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Abstract. More efficient and reliable energy conversion methare constantly being sought for renewable enapglica-
tions. The permanent magnet induction generatarrisw concept which uses permanent magnets toderohe flux in the
machine. This will lead to an improved power factod a higher efficiency. With this concept the liempentation of direct
drive and directly grid connected induction genansts now possible. For these machines no geasbprwer electronics are
deemed necessary. Maintenance can now be redueedhioimum, making this a very attractive renewaduition. In this
paper the main aim is to further characterise aadbiate the performance and behaviour of this nmectyipe. This is done by
designing, constructing and testing a prototypethWhis evaluation an indication is given on thabidity of the concept. To
further validate the results, the machine is comgbavith an identical, conventional, unmaodified,untion generator.
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1. INTRODUCTION

With energy shortages looming globally and the
dwindling of fossil fuel resources, as well as the
creasing cost of these sources, there is a inaggsi
growing interest in alternative and renewable eperg
resources. New technologies are constantly being
sought to harness these resources more efficiently,
reliably and cost effectively. A generating solatio
receiving a great deal of attention is direct dnez-
manent magnet (PM) generators. Unlike induction
generators (IGs), the PM generators can be buit wi
large diameters and high pole numbers. Other advan-
tages are their relatively good efficiencies andigio
factors with respect to 1Gs.

In developed countries there are more than 3 kW
worth of electric motors per person. Most of thase
induction machines. The fathers of the induction ma
chine are believed to be Galileo Ferraris (188%) an
Nicola Tesla (1886). They built on the work of
Michael Faraday, who discovered the electromag-
netic induction law, as well as Maxwell's equations
Currently the induction motor is the workhorse rof i
dustry due to its robustness, rugged cheap design a
standardised sizes [1], [4]. If the advantageshef t
PM machines can be integrated within the 1G, the IG
can be transformed into a powerful generating solu-
tion.

By adding permanent magnets to the IG design, the
magnetizing current can be significantly reduced,
leading to a reduction in the machine's reactive
power need. This will be especially beneficial for
power factor improvement and the obtaining of
higher efficiency values. Another important asgect
the high pole, large diameter, direct drive indoicti
generators which can now be used, omitting the need
for a gearbox and all its maintenance issues. Wih
use of an asynchronous induction machine with slip,
a soft grid connection is possible [2]. This metrat

no power electronics are necessary for grid interfa
ing. A dramatic decrease in cost can now be rehlise
as power electronics can contribute to about 20f% o

the total cost of a wind power setup [3]. Suddedlo
changes associated with wind power generation, can
now be handled far better, because of the slip pro-
vided by induction machines. This will improve the
stability of the system, as the machine does netlne
to be synchronised with each load change [2], [3].

Without any grid interfacing, this will result in a
fixed speed system. Renewable sources, for example
micro hydro systems, the use of ocean currents, as
well as fixed wind speed sites, for instance offgho
installations, will benefit the most from this cep.
These are all fairly constant speed energy sources.
Some comparison needs to be made to validate this
proposal against other electrical power conversion
methods. Factors like, initial installation codglsl-

ity, power loss due to fixed speed, efficiency aimel
reduced maintenance, need to be taken into account.
Another suitable application for the PMIG is high
voltage DC transmission. A single solid state con-
verter is used for all the generators in a clugies-

ing less of a drawback for fixed speed devices [3],
[5], [13]. The PMIG concept can be implemented in a
doubly-fed induction generator (DFIG) as well,
where the rotor frequency is changed according to
the wind speed. The DFIG drive system can operate
at a much wider speed range, using only a small
solid-state converter, but a more expensive wound
rotor [3], [9].

Figure 1: The PMIG system interface.



2. THE PMIG CONCEPT

2.1. Overview
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Figure 2: Equivalent circuit of the PMIG.

The basic working principles of the PMIG are mostly
the same as for the ordinary induction machine hWit
the conventional induction machine flux is induced,
by drawing magnetizing current from the grid. A
second rotor, mounted with permanent magnets pro-
vides the flux in the IG's new PM counterpart. This
PM rotor is mounted on a freely rotating shaft to-p
vide alternating flux. The poles of the PM rotodlwi
now coincide with the magnetic poles induced in the
stator field. Interfacing between the PM rotor dinel
stator acts in the same way as in a PM synchronous
machine. The main rotor operates in asynchronous
mode as it still follows the rotating stator fialdth

slip.

