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Abstract-There is a market for small, efficient and cost-
effective wind generators for mini-grid and remote power
systems. Direct-drive permanent magnet generators have
become very attractive for this application. This paper describes
the improvements achieved in an outer-rotor direct-drive
permanent magnet generator by using finite element analysis
and optimisation techniques. The starting torque of the
generator is studied. An optimisation routine for the design,
including magnetic finite element analysis and lumped-
parameter thermal model, is presented. A prototype for 20 kW,
211 rpm generator was built. The test results with a resistive
load confirm the satisfactory operation of the generator.
Compared with the previous prototype, the new design has
lower mass, lower starting torque and improved efficiency.

1. INTRODUCTION

Traditionally wind turbine generators have used gearboxes and
pitch control to allow constant high-speed generation under varying
wind speed conditions. In recent years contemporary power
electronics of high efficiency, high reliability and decreasing cost
offers the option to change the power frequency out of the generator
to match the system frequency, which leads to the idea of variable-
speed direct-drive generators. A number of alternative concepts have
been proposed for direct-drive electrical generators for use in grid-
connected or stand-alone wind turbines [1,2]. Compared to a
conventional gearbox-coupled wind turbine generator, a direct-drive
generator has reduced overall size, lower installation and
maintenance cost, a flexible control method and quick response to
wind fluctuations and load variation.

A direct-drive generator must be light and efficient to minimise
the requirements for the tower structure and to maximise electrical
power extracted from the wind. For small wind turbines, direct-drive
permanent magnet generators have become very attractive because
of their high efficiency, high power density and robust rotor
structure. The attractiveness of direct-drive permanent magnet
generators is further enhanced by improvements of permanent
magnet characteristics and decrease of material prices. Some direct-
drive examples are Enercon (E12, 30 kW), Proven (2.5 kW), LMW
(2.5-10kW) and Venco-Westwind (2.5-10 kW) [3].

A joint effort to develop a 20 kW low-speed, high-torque, direct-
drive permanent magnet generator for wind turbines was initiated by
the University of Technology Sydney (UTS) and Commonwealth
Scientific and Industrial Research Organisation (CSIRO) in
conjunction with the Australian Cooperative Research Centre for
Renewable Energy (ACRE) and Venco-Westwind. A non-
optimised, 48-pole, 170 rpm prototype was constructed by Venco-
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Westwind earlier [4]. It features a radial-flux, slotted-stator topology
with outer-rotor and surface-mounted Nd-Fe-B magnets, as shown
in Fig. 1. The magnets are bonded to the inner surface of a steel
drum that rotates around a stationary stator with conventional three-
phase windings. An advantage of this arrangement is that the
centrifugal force of the rotating magnets applies a pressure to the
bonding media, therefore increasing the reliability of the glued joint.
Also the blades of the wind turbine are directly mounted on the frant
surface of the outer-rotor drum, which leads to a simple assembly
process, as shown in Figs. 15 and 16.

This paper describes the improved design of the second prototype
by using finite element analysis and computer search techniques.
Section II considers starting torque. The analysis of the direct-drive
permanent magnet generator is given in Section II. Section IV
discusses the design optimisation and compares designs for several
numbers of poles, and several lamination and magnet materials. In
Section V, test results of the second prototype are compared with
predicted performance. The conclusions are summarised in Section

II. STARTING TORQUE

The starting torque of a permanent magnet generator is the total
torque including the peak cogging torque, hysteresis torque, and the
torque necessary to overcome the bearing and seal friction of the
generator. Hysteresis torque arises from the hysteresis loss of the
generator. The cogging torque is a dominent component, which*is
inherently generated from the interaction of the magnets with the
stator teeth.

For a direct-drive wind generator, the starting torque is an
important design issue because high starting torque prevents
operation at cut-in wind speed. As a consequence, it is necessary to
reduce the starting torque to acceptable values.

Outer-rotor drum

Nd-Fe-B magnets

Air gap

Stator lamination

Windings

Fig. 1 Layout of the direct-drive permanent magnet generator
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The cogging torque can be calculated directly for different rotor
positions, when the stator winding carries no current and the
remanence of the magnet is known. Since the magnet remanence is
temperature dependent, the cogging torque varies with the operating
temperature of the generator. The maximum cogging torque occurs
when the rotor temperature is at room temperature.

