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Abstract—This paper presents two design-and-analysis cases of a line-
start axial-flux permanent-magnet motor: with solid rotor and with
composite rotor. For a novel structure of the motor, two concentric
unilevel spaced raised rings are added to the inner and outer radii of
its rotors to enable auto-start capability. The composite rotor was
coated by a thin (0.05 mm) layer of copper. The basic equations for
the solid rotor ring were extracted. The motor’s lack of symmetry
necessitated 3D time-stepping finite element analysis, conducted via
Vector Field Opera 14.0, which evaluated the design parameters and
predicted the motor’s transient performance. Results of the FEA show
the composite rotor significantly improving both starting torque and
synchronization capability over solid rotor.

1. INTRODUCTION

Line-start permanent-magnet (LSPM) motors compete with induction
motors in many constant-speed applications such as fans, pumps, and
compressors; their fulfilment of electric motor applications is sizeable
where high efficiency, small size, high power factor, and high power
density are required [1, 2]. They, however, have poor starting torque
and poor synchronization (both greatly depending on motor and load
parameters), and sometimes they cannot start, or fail to synchronize,
post early start-up [3].

Permanent-magnet machines generally can be axial-flux or radial-
flux [4]. Advantages of axial-flux permanent-magnet (AFPM)
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motors over conventional radial-flux permanent-magnet (RFPM)
ones are high torque-to-weight ratio, effectiveness, adjustable air-
gap, balanced rotor-stator attractive forces, and better heat-
removal [5–8]. Researchers have investigated the effect of start-up and
synchronization on performance of line-start radial-flux permanent-
magnet (LSRFPM) motors [9–17]. There is no publication yet
regarding line-start axial-flux permanent-magnet (LSAFPM) motors.

Solid rotors instead of laminated ones are advantageous in their
higher mechanical robustness and lower manufacturing cost. Also,
some researchers have shown use of solid rotor in poly-phase induction
machine to increase torque per ampere at standstill [18]. Another
interesting point about solid-rotor motor is that its effectiveness and
power factor can be improved by making it a composite rotor [19–
20]. To take advantage of all the above mentioned benefits, an AFPM
motor capable of auto-starting is presented here then its specifications
are improved. AFPM machine designers have for many years been
interested in new configurations, but to the best of our knowledge and
from our literature review, work reporting the design of an AFPM
motor capable of auto starting has yet to be presented.

AFPM machines can be single-sided or double-sided, with or
without armature slots, with or without armature core, with internal
or external permanent-magnet rotors, with surface-mounted or interior
permanent-magnet, and single-stage or multi-stage [21]. Double-
sided configurations have either external stator or external rotor.
An external stator means fewer permanent magnets but poor use
of winding, whereas an external rotor is considered particularly
advantageous to machine topology. Topologies for double-sided AFPM
machines are one-stator-two-rotor (TORUS) and two-stator-one-rotor
(AFIR) [22]. Slot-less TORUS AFPM configuration is the subject
of this paper. Slot-less configuration has lower cogging torque and
provides better synchronization. Its end windings are short, so less
copper losses. For auto-starting, two concentric unilevel spaced raised
rings are added to the inner and the outer radii of the rotor discs that
partially covers the stator yoke. The proposed design is novel and
has a unique structure. The interaction between the induced eddy-
currents in the solid-steel rotor ring and the rotating field in the gap
between the ring and the end winding produces electromagnetic torque.
In an AFPM motor, radial windings usually produce torque, whereas
end windings usually are useless, but in this work end windings, too,
produce torque. Unlike traditional radial-flux and axial-flux machines,
the proposed LSAFPM motor has a complex magnetic circuit and thus
its design requires 3D Finite Element Analysis (FEA).

The paper is organized as follows; Section 2 extracts the basic
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equations of the raised rotor-disc rings of the proposed axial-flux
motor, Section 3 presents the 3D transient FEA of the designed auto-
start solid-rotor-ringed AFPM motor, Section 4 presents and compares
the simulation results of electromagnetic field analysis via FEA on
the proposed motor topologies (solid rotor and composite rotor), and
Section 5 concludes the results.