As indicated in Fig. 2 the equivalent circuit fdret
PMIG is very similar to the normal induction ma-
chine’s equivalent circuit. The flux provided byeth
permanent magnets can be modelled as an internal
voltage sourceE,, in series with the magnetizing
reactance. The iron-loss resistan&g, can be ig-
nored by approximation; this resistance has a much
higher value relative to the magnetizing reactance,
Xm- By placing magnets in the flux circuit the equiva
lent air gap is increased considerably. From equoati
(1) it can be observed that the magnetizing reaetan
will be reduced quite significantly, a&, is inversely
proportional to the equivalent air gap lengit, and

the square of the number of poles,The magnetiz-
ing current] ., can be decreased substantially accord-
ing to (2) by having the netto magnetising phase
voltage Es close toEy,. In (1), f; is the grid fre-
quency,W; is the number of turns in series per phase,
k, is the fundamental winding factod; is the ma-
chine diameter andis the core length [5], [10].

21,2
Xm - 6flvvil.pl2<\g_(fllllc/'10 (1)
Es B Epm
==+ (2)

The rest of the circuit parameters will change adco
ing to the chosen machine lay-out as stipulated in
Fig. 3. From the equivalent circuit and equatiol (2
theoretically the magnetizing current can be reduce
to zero ifEym is equal toEs. If the magnetizing cur-
rent is reduced by this much, the power factorefrd
ficiency of the machine will increase accordingfy.

a voltage higher than the grid voltage is inducgd b
the permanent magnets, capacitive excitation can
even be realised.

2.2. Different PMIG topologies

Several mechanical configurations can be useden th
PMIG. The magnet rotor can be placed either inside
the squirrel cage rotor, between the main rotor and
stator, or outside the stator. These lay-outs laogve

in Fig. 3, with configurations 1, 2 and 3 as mem¢io
respectively. Each of these configurations willunf
ence the machine characteristics in a different. way
By placing the magnet rotor inside the originabrot
only the rotor’s parameters will be changed, legvin
the parameters of the stator unchanged. A reduction
in the rotor yoke will decrease the value of thoro
leakage reactance. This in turn will influence the
torque-speed profile of the machine [4]. By placing
the magnet rotor between the stator and rotor, both
the stator and rotor characteristics will be change
Either a larger stator or a smaller rotor is now
needed. To match the performance of the ordinary
induction machine, this will result in a larger afie-

ter machine to realise the same power output. By
placing the magnet rotor on the outside, the stator
yoke is basically removed, reducing the stator deak
age reactance. Better matching of the grid voltage
and E,n might now be obtained, because the voltage
drop across the series stator leakage reactance can
now be countered to some extent.

With the configurations shown there are still other
possibilities regarding the position of the rotorda
stator. For example the stator can be placed omthe
side and the primary rotor on the outside. Several
variations are thus possible for the stator, primmar

tor and the PM rotor, with respect to their position

the assembly. Construction wise an easier solution
could be an axial flux induction machine. More free
dom regarding the placement of the PM rotor might
be obtained in this case.

Primary Rokar

Configuration Configuration 3

PM Rotor

Conflguration 2

Figure 3: Different configurations which can bediger the
PMIG.



3. PROTOTYPE PMIG
3.1. Description

To gain a more thorough understanding of the PM
induction machine’s behaviour, an experimental pro-
totype was constructed. For this experiment an-ordi
nary 2-pole, 9 kW induction machine was used. This
induction machine was modified to accommodate the
permanent magnets.

From the different mechanical configurations it was
deemed the easiest to modify the existing squirrel
cage rotor, leaving the rest of the machine un-
changed. This decision was influenced by time, cost

and ease of construction. The magnet rotor was thus .:

mounted against the shaft inside the squirrel cage
tor. A separate bearing configuration was usedrin o
der to have the new rotor, rotating mechanicaleir
ly.