The cogging torque is affected by air gap length, slot wedge
material, skew, magnet pole arc ratio, and slot opening width etc.
For the first prototype, if the air gap is increased from 1.0 mmto 1.4
mm, the peak cogging torque is reduced from 62.6 Nm to 26.0 Nm.
By using a magnetic slot wedge, the cogging torque can be reduced
further from 26.0 Nm to 5.0 Nm. When the stator slot is skewed by
one tooth width as used in the first prototype, the peak cogging
torque decreases from 62.6 Nm to 11.8 Nm for an air gap of 1.0
mm. The cogging torque is very sensitive to the pole arc ratio as
shown in Fig. 2(a). With a decrease of 0.72 to 0.6 of pole arc ratio,
the peak cogging torque increases over 10 times. The slot opening
width also affects the cogging torque. Fig. 2(b) shows the variation
of peak cogging torque against the slot opening width.

It can be seen that there are a number of ways to reduce cogging
torque, ie using a longer air gap, a magnetic slot wedge, slot
skewing, and optimum magnet pole arc ratio and slot opening width.
For the same output power, the use of a larger air gap may increase
the thickness of the magnet. The use of a magnetic slot wedge
increases the flux leakage between adjacent poles and reduces the
output power of the generator. When the slots are skewed by one
slot pitch, the cogging torque should be ideally reduced to zero, but
the output is also reduced. The most effective solutions for cogging
torque reduction are the adjustment of the magnet arc width and the
slot opening width.
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Therefore, optimising magnet arc and slot opening width to give a
minimum cogging torque was used in the improved design.

III. PERFORMANCE ANALYSIS

The calculation of the operating characteristics of the generator is
based on a finite element analysis of the magnetic field and a
lumped-parameter circuit analysis of the thermal behaviour. The
characteristics of the generator are predicted for fixed or variable
speed operation under a balanced resistive load.

A. Back emf and synchronous reactance

The back emf is calculated from the variation of the flux linkage
with the stator coil while the rotor tums. Fig. 3 compares the
predicted and measured emf for the first prototype. Without skewed
slots, the phase emf waveform shows a small dip in the middle,
which is attributed to the effect of the slot opening and deep slots.
The phase emf waveform becomes trapezoidal when the slots are
skewed one tooth width. The measured emf shows a distorted
waveform, which indicates that one side of the magneis is of lower
magnetisation than the other side. The unsymmetrical strength of the
magnets may be due to partial demagnetisation from a heavy load
test.

The emf can be resolved into a Fourier series comprising a
fundamental component and a series of odd harmonics, given by

)

j=135,..

epn = M

. .p
kE;sin(j—wt

yEjsin(f 2 )
where p is the number of poles and wis the rotational angular speed
of the rotor in rad/s. E; is the peak amplitude of the jth harmonic of
the emf without skewed slots. k; is the skew factor for the jth
harmonic.

Fig. 3 Comparison of predicted and measured emf for the first prototype
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The synchronous reactance, X;, consists of the armature reactance
and the leakage reactance. The armature reactance can be found
from incremental finite element analysis [S], while the leakage
reactance can be calculated by an empirical formula.

In terms of the phase emf, e,, synchronous reactance, X;, and
phase resistance, R, the generator can be represented by an
equivalent circuit on a per-phase basis. Thus, for a star-connected 3-
phase symmetric resistive load, the load current, Z, is derived from
im= 3 fsﬁf—sm(jﬁm—aj) @

=571 Zj 2

where

zj=\ﬂ1e,+1ea)2+(jxs)2

; 3)

o, = tan -1 (—]Z(i——)
R[ +R a
and R, is the load resistance per phase.
Thus, the rms value of the load current is
kJE;
Ly =\f Y D @)
j=15701..  Z;

B. Losses and load characteristics

The losses which affect the efficiency of the generator are the
winding copper loss, stator core loss, mechanical loss predominantly
from bearing and seal friction, and stray loss, due to eddy current
losses in the winding and magnets.