2. FUNDAMENTAL DESIGN CONSIDERATION OF
THE RAISED ROTOR-DISC RINGS

Presented are the design details of the raisedrings of the rotor disc
for an axial-flux induction motor to obtain the appropriate solid-rotor-
ringed axial-flux motor construction. Note that the dimensioning was
from the electromagnetic point of view only and that the mechanical
constraints were not considered. Fig. 1 is a three-view cross-section
of the proposed LSAFPM motor. Figs. 1(a) and (b) are respectively
the radial and the axial views. The analytical design of the rotor
ringconsidered only the radial component of the flux density because
this flux component most influences the motor’s starting capability.

Tangential tension σtan estimates the rotor ring size for the desired
torque production. As an alternative to air-gap tangential tension,
the magnitude of the internal power P from the rotor volume of the
induction machine defines the machine constant C [23]:

C =
π2

√
2

kW1ABgr max (1)

where A is the linear current density, Bgr max the air-gap maximum
flux density, and kW1 the winding factor of the fundamental harmonic.
The machine constant is written as a function of tangential tension [23]:

C =
π2

√
2

σtanπ
2kW1 (2)

From Equations (1) and (2), the tangential tension is:

σtan =
ABgr max

2
(3)

The tangential tension in the air-gap can be calculated from:

σtan =
τ

RaveSr
(4)

where Rave is the mean value of the rotor ring’s inner and outer radii,
Sr the rotor ring’s surface facing the air-gap between rotor ring and
stator surface, and τ the torque. The tangential force Ftan is:

Ftan = σtanSr (5)



386 Mahmoudi

The radial air-gap length gr between the rotor ring and the stator
yoke surface should be selected with especial care. Increment to the
air-gap length increases losses of the stator copper and decreases losses
of the rotor’s eddy current. Minimum loss occurs between the rising
copper losses and the rotor’s diminishing harmonic eddy current. The
highest possible air-gap flux density ensures the attainment of a high-
performance maximum-torque solid-rotor-ringed LSAFPM motor.

For acceptable calculation results of the analytical design, the
rotor ring and stator were divided into a number of parallel active
circular sub-volumes (see Fig. 1(c)). By this, the curve of the machine
is assumed to have no effect anymore on the performance of an
individual sub-machine. Densities of the rotor and stator flux were
studied in each area from 1 to n. Upon selection of the rotor ring
slot br and stator pitch τr(1 . . . n) widths, the motor’s inner parts must
not be allowed to saturate. The flux density of the rotor ring tooth is
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Figure 1. 2D and 3D views of the proposed designed motor. Various
parts of the motor including stator, rotor disc, rotor ring, air-gap, and
winding configurations are illustrated. (a) Radial view. (b) Axial view.
(c) Division of the rotor ring into parallel active regions, showing the
diameters of the inner and the outer rotor ring.
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calculated from:

Bdr(1...n) =
Bgr maxτr(1...n)

τr(1...n) − br
(6)

The allowable rotor ring tooth flux density Bdr of radial-flux induction
machines is between 1.5 T and 2.2 T [24] (this range is also used here).
Assuming the total flux of the slot pitch to flow along the teeth, no
flux in either the slots or their insulation, and non-saturation of the
motor teeth, allows calculation of the rotor-ringteeth length:

wdr =
τr(n)Bgr max

Bdr(n)
(7)

Thickness of the rotor ring was calculated from:

wth r =
φrr

2BrrkrFele
(8)

where Brr is the flux density peak of the rotor ring, krFe the rotor iron
space coefficient (which depends on the relative thickness of the electric
sheet insulation to the press fit of the stack), and φrr the peak value
for the main radial flux penetrating the stator and the rotor ring. The
rotor yoke flux density allowable for radial-flux induction motor is 0.4T
to 1.6 T [24] (this range is also used here). The mechanical strength
of the solid rotor ring (unlike that of the laminated rotors) was not
a problem, where the mechanical constraints may thus determine the
minimum thickness of the rotor ring.