Better results could have been obtained if differen
configurations or other machines were used. For in-
stance, higher pole number machines could have
been used. Higher pole number machines would have
given a better indication of the viability of thégh

pole PMIG. The machine configuration used is also
not the most favourable choice. Placement of the PM
rotor on the shatft, inside the squirrel cage, tesala
limited magnet area. By using different configura-
tions and making the flux area larger, better tesul
could have been obtained. For instance the magnet
rotor could be placed between the stator and thie ma
rotor. However this will de-rate the machine regard
ing power output. The other option was to place the
magnet rotor on the outside. From a mechanical
viewpoint this would be more expensive, as the out-
side stator yoke needs to be machined. However the
main aim of this study was to gain practical knowl-
edge on the machine behaviour, with the use ofva lo
cost experiment. This knowledge will be used in fu-
ture applications of the PMIG.

3.2. Design Approach

A magnetic design was needed to obtain the rated
performance of the machine. A theoretical approach
can be used to estimate the flux per pole. Fros thi
the magnet thickness can be computed. The new ma-
chine, however, will be different from the original
machine, because of the modified rotor. In thisecas
the normal theoretical approach might not be accu-
rate enough. A more valid estimate can be made from
finite element analysis. As a first approach thigier

nal machine is simulated without any modifications.
At no-load the magnetizing current is the only cur-
rent drawn by the machine; the machine is thus simu
lated at no-load using no-load current. The PM ma-
chine with its PM rotor is also simulated by meahs
finite element analysis. Under no-load conditidhs,
new PM machine needs to give the same simulation
results as the original machine.

3.3.

Finite Element Analysis

=
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- :i:igdre 5: Finite element analysis of the PM indaetinachine
with PM rotor.

When simulating the original machine, the coils are
excited by using the specified no-load currentse Th
flux linkage @), per phase voltage and the flux den-
sity in the air gapE) are then determined. Next the
PM machine is simulated for various magnet con-
figurations. Several different magnets with varying
height (h) and grade are used. The magnet pitch and
the second air gap length {\are also variable pa-
rameters in the design. Fig's. 4 and 5 indicatedith

nite element results.

After several iterations a suitable magnet configur
tion was decided upon. At the end a trade-off was
made between both mechanical and performance
considerations. The best suited outcome was a mag-
net thickness of 6 mm and a 0.9 magnet pitch. The
second air gap length was constrained at a minimum
value of 1 mm. Due to an error on the PM manufac-
turer’'s side, the magnets were received with irexdrr
dimensions. To accommodate the incorrect sized
magnets a 0.73 magnet pitch had to be used. How-
ever this still gave fairly good results comparedhte
original configuration. The results were verifiegt b
two different finite element packages, Maxwell ver-
sion 12 and Magnet version 6.

To match the original machine the magnets need to
produce an RMS voltage of at least 400 V. Asacan b
seen from the results in Fig. 10 only about 70% of
this value is reached by using the current conéigur
tion. The simulated results are a little lower thibea
rated operating voltage. This might be because the
correct BH-curves could not be obtained from the



machine manufacturer for the material used in the
machine. Larger magnet heights and higher grade
magnets do not improve the results significantly, a
can be seen from Fig's. 6 - 8. This is due to thells
diameter of the magnet rotor if it's placed on the
shaft. A large amount of flux is now forced into a
small area, consequently saturating the machimg. Fi
9 shows the entire harmonic spectrum of the flux
density in the primary air gap.
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Figure 10: Comparison of the simulated and measesdts of

the phase voltage at no-load.
3.4. Testing of the PMIG

For the lab test setup a same-sized induction ma-
chine was used as a prime mover for the modi-
fied PM induction machine. The PMIG was con-
nected to the grid and the driving motor was fed
from a variable speed drive. For adequate com-
parison all tests were done on both the PMIG
and the standard IG.

