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Designing an Efficient Permanent Magnet
Generator for Outdoor Utilities
İlhan Tarımer
Abstract— This paper deals with designing, modelling and production process of a permanent magnet axial flux
structured generator to be used at wind turbines. Magnets and lamination parts used in the designed generator and its
effects have been inspected. This paper also dealt with the effects of such magnets and laminations to the mass and efficacy
of the resulted generator. Since the slots of the generator have been skewed for reducing cogging torque, a feasible product
has been obtained as to be used at outdoor utility. It is confirmed that output of the developed generator entirely matches
with high efficiency values in terms of axial flux structuring. The generator’s total net weight and its efficiency values
come up with technical acceptable limits. The net values of the torque, line current and efficiency have been ascertained
that the designed generator might be produced and used as an efficient machine, most likely in outdoor applications.
Index Terms—Axial flux structure, generator design, NdFeB35 permanent magnet.

I. INTRODUCTION
It is known that there are two topology types which are axial and radial flux in designing permanent magnet
generators [1, 2, 4]. In an axial flux machine, if magnetic flux linkages run through to axial direction, maximum
power density can be obtained [1]. But manufacturing such structured machines is more expensive and several
difficulties can be seen particularly over lamination of stators [1]. When comparing these two types of machine
structures, it is seen that radial flux structured machines are available more commercial due to it could be
manufactured easier than axial flux structured machine at current conditions. Though axial flux structured
machines are being preferred for limited industrial applications [3].
Whereas a radial-flux generator is made with the permanent magnet poles which rotate within the stationary
armature windings [4], an axial flux machine have got a back iron in which it rotates together with rotor [5].
Ferreira and Costa presented an axial flux PM synchronous generator, double sided with internal rotor and slotted
stators [9]. Bumby and Martin have built a 3-phase axial-ﬂux PM air-cored generator for using in wind turbines
[10, 13]. Chen and et.al. Designed a PM generator using neodymium-iron-boron magnets for directly coupled wind
turbines [11]. Parviainen and et.al. Realized an axial flux PM 1.6 kW generator to operate in wind application [12].
Touzhu and Slemon analyzed cogging torques with surface mounted and inset magnet rotors [14].
This paper deals with designing and modeling a 2.4 kW permanent magnet generator in terms of axial flux structure
topology. The generator’s structure and its magnets’ effects which are presence in the frame of the generator have
been essentially discussed and inspected in the study. Performance characteristics such as voltage, output power
and efficiency of the designed generator have been also presented.
II. DIMENSIONAL ANALYSIS FOR AXIAL FLUX STRUCTURE GENERATOR
A. Generator Design Topologies
Dimensions and size expressions regarding to a PM generator are given in output equation (1) [6].
Q  C0 D 2l.n (1)

where Q – output power (kVA), C0– output equation, D – inner diameter of stator (m), l – length of generator (m),
n – rated speed (revolution per second).
Since a low speed machine is obtained more costly and the volume is to be increased, the normal values of output
coefficient (C) vary from 1.77 to 8.2 [6]. In order to estimate dimensions of a 2.4 kW PM generator, magnetic
loading and specific electric loading (ac) must be determined as 0.75 T and 22000 a-c/m respectively. In addition
to these, rated speed ( %), effective length of generator (ls), length of air gap, stator slots (X), numbers of total
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conductors, number of pole (P), phase current, stator yoke and teeth, stator copper and iron losses, total losses (PK),
iron and copper weights (kg), rotor structure, stator leakage reactance, efficiency ( %) and operating temperature
ought to be entered to the software tools for doing analytical design as well.
After the analytical calculations, the obtained model is imported to Ansoft Rmxprt software environment for
modifying computations [7] made before. When all computations and dimensioning of generator parts are verified,
it is simulated and then re-sized; hence, last version of the model is created. That means that, the design is ready to
be produced. The created designs (and its constructional views) are given in Fig. 1.

a) Stator lamination

(b) PM generator view.

