to D? .. i.e.

Psﬂ'm q'é'm cos T .
7 . e i I‘} : | x
_ll.‘ d — — : = HL FJJE-,'“?] _D B”?ﬂ_‘,_l}” COS ".I[ {2(}4}

27N, 27N oul

where I, 1s the active electromagnetic power and W is the angle between the
stator current [, and EMF E.
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Phasor diagram for overexcited motor




Axial Flux Permanent Magnet Brushless Motors

Armature Reaction Equations for Cylindrical and Disc-Type Motors

Quantity Cylindrical machine Disc-type machine

Armature reaction
magnetic flux Paqg = %f}madh’ﬂi Pag = —Hmaﬂ%[,h’gm hm'
in the d-axis
Armature reaction
magnetic flux Dpg = %f}maqlﬂ,i Dpg =
in the g-axis
Permeance
of the air gap Ag = -&%Tf; Ag = ‘:—%Ell ngt — Ri,)
in the d-axis
Permeance
of the air gap Ag =&

Jl[J't.rﬂ.cu:l'lg 'hout hzn.

El ]

|
oy
i,
—
-

[l
el
=
G b3
&

=~

I
[
P
=

in the g-axis
Permeance of the
air gap per surface
of one pole Ag = ER

in the d-axis
Permeance of the
air gap per surface
area of one pole Ag = Eo

in the g-axis
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Armature Reaction Equations for Cylindrical and Disc-Type Motors

Quantity

Cylindrical machine

Disc-type machine

s i E [ i Er.-
Armature reaction Nad = I—lj Nad = 7 ‘:
L ik LE
reactance
] S — '-'f-"'“rlk-lflj TLi g, - Nikw1 QR”  — R
in the d-axis Ay o — a ksd = 2mypo f ( o ) g7 LR | fel
. . E . E
Armature reaction Xogg = —2 Xpg = —2
[ L= aq Irr_r.l l:l.q Ir]_l'ﬂ
reactance
: : Nikwi)? 7L, . Nyk,q,\2 R2,,—RZ
in the g-axis Ay g [ Ew iJ, — Dy f( : "l) out i [;
Cq 1H0 e g, '1a 1H0 = al f
= 1']-'r|' i III.' i
Armature reaction Lo = 5 *-: Lod = 1:
[ iLP

inductance

in the d-axis

(Nikw1)? 7L, 4.
g krd

2mipo

Armature reaction
inductance

in the g-axis

I . T
Sag T Tag

(Nikw1)? 7L 5.
JTEp g:; Jlll.fq

2!’” 10

\2 R2  —R2
"""lll!'!ll% (-""litrl) “r”gr i) Jfl'_fd
Jr _ W e
‘aq Tag
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Commercial Axial Flux PM Moftor with inner rotor
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Commercial Axial Flux PM Motor with inner rotor
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Longitudinal section of the double-sided AFPM brushless servo motor. Courtesy of Mavilor
Motors, S.A., Barcelona, Spain.
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Commercial e-Torque™ Motor with Coreless Stator.

Photo courtesy of Bodine-Electric Company, Chicago, IL, U.S.A.
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Commercial e-Torque™ Motor with Coreless Stator — Exploded View

Photo courtesy of Bodine-Electric Company, Chicago, IL, U.S.A
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Commercial Miniature Coreless Motor with Film Coil Stator Winding

Photo Courtesy of Embest, Seoul, South Korea
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Applications: Axial Flux PMBMs in Hybrid Electric Vehicles

4 3 2 3 1

5\\ 5.\‘\
K |<—>-||||||||||||-

Hybrid-electric gasoline car: 1 — gasoline combustion engine, 2 — integrated
motor-generator. 3 — cranking clutch. 4 — gearbox. 5 — inverter. 6 — battery.

700
&00 /_‘-"'_"-..._\
total torque /
\rd \\
£ /
= 400 L
g - ——— -
g 300 - electric motor torque . .
= F e
— — _—— e g e — e —— oy
- T - ™
200 1-gasoli = s
engine torque -
L]
100
s
.
4]
0 1000 2000 3000 4000 5000 8000
speed, rpm

Torque-speed characteristic of an electric motor and gasoline engine. The
electric motor assists the gasoline engine at low speeds.

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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Applications: Solar Powered Electric Vehicles

o

CS5IRD
Australia

Rotor permanent magnets

Aurora solar powered electric vehicle with
ironless PMBM (solar car race, Australia)

Motor for Aurora car:

mass of frameless motor 7.7 kg
rated torque 16.2 Nm
rated speed 1060 rpm

efficiency 98.2%
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Applications: “Kone” MonoSpace Elevator with EcoDisk Motor
(a) sheave [ (b) Kone disk type
PM brushless motor
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Applications: “Kone” MonoSpace Elevator with EcoDisk Motor
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GM in-wheel axial flux motor

Current

Eotor Diske

Rotor Stator Rotor

Slotted stator

Rotor
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Conversion of bicycle

conversion kit
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Homemade axial flux generator

Volvo disk brake converted into 800-W PM axial flux generator
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. . + Three Phase, Axial Gap,
Applications: Flvwheel Power Module Permanent Magnet
INTERFACE Machine

STRUCTURE « Hall Switch Commutated
Iron-less Stator

Rotating Back-lron
PERMANENT + Separate Charge (Motor)

FLYWHEEL

MAGNETS a(a:nc_il Discharge (Generator)
oils
MOTOR Independent Specification
WINDINGS STATORS gt)ﬁgggge and Discharge
GEMNERATOR
(HIGH VOLTAGE)
WINDINGS

7

Photo Courtesy of Optimal Energy Systems
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Conclusions

1.

There is abundance of topologies and geometries of axial flux PM
brushless motors

Axial flux machines have much larger diameter to length ratio than radial
flux (cylindrical) machines

Axial flux machines can be more compact than radial flux (cylindrical)
machines

Electromagnetic design of axial flux PM brushless motors is similar to their
radial counterparts with cylindrical rotors; however the mechanical design
and thermal analysis are more complex

Axial flux PM motors are more difficult to manufacture than cylindrical
motors

Axial flux motors can be easy integrated with mechanical components of
the drive systems, e.g. electrical vehicles, pumps, flywheels, etc.

Modular (multidisk) axial flux PM machine can be easily designed

The air gap of axial flux machines can be adjustable
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