An open circuit test with the PMIG rotated at
synchronous speed by the prime mover, revealed
an open circuit voltage of 274Ms. This is in ef-

fect the internal voltage induced by the perma-
nent magnets. By means of an auto transformer,
tests were done at different grid voltages. The
best results and most stable operation were ob-
tained at grid voltages of 274 V and lower. For
stable operation a small amount of magnetizing
current is still needed in the machine. To pull the
rotating PM rotor into synchronism with the sta-
tor rotating field, an attractive force between the
stator field and the PM rotor is necessary. At
lower grid voltages the PMIG has a capacitive
power factor and is found to deliver reactive
power into the grid.
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From the results in Figs. 11 — 14 it can be seah th
the PMIG performs much better than the IG at volt-
ages lower than 274 V. The power performance
curves in Fig. 11 show a higher output power fa th
PMIG at lower voltages, which makes it a higher
density machine [7]. Observing Fig. 14 the PMIG
poses quite an attractive efficiency; in some cases
average efficiency of about 5% higher than thedG i
obtained. The PMIG operates at unity power factor a
some voltages and slip values as shown in Fig. 13.

For grid voltages higher than 274 V the advantages
of the PMIG start to deteriorate; as can be seem fr
the no-load results in Figs. 15 and 16 there imasc
over point at about 274 V. At this point the magmnet
ing current is about zero. With a deviation in grid
voltage from 274 V, the magnetizing current rises
sharply as shown in Fig. 15.

From these results the conclusion can be drawritthat
is absolutely critical for the internally inducedviP
voltage to be close or equal to the grid voltags. A
mentioned earlier the increased magnetizing current
can be explained by equations (1) and (2). From



equation (1) the magnetizing reactance is inversely
proportional to the effective air gap length. Fbe t
standard IG the radial air gap is 0.55 mm. For the
new PMIG, there is another air gap of 1 mm plus the
magnet height of 6 mm. All these adds up to a tesul
ing 7.55 mm and a roughly 14 times increase in the
equivalent air gap, decreasiig by 14 times in turn.
The magnetizing current will follow suit and wit-i
crease rapidly with larger differences between the
PM internal voltage and the grid voltage shown in
Fig. 15. The rotor leakage reactance is influereed
well, because almost all of the rotor yoke was re-
moved. This will decrease the rotor leakage reac-
tance, resulting in a different torque-slip perferm
ance.

During tests at speeds close to synchronous speed,

dynamic oscillations were experienced with the
PMIG. It is clear that the PM rotor struggles agé
conditions to synchronize itself with the stataldi
probably due to cogging torque between the two ro-
tors. At higher slip values this was not a probkema
stable operation was obtained. In further designs,
special care should be taken to reduce all forms of
cogging torque between the two rotors.

4. CONCLUSIONS

Although only an elementary evaluation of the PMIG
is done in this paper, conclusions can be drawn on
the advantages and questions of implementing
PMIGs, as follows:

- The PMIG has a considerable advantage over the
normal IG with regard to power output, power factor

and efficiency. Measured results obtained from both
the IG and the PMIG confirm the better performance
of this generator type.

- For best PMIG performance it is extremely impor-
tant that the internal voltage induced by the mégne
be closely equal to the rated supply voltage.

- There are still some machine behaviours which
need to be investigated. The dynamic behavior ®f th
new machine needs to be characterized more thor-
oughly. In [2] the dynamic behaviour of the PMIG is
evaluated in much more detail.

-To gain a more valid comparison, other mechanical
configurations can be evaluated as well. Conswucti
wise axial flux PM induction machines can be con-
sidered as an alternative.

- The main drawback regarding this machine type is
the constructional complexity.

Relatively little literature exists on the PMIG aod-

ly a few small prototypes have been built. However
from this literature the concepts and theories are
fairly complete. From the evaluated prototype analy
sis and the studied papers, the proposed high pole,
large diameter induction machine should definitely
be an option for future investigation. For seveeal
newable sources this could prove to be especially
beneficial. To extract energy from these sites eco-
nomically, low maintenance solutions are an absolut
necessity. As there is no gearbox or power eleetron

ics the initial cost and maintenance of such atalns
lation will largely be reduced. From this proposed
project a true reflection of the viability of theon-
cept will be obtained.
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