(c) Stator constructional view

(d) View from inner part

Fig. 1. Structural model of the designed PM generator

In Fig. 1, an axial flux permanent magnet generator’s lamination, stator’s assembly and construction and its internal
part are presented. The properties of PM materials used in the machine are crucial from the angle of machine
performance. The PM materials excite the machines which are to be designed within a range a 1 kW to 5 MW. The
properties of NdFeB35 permanent magnet [8] are given in Table 1. In order to bring about analyzing results
more accurate and feasible, a 3D simulator reckoned to static magnetic analyzing is used. Instead of examining the
whole model, the smallest part of the model is inspected with the condition of even symmetry boundary appointed
to the field boundaries. The figures above have been obtained by finite elements method together with boundary
conditions by Rmxprt and Maxwell 3D. Electromagnetic characteristic of the designed PM generator has been
determined by using finite elements method. The results produced are listed in Table 2.
Table I. Properties of NdFEB35 Magnet
Parameters
Value
Unit
s
Residual flux density
1.23
Tesla
Coercive force

890

kA/m

Maximum energy density 273.67
Relative
recoil 1.099
permeability
8
Demagnetized
flux 0.088
density
9
Recoil
residual
flux
1.23
density

kJ/m3
--

Recoil coercive force

kA/m

890

Table II. Values Obtained in the Design
Parameters
Value
Parameters
Values
s
Output power (W)
2400
Total losses (W) 230.456
Load resistance
17.72
RMS phase current (A)
6.6
(Ω)
Load inductance (mH)
18.5
Phase voltages (V)
120
14
Total net weight (m) (kg)
16.87
Number of pole

Tesla

Magnet thickness (tm) (mm)

54

Number of slots

Tesla

Length of stator stack (mm)

54

Frequency (Hz)

280

Efficiency (%)

Stator outer diameter (ds)
(mm)

84
50
94

The induced voltages, total magnetic flux, magnetic flux density distribution counter in the air gap are calculated
by finite elements method. On the other hand, slot structure and magnetic saturation in air gap have been solved by
using 2D / 3D FEM.
Air gap flux density can be obtained from curl of magnetic vector potentials as in (2)
B  A  𝞩 (2)
Where B – flux density (Tesla), 𝞩 – magnetic vector potentials and A – area.
Fig. 2 shows distribution of the flux density for the air gap.
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Fig. 2. Air gap magnetic flux density of the generator.

In Fig. 2, it is shown that distribution of the flux density is calculated approximately 0.9 T for air gap. This value is
used for calculating the induced voltage as analytically given in (2, 3). Dispersion of the induced voltage per phase
is accounted as in (3)
K
  
E  N ph n n1  k w n  (3)
t 


where E – induced voltage, Nph – number of series turn per phase, Kn – number of total harmonics, kw – winding
distribution factor, ∅n – average flux per pole.
RMS value of the induced voltage is given as shown in (4)

E  4.44  f  n  n  N ph  k w (4)
Where f – frequency, n – average flux per pole, n – rated speed, Nph – number of series turn per phase, kw –
winding distribution factor.
n is accounted as seen in (5)




n  l 

 D 2

   Bm (5)
P  P

Where l – length of stator core (m), D – stator diameter (m), P – number of pole , Bm – magnetic field density (T).
Under the limited conditions, larger magnet means that more efficiency can be obtained, because it composes more
flux in the air gap. But when magnetic core saturation of non–oriented lamination materials is considered, the
material must have high saturation to increase efficiency. In order to select suitable material, B–H curve is crucial
for overall efficiency. In the research, M470–50A lamination material has been used.
Core losses versus magnetic flux density for the laminated material have been obtained at 50 and 100 Hz
frequencies separately. Losses are changed from 0.1 W/kg-T to 100 W/kg-T for 100 Hz frequency. Losses are
changed from 0.01 W/kg-T to 4 W/kg-T for 50 Hz frequency. Since Eddy currents are induced on the magnet by
rotating magnetic field, magnetic losses on the surface of magnets could have occurred. Cutting of magnet could
sophisticate to diminish Eddy currents on magnets’ surfaces. Simulations have been performed with a ratio of 1 %
error, and the model has been created by 50000 finite elements approximately. Fig. 3 shows meshed structure, and
Fig. 4 shows magnetic flux density distribution of the model. The meshed structure of the model created by the
finite elements is shown in Fig. 5. It indicates meshed structure of the designed generator.
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Fig. 3. Magnetic flux density distribution of the generator Fig. 4. Magnetic flux density distribution of the generator
(2D)
(3D)