The length of the coil depends on the stator core length lea, pole
pitch τp, chord factor χ (the ratio of the coil span W to the pole pitch
τp), and the stator core thickness ler:

lm = p (2lea + χτp out + 2ler) (9)

The end-winding leakage flux results from all the currents flowing into
the end windings. The end windings here are the radial windings
producing the torque in synchronous state. The geometry of the
windings in axial-flux machines is difficult to analyse and all the phases
of poly-phase machines influence leakage flux; empirical determination
of the inductance factors λE and λW is thus sufficient. Richter
detailed calculated values of the inductance factors valid for induction
machines [25]. The end-winding leakage inductances LWS in the inner
(LWS in) and the outer (LWS out) circumferences of the proposed axial-
flux induction machine are:

LWS in =
4m

Q
q ·N2 · π · f · µ0 (2 · ler · λE + χ · τp in · λW ) (10a)

LWS out =
4m

Q
q ·N2 · π · f · µ0 (2 · ler · λE + χ · τp out · λW ) (10b)
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where f is the frequency, Q the number of slots, q the number of slots
per pole and per phase, and µ0 the permeability of free space.

3. TRANSIENT FINITE ELEMENT ANALYSIS

The motor’s design includes an inside-out double-rotor single-stator
LSAFPM (see Fig. 2 for an exploded view). The stator has a three-
phase winding fixed by housing, each rotor has 4 trapezoidal NdFeB
magnets mounted on the rotor disc, and both rotors are supported by
holders connected to a bearing-mounted shaft. The motor’s auto-start
capability comes from two concentric unilevel spaced raised rings added
to the inner and the outer radii of the rotors. The structure of the solid
rotor and the composite rotor is the same, only the composite rotor
is coated by a thin (0.05 mm) copper layer. Table 1 lists the motor’s
dimensions and specifications.

The governing equations for the FEA are [26]:

∇×B = µJ (11)∮
B · dl = µ

∫
J · ds (12)

∇× J = −σ
dB

dt
(13)

B = ∇× ψ (14)

Figure 2. Exploded diagram of the designed motor.
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Table 1. The motor’s dimensions and specifications.

Nominal Voltage (Line-Line RMS) Vnom 220V

Nominal Power Pnom 746W

Nominal Torque τnom 5.5Nm

Number of Pole Pairs p 2

Number of Phases m 3

Drive Frequency f 50

Stator Outer Diameter Dso 230mm

Stator Inner Diameter Dsi 130mm

Rotor Outer Diameter Dro 240mm

Rotor Inner Diameter Dri 120mm

Ratio of Inner Diameter to Outer Diameter of Stator λ 0.56

Rotor Ring Axial Length Lr 10mm

Magnet’s Axial Length Lpm 4mm

Pole Pitch γp 100◦

Stator-Yoke Thickness Lcs 38

Rotor-Yoke Thickness Lcr 15mm

Number of Winding Turns per Phase Nph 450

Air-Gap Flux Density Bg 3.5

Axial Air-Gap Length ga 1mm

where B, J , and ψ respectively are magnetic flux density, current
density, and magnetic vector potential. σ and µ are electrical
conductivity and magnetic permeability. Considering H as the
magnetic field intensity, the preceding equations lead to the following
equation:

∇×
(

1
σ
∇×H

)
+

∂B

∂t
= 0 (15)

The result is a formula where vector fields are represented by first-
order edge elements and scalar fields by second-order nodal unknowns.
Field equations are coupled with the circuit equations for conductors,
because in transient simulations, supply voltages are applied and
currents are unknown. Classical Newton-Raphson algorithm was used
for the nonlinearities. A major difficulty for transient simulation is
that induced currents on the rotor rings must be calculated in each
step before the torque is calculated.

Note that finite element method (FEM) facilitates field analysis
of electromagnetic problems with complex geometries [27–33]. The
proposed LSAFPM machine has a unique construction, and its lack
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(a) (b)

Figure 3. Proposed line-start axial-flux permanent-magnet motor.
(a) Complete model: The motor structure from the inner to the outer
diameter of LSAFPM motor. (b) One eight of the motor: 3D auto-
mesh: tetrahedral elements generated on Vector Field Opera 14.0
software.

of symmetry makes 3D-FEA a design requisite. The model’s complex
magnetic circuit was analysed by 3D-FEA, for an overall view of the
saturation levels in various parts of the motor, and to extract the
motor’s characteristics. An advantage of 3D-FEA is that various
components of flux density can be calculated with high accuracy.
The design was simulated on commercial Vector Field Opera 14.0
3D software [34]. Corresponding materials and circuit currents were
assigned to each model block. The motor’s symmetric 3D model
was divided into eight parts, making each a one-magnetic-pole piece.
Only one of the eight was used, so simulation/calculation time was
shortened.