The copper loss, p., is the principal loss in the generator under
most operating conditions. It can readily be calculated from the
winding resistance at the operating temperature, and is given by

2
Peu =3 ms Ry )

Assurning a uniform sinusoidal flux density in the lamination, the
core loss, pe, can be expressed as

Pfe=PrtPetPa (6)
where p; is the classical hysteresis loss, p. the classical eddy current
loss and p, the anomalous loss. These are given by

1.8
pr=ky gfa Bpx "W
Pe =k (LB )Wy, 0
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Pa =ka(LBp) Wy,
where k;, k., and &, are the specific hysteresis, eddy current, and
anomalous losses, respectively, when the peak flux density By is 1 T

and the frequency fis 50 Hz. W, is the lamination mass. The core
losses in the stator tooth and yoke are calculated separately.

The mechanical 10sS, Pre, is given by
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2.
Pmec =Tbasf jff 8)
2

where T,yis the bearing and seal friction in Nm.

The stray loss, pum, was found to be 3% of the output in the first
prototype. This value is used in the design optimisation.

From the resultant losses, the efficiency of the generator, 77, can
be obtained from

- 7
Fo+pey + Pfe™ Pmect Pstray

x100 (]

where P, is the output power and is given by

P, =31,,.°R, (10)

For a fixed speed and operation under a balanced resistive load,
the load characteristics of the generator can be obtained from
equation (4) to (10). It is found that the output power reaches its
maximum value when the load resistance is approximately equal to

JRZ+x2.

Since the generator is directly coupled to the wind turbine, the
operational speed varies over a range, and hence affects the no-load
emf and synchronous reactance. The efficiencies for variable speed
operation can also be obtained from the above equations.

C. Thermal analysis

The generator is a totally enclosed non-ventilated machine. As the
generator is located on a tower out of doors in hot environments, its
cooling depends not only upon natural convection but also radiation
and solar absorption. The thermal performance is a balance of heat
inputs from machine losses and solar absorption, and cooling by
natural convection and radiation. A preliminary calculation showed
that the heat transfer of radiation and solar absorption is
approximately balanced. Thus, for simplicity the thermal analysis
does not include radiation and solar absorption.

Ignoring radiation and solar absorption, the heat generated by the
total loss flows to the rotor surface through conduction of the spider
structure inside the stator, and convection across the air gap from the
stator outer surface, and then dissipates by natural convection into
the surrounding air. A lumped-parameter model for steady-state
analysis is proposed to represent the complex distributed thermal
parameters of the generator, as shown in Fig. 4. The lumped-
parameter circuit can be solved to give the temperature rise at
different locations.

D. Performance of the non-optimised prototype

The performance of the first prototype was predicted by the
methods described above and is given in Table 1. It can be seen that
there is good agreement between the measured results and predicted
performance, in terms of voltage, cument, temperature rise and
starting torque.
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Fig.4 Lumped-parameter model for steady-state thermal analysis

R, = thermal resistance between stator winding and stator tooth

R, = thermal resistance between stator winding and stator yoke

Ry, = thermal resistance between stator tooth and yoke

Ry =thermal resistance between stator tooth and outer surface

R = thermal resistance between stator outer surface and rotor inner surface
through convection and conduction of the air in the air gap

R, = thermal resistance between stator yoke and inner surface

Ry, = thermal resistance between spider structure and bearing

Ry = thermal resistance between bearing and rotor

R,;= thermal resistance of the rotor outer surface

Ry =thermal resistance of the supporting frame outer surface

TABLE1

PEFORMANCE OF THE FIRST PROTOTYPE
Items Measured Predicted
Peak cogging torque (Nm) - 11.8
Maximum hysteresis torque (Nm) - 184
Starting torque (Nm) 20~40 40
RMS current (A) 56.0 56.2
RMS voltage (V) 129.3 1289
Power output (W) 21730 21730
Efficiency (%) 86.0 88.2
Rotor temperature rise (°C) - 18.5
Stator winding temperature rise (°C) 57 585
Active mass (kg) - 1324