The obtained 3D results consider that the fringe effect is fewer than the 2D results at the end of slots in the machine.
Maximum magnetic saturation in a well–designed machine is occurred where the slots are being narrowed (Fig. 6).
Therefore saturation at surfaces diminishes efficiency and affects thermal parameters of the machine. Partial
saturation could be occurred in a narrow section of the generator. Since this saturation is neglected, it concludes
that the design is accepted within the certain constraints. 3D analysis shows that fringe effect is fewer than 2D
results.
Slot Leakage Magnetic
Flux after the check

Fig. 5. Mesh analysis for the designed generator.

Fig. 6. Magnetic flux and flux density vectors.

Cogging torque has an interactive effect over stator core and magnets of the generator at no-load condition. Once
the generator is loaded as unstably, it struggles to catch the force which is cogging. Therefore, it’s necessary to
know necessity of decreasing cogging torque at generator design. In the research, to do this, the slots were skewed
as 0.83°. This case is simulated as shown in Fig 7. Fig. 8 shows efficiency versus speed of the designed generator
under load circumstances. The designed generator gives 2.4 kW output power when it’s rotating at 440 rpm under
load. The efficiency was obtained as 94 % under load.

Fig. 7. Levels of cogging torque at several skewed slot angles.
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Fig. 8. Efficiency versus speed under load
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III. RESULTS
In this paper, a PM and axial flux structured generator has been designed, modelled and analyzed for using at
outdoor utility. A producible generator model according to the desired specifications has been obtained in the
study. Design parameters of the generator are arranged not only for structural frame, but also they are brought
about in terms of magnetic parameters in the study. The designed generator is proposed to produce for industrial
demands. In order to realize design, analysis, modeling and producing processes seamlessly, it needs to have a
speed up to 500 rpm for a 2.4 kW output power with 94 % efficient generator. This generator is also arranged for
decreasing cogging torque by skewing the stator slots. Skewing slots up to maximum 1.0° resulted that the
generator would almost be produced with very small cogging torques. Moreover the operating values which were
obtained from the generator after production have been accurate and acceptable ones. As result of this, net values
of torque, line current and efficiency have been proved that the designed generator might be produced as an
efficient machine for outdoor appliances. The generator designed in the study can be used in a wind turbine, due to
its lighter mass weight and good performance.
IV. CONCLUSIONS
For this study, the rated torque and line current values have been calculated by skewing the slot angles from 0° up
to 1.0° with intervals of 0.2°. When the slot angle is skewed 0°, rated torque is obtained about 167.75 Nm. At the
end (skew angle is 1.0°), the rated torque is being obtained as 164.75 Nm. In same manner, line current values have
been obtained from 31.35 A to 30.95 A, spanning slot angle skewing from 1.0° to 0.0°. Meanwhile the cogging
torque increased up to 4 Nm would do decrease to 0.6 Nm by skewing the stator slots from 0° to 1°. Once the slots
are skewed from 0° to 1°, cogging torque level at the machine drops to 0.6 Nm. As result of these, it can be said that
the developed generator’s torque will become 3.3 Nm less and line current of the machine will become 0.4 A less
than their initial values. Hence, 94 % efficiency, 164.5 Nm torque and 30.95 A current prove that the designed
generator is an efficient machine.
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