Figure 3(a) shows the whole machine comprising 12 coils and 2
pole-pairs. Fig. 3(b) shows only one eighth of the motor modelling
the structure of the FEA-designed LSAFPM, 90 degrees of the entire
motor structure and 1 pole, fulfilling symmetry conditions. Fig. 3(b)
(generated on Vector Field Opera 14.0 software) is a 3D auto-
mesh: tetrahedral elements with 6 nodes fitting circular shape of the
layers starting from the inner to the outer diameter of the LSAFPM
motor [34].

Figure 4 depicts the magnetic flux density distribution in various
sectors of the LSAFPM motor. Evaluation of the magnetic flux
density is important because the flux density saturation of the stator
or the rotor affects the motor operation and reduces the efficiency.
Fig. 4 shows the magnetic flux density distribution in both solid-rotor
and composite-rotor LSAFPM motors post synchronization, when the
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(a) (b) (c)

Figure 4. Field analysis of the LSAFPM motor, in vector field opera
14.0. (a) 1st rotor: Flux-density plot in first rotor. (b) stator: Flux
density plot in stator. (c) 2nd rotor: Flux density plot in second rotor.

copper layer has almost no influence on the motor’s behaviour. The
magnetic flux density distribution for both the solid and the composite
rotors are thus the same.

The only difference between the solid and the composite rotors
is the thin copper layer deposited on the solid-iron rotor; all other
parameters equal. Fig. 5 is the air-gap flux-density distribution,
in average radius and under full-load and no-load conditions. The
maximum flux density is 0.7T, averaging 0.35T. Fig. 6 shows
induced no-load back EMF at synchronous speed (1500). The
harmonics appearing in back EMF waveform is due to the usage
of the trapezoidal permanent magnets without consideration of any
optimization technique.

4. COMPARING THE SOLID WITH THE COMPOSITE

The LSAFPM motor starts as an induction motor by the resultant
of two torque components: cage torque and opposing magnet torque
(braking torque). When the motor speed approaches synchronous
speed, synchronization begins and the motor operates in synchronous
state (no eddy current except harmonic field current flows into the solid
rotor bars then). In that state, two torque components (the reluctance
and the synchronous) mobilize the rotor. [35] describes the dynamic
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(a)

(b)

Figure 5. Distribution of air-gap magnetic flux density, for the
average radius. (a) No load. (b) Full load.

performance of line-start permanent-magnet motors in a stationary d-q
reference frame:

Vsq = rsisq + ωrλsd +
dλsq

dt
(16)

Vsd = rsisd − ωrλsq +
dλsd

dt
(17)

V ′
rq = r′rqi

′
rq +

dλ′rq

dt
= 0 (18)

V ′
rd = r′rdi

′
rd +

dλ′rd

dt
= 0 (19)
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where Vsq, Vsd, V ′
rq, and V ′

rd are the stator voltages and the rotor
voltages, λsq, λsd, λ′rq, and λ′rd the stator linkage fluxes and the rotor
linkage fluxes, and isq, isd, i′sq, and i′sd the stator currents and the
rotor currents, ωr, rs, r′rd, and r′rq respectively the rotor speed, stator
resistance, and rotor resistances (all relative to the stator). The stator
linkage flux and the rotor linkage flux are:

λsq = Lsqisq + Lmqi
′
rq (20)

λsd = Lsdisd + Lmdi
′
rd + λ′m (21)

λ′rq = L′rqi
′
rq + Lmqisq (22)

λ′rd = L′rdi
′
rd + Lmdisd + λ′m (23)

where Lsq, Lsd, L′rq, L′rd are the stator self-inductances and the rotor
self-inductances, Lmq and Lmd the mutual inductances, and λ′m the
permanent-magnet flux. The electromagnetic torque is then [35]:

Tem =
3p

2
(Lsd−Lsq)isdisq +

3p

2
(Lmdi

′
rdisq−Lmqi

′
rqisd)+

3p

2
λ′misq (24)

with the first term being the reluctance torque, the second term the
cage torque, and the third term the magnet’s synchronous torque. The
motor dynamic is:

Tem − Tl − Cvωr = j
dωr

dt
(25)
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with j, Cv, and Tl respectively being the moment of inertia, the
viscosity coefficient, and the load torque. Fig. 7 gives a schematic
view of the d-q equivalent circuits of the proposed LSAFPM motor.