IV. DESIGN OPTIMIZATION

Based on the validated modelling procedure, an optimisation
routine for the design of a 20 kW, 211 rpm direct-drive permanent
magnet generator was set up. It uses eleven dimensional variables
and three constraints. The three constraints are temperature rise,
output power, and starting torque. The objective is to minimise the
capital cost of the machine including materials, power loss,
supporting structure and wind speed variations. It is noted that the
cost optimisation effectively minimises the active mass due to the
high cost of the tower and site installation. The parts cost of the
machine is small compared with the total cost (eg the cost of rare
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earth magnets is only about 1% of the total cost). The running cost
was also found to be small compared with the capital cost.

It is very important to provide an initial feasible design for the
optimisation process, which can narrow the design space and
therefore save computation time. The design data for the first
prototype was used for the initial design.

Design optimisations for several numbers of poles, and several
lamination and magnet materials were performed. The design results
are given in Table II-IV. For a fixed number of poles, eg 48, the
design with short stack length shows a minimum active mass or total
cost. When the stack length is fixed, the active mass decreases with
an increase of the number of poles. It has been found that a better
grade of lamination material helps to meet the starting torque
(hysteresis torque) requirement, while a better grade of magnet
material increases output power. The most favourable design is a 60-
pole machine with Ly-core 130 lamination and N35SH magnet.
However, this design has a large diameter of 0.9 m.

V. THE SECOND PROTOTYPE DESIGN AND TEST

As manufacturing methods placed an upper limit on the outer-
rotor drum diameter, a 36-pole wind generator was selected for the
second prototype. Values of the principal design details are given in
Table V.

TABLE II
20 Kw GENERATOR DESIGN OPTIMIZATION FOR DIFFERENT NUMBER OF POLES
(LY-CORE 220 LAMINATION AND N27SH MAGNET)

Poles 36 40 48 54 60
Winding temperature rise (°C) 115 122 124 130 130
Efficiency (%) 87.1 865 86.7 86.7 86.5
Outer diameter (10° m) 689 691 795 906 901
Overall length (10° m) 274 263 219 196 190
Active mass (kg) 115 106 94 86 82
TABLE I
20 KW GENERATOR DESIGN OPTIMIZATION FOR DIFFERENT LAMINATION MATERIALS
(60 POLES AND N27SH MAGNET)
Grade Ly-core 220 Ly-core 130 Nippon 35H
Lamination Cost (ASkg) 2 4 4
Core loss (W/kg) 25 13 1.0
Winding temperature rise (°C) 130 130 130
Efficiency (%) 86.5 871 872
Hysteresis torque (Nm) 92 4.1 34
Outer diameter (10° m) 901 913 877
Overall length (10° m) 190 185 187
Active mass (kg) 82 79 77
TABLE IV

20 KW GENERATOR DESIGN OPTIMIZATION FOR DIFFERENT MAGNET MATERIALS
(60POLES AND LY-CORE 220 LAMINATION)

Grade N27SH N33SH N35SH
Magnet  Cost (ASkg) 140 150 160

Remanence (T) 1.06 1.15 1.19
'Winding temperature rise (°C) 130 130 130
Efficiency (%) 86.5 869 869
Hysteresis torque (Nm) 92 97 96
Outer diameter (10° m) 901 1017 976
Overall length (10° m) 190 182 183
Active mass (kg) 82 81.7 80




-
w

L L L s

N
o

z 10t /

3 ,

g 5p ;

g P \

e o - \/f
<

g st

[&]

&
R

00 02 04 08 08

i i i i
10 12 14 16 18

Rotor position {(mechanica! degree)

Fig. 5 Cogging torque as a function of rotor position

TABLE V

PRrINCIPAL DESIGN DETIALS OF THE SECOND PROTOTYPE
Nominal power 20kW
Nominal speed 211 ipm
Number of poles 36
Number of phases 3
Quter diameter 610 mm
Overall axial length 298 mm
Air gap 1.6 mm
Lamination material Ly-core 22
Magnet material N35SH Nd-Fe-B
Magnet thickness 3.5mm
Active mass 112kg
Resistance per phase at 20 °C 0.1764 Q
Synchronous inductance perphase 448 mH
Synchronous reactance at 211 pm 1.783Q
No-load phase emf 209V
Voltage at 20 kW output 189V
Current at 20 kW output 351A
Efficiency at 20 kW-output 916 %
Maximum power outputat 211 pm 28,1 kW

The cogging torque is minimised when the magnet arc ratio is 0.7
and the slot opening width is 3.7 mm. Fig. 5 shows the cogging
torque without skewed slots as a function of rotor position. With
skewed slots for one tooth width, the peak cogging torque is 5.8 Nm.
The hysteresis torque is 8.4 Nm. Therefore, the starting torque of the
generator is 16.2 Nm including 2 Nm for bearing and seal friction.
The measured staring torque of the second prototype is 20 Nm.

Fig. 6 shows the cross section of the generator with its flux lines at
no-load. The predicted back emf at no-load is shown in Fig. 7. Fig. 8
shows the load characteristics of the generator at 211 rpm. For a
maximum output power, the load resistance per phase is about 2.24
Q. The voltage and current waveforms for the maximum output
power are shown in Fig. 9. It is noted that the current for a heavy
load tends to be inductive since the synchronous reactance is much
larger that the winding resistance. Fig. 10 shows the performance as
a function of speed. The output power from the wind turbine is
proportional to the shaft speed cubed for the speed up to nominal
speed. The generated voltage is proportional to the speed squared.
Therefore the current is proportional to the speed squared when the
speed is less than the nominal speed. When the speed is higher than
the nominal speed, the load current keeps constant.
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To test the second prototype in the laboratory the direct-drive
permanent magnet generator was driven by a Mazda internal
combustion engine. Fig. 11 shows the measured open-circuit voltage
waveform at no-load, which agrees well with the predicted
waveform shown in Fig. 6. While varying symmetrical 3-phase
resistive load, the voltage, current, and input power were recorded
for different engine speeds. Two sets of 3-phase resistors were
connected either in star or delta to give 3, 6,9 and 18 Q for the load
resistance. Fig. 12 and 13 show the measured output power and
efficiency of the generator as a function of speed, respectively.

The load characteristics at 211 rpm can be extracted from the test
data and are shown in Fig. 14. When the output power reaches 20
kW at 211 rpm, the phase voltage is 202 V, the efficiency 94 %, and
the load current 33 A. The measured voltage and efficiency are
slightly higher than the predicted values shown in Table V for the
following reasons:

¢ An average value for the remanence of the magnets was used in
the design, which may be less than the actual values for the
delivered magnets.

4 An ambient temperature of 50 °C was assumed in the design as
the generator was assumed on the tower. This value is higher
than that in the laboratory. Therefore, the operation temperature
of the magnets was higher than the test condition, which results
in a lower remanence of the magnets.

¢ The stray loss was assumed to be 3% of the output power,
which may be too high for the second prototype.

The test results of the generator with a resistive load confirm the
satisfactory operation of the generator. The direct-drive generator is
currently installed with a two-blade turbine on a 36m tower at
Murdoch University, to conduct full site testing. Figs. 15 and 16
show the direct-drive generator mounted on the main frame and on
the tower, respectively.

Wind Genecator

Fig. 6 Flux line at no-load
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Fig. 15 Direct-drive generator mounted on the main frame
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Fig. 16 Direct-drive generator on the tower

VI. CONCLUSION

The cogging torque, back emf, synchronous reactance and iron
loss of a direct-drive permanent magnet wind generator were
calculated by using a finite element analysis. Combined with an
equivalent circuit and a lumped-parameter thermal model, the
analysis of the performance under a balanced resistive load was
presented and validated by examining the non-optimised 20 kW
prototype.

A design optimisation routine was applied to study a range of
designs with different number of poles, different lamination and
magnet materials. The design of a 36-pole machine was finalised
and built, which has a larger diameter and shorter axial length than
the previous prototype. Test results with a resistive load have
confirmed satisfactory operation of the generator. Its active mass is
smaller, it has a lower starting torque, and it is more efficient,
compared to the previous prototype.
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