Line start synchronous motor is a low-cost solution that works
reasonably well if the motor load and power supply voltage remain
mostly constant. The performance comparison of the solid versus
the composite treated the proposed LSAFPM motors as an induction
motor, without any permanent magnets, simulated by FEA. The stator
was excited via a three-phase voltage supply; the motors then began
rotating as induction motors and at sub-synchronous speeds. They
draw high current at start-up, so star-delta starter was used to start
the proposed synchronous motors as induction motors. The composite
rotor was shown to produce more induced torque at any given slip.
Fig. 8 gives the motors’ induced-torque curves. At any slip, the motor
with the composite rotor produced the higher torque than did the
motor with the solid rotor.

The starting and the synchronizing of LSAFPM motors are feats.
The challenge factor is the braking torque of the magnet poles. Fig. 9
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Figure 7. A d-q reference frame equivalent circuit of proposed
LSAFPM motor.



Progress In Electromagnetics Research, Vol. 124, 2012 395

0

0.4

0.8

1.2

1.6

2

2.4

0 150 300 450 600 750 900 1050 1200 1350 1500

solid rotor

composite rotor

speed (rpm)

to
rq

u
e 

(N
m

)

Figure 8. Induced induction torque of both solid and composite
rotors.
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Figure 9. Braking torque caused by permanent magnets during start
up.

shows the permanent-magnet braking torque calculated via FEA for
the LSAFPM motor. This torque is developed between starting and
synchronous speed. It reaches the maximum at low speed (see Fig. 9).
The braking torque is [36]:

Tb =
3prs(1− s)E2

0

2ωs
× r2

s + X2
sq(1− s)2

(r2
s + XsdXsq(1− s)2)

(26)

with E0, Xsd, Xsq, ωs, and s respectively being the magnet back-
EMF, the d-axis stator reactance, the q-axis stator reactance, the
synchronous angular frequency, and the slip. This torque resists the
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cage torque and may cause failures in starting or synchronizing.
The simulation results show that with similar loads, the composite

rotor had faster start-up and shorter settling time. Figs. 10 and
11 show the transient response of the solid-rotor LSAFPM and the
composite-rotor LSAFPM to various loads. Interaction between the
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Figure 10. Simulation results of the solid-rotor LSAFPM motor under
various load torques.
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Figure 11. Simulation results of the composite-rotor LSAFPM under
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Figure 12. Simulation results of the LSAFPMs under jL = 5jr.

eddy-currents in the solid-steel rotor ring and the rotating field in the
air-gap between the ring and the end winding produces electromagnetic
torque. The eddy currents affect the motors’ performance. The thin
copper layer on the rotor-ring surface increases material conductivity,
increasing current to the rotor-ring surface during start-up. The
composite rotor maintains the mechanical advantages of the solid rotor
but improves the rotor’s electrical characteristics through low rotor
resistance at low slip; the torque induced at any given slip of the
composite-rotor LSAFPM motor thus increases. The composite rotor
outperforms the solid rotor through faster start-up and shorter settling
time.

The other interesting result is the maximum load torque at which
the motors can drive. As Fig. 10 shows, with 4.4Nm load torque,
the solid rotor failed to synchronize and started to oscillate between
100 rpm and 550 rpm whereas the composite rotor could drive the given
load successfully. The load torque was then increased to 5.2 Nm for the
composite rotor; the motor could synchronize with the load but failed
to drive higher levels of load torque (see Fig. 11).

Another simulation verified the results for which the inertia of the
load (jL) was five times as much as the inertia of the rotor (jr). Inline-
start motors the inertia of the load matters to synchronization.The
higher the inertia, the worse the synchronization. The simulation
results show the solid rotor just able to synchronize the load torque of
jL = 5jr after t = 24 s, whereas the composite rotor took only t = 0.7 s;
see Fig. 12.
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5. CONCLUSIONS

This paper presented the design and the finite element analysis of two
types of LSAFPM motor. A typical solid-rotor LSAFPM motor was
designed and simulated by 3D-FEA method. Results of the simulation
show this type of motor to have some deficiencies. The starting torque
is low and a long time is needed to synchronize. To overcome these
deficiencies, a copper-coated rotor is proposed. A thin layer of copper
is deposited on the outer face of the solid rotors. 3D transient FEA
results show considerable improvement to the starting torque and the
synchronization. The thin layer of copper on the rotor-ring surface
increased conductivity of the material and caused more current to
circulate on the rotor-ring surface during start-up. The torque induced
at any given slip of the composite-rotor LSAFPM motor thus increased.
In conclusion, composite-rotor LSAFPM motor is advantageous over
solid-rotor LSAFPM motor in the former’s capability to improve
synchronization and drive heavier loads. These advantages of the
composite rotor lead to the idea for its application in low-cost LSAFPM
motors.
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APPENDIX A. NOMENCLATURE

A linear current density
B magnetic flux density
Bdr rotor ring tooth flux density
Bgr max air-gap maximum flux density
Brr peak flux density of rotor ring
C machine constant
Cv viscosity coefficient
Dso stator outer diameter
Dsi stator inner diameter
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Dro rotor outer diameter
Dri rotor inner diameter
E0 magnet back-EMF
Ftan tangential force
H magnetic field intensity
J current density
Lcr rotor-yoke thickness
Lcs stator-yoke thickness
Lsd d-axis component of stator self-inductance
Lsq q-axis component of stator self-inductance
L′rd d-axis component of rotor self-inductance
L′rq q-axis component of rotor self-inductance
Lmd d-axis component of stator mutual-inductance
Lmq q-axis component of stator mutual-inductance
Lpm magnet’s axial length
Lr rotor ring axial length
LW end winding leakage inductances
LSW in end winding leakage inductances at inner radius
LSW out end winding leakage inductances at outer radius
Nph number of winding turns per phase
P power
Pnom nominal power
Q number of slots
Rave average inner and outer radii of rotor ring

Sr
rotor ring’s surface facing the air-gap between
rotor ring and stator surface

Tem electromagnetic torque
Tl load torque
Tb breaking torque
Vsd d-axis component of stator voltage
Vsq q-axis component of stator voltage
V ′

rd d-axis component of rotor voltage referred to stator
V ′

rq q-axis component of rotor voltage referred to stator
Vnom nominal voltage
W coil span
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Wdr length of rotor-ring teeth
Wth r depth of rotor-ring teeth
Xsd d-axis component of stator reactance
Xsq q-axis component of stator reactance
br rotor ring slot width
f frequency
ga axial air-gap length
gr radial air-gap length
isd d-axis component of stator current
isq q-axis component of stator current
i′rd d-axis component of rotor current referred to stator
i′rq q-axis component of rotor current referred to stator
j moment of inertia
jL load inertia
jr rotor inertia
kW1 winding factor of fundamental harmonic
krFe space factor of the iron
lea equivalent stator core length
ler equivalent stator core thickness
lm length of one turn of the winding
m number of phases
n number of concentric circular divisions for rotor ring and stator
p number of pole pairs
q number of slots per pole per phase
r′rd d-axis component of rotor resistances referred to stator
r′rq q-axis component of rotor resistances referred to stator
rs stator resistance
s slip
γp pole pitch
λ ratio of inner diameter to outer diameter of stator
λsd d-axis component of stator flux linkage
λsq q-axis component of stator flux linkage
λ′rd d-axis component of rotor flux linkage
λ′rq q-axis component of rotor flux linkage
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λ′m permanent magnet flux
λE empirical inductance factor
λW empirical inductance factor
µ magnetic permeability
µ0 Permeability of free space
µr Relative permeability
σ electrical conductivity
σtan tangential tension
τ torque
τnom nominal torque
τp pole pitch
τp in pole pitch at inner radius
τp out pole pitch at outer radius
τ r rotor ring slot pitch
ψ magnetic vector potential
ϕrr peak value for the main radial flux penetrating the rotor ring
χ chord factor
ωr rotor speed
ωs synchronous speed
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