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(57) ABSTRACT 

The invention relates to an electrical energy conversion 
system (11) which is particularly suited for use in wind 
energy conversion systems. The system includes two mag 
netically separated permanent magnet machines (25, 27) 
linked by a freely rotating rotor (19) housing permanent 
magnets (39). The first machine is typically a synchronous 
generator, and the second an induction generator. The Syn 
chronous generator (25) has a stationary stator (21) which is 
connectable to an electrical system such as an electricity 
grid, and the induction generator (27) has a rotor (17) which 
is connectable to a mechanical drive system such as, for 
example, a wind turbine. 
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SPLT PERMANIENT MAGNET MACHINE 

This application is a National Stage Application of PCT/ 
IB2011/001812, filed 4 Aug. 2011, which claims benefit of 
Serial No. 2010/05553, filed 4 Aug. 2010 in South Africa 
and which application(s) are incorporated herein by refer 
ence. To the extent appropriate, a claim of priority is made 
to each of the above disclosed applications. 

FIELD OF THE INVENTION 

This invention relates to a permanent magnet excited 
machine and system. In particular, but not exclusively, the 
invention relates to a permanent magnet induction generator 
of the type typically used in wind generators. 

BACKGROUND TO THE INVENTION 

An induction generator (IG), as is commonly known in 
the art, is a type of electrical generator that is mechanically 
and electrically similar to a polyphase induction motor (IM). 
An IG produces electrical power when its shaft is rotated 
faster than the synchronous frequency of the equivalent IM. 
IGs are often used in energy conversion systems or wind 
turbines and some micro hydro installations due to their 
ability to produce useful power at marginally varying rotor 
speeds. IGs are also generally mechanically and electrically 
simpler than other generator types. They are also more 
rugged and require no brushes or commutators. 

IGs are, however, not self-exciting, meaning they require 
an external electrical supply to produce a rotating magnetic 
flux. The external supply can be supplied from an electrical 
grid or from the generator itself, once it starts producing 
power. The rotating magnetic flux from the stator induces 
currents in the rotor, which in turn also produces a magnetic 
field. If the rotor turns slower than the rate of the rotating 
flux, the machine acts like an induction motor. If the rotor is 
turned faster, it acts like a generator, producing power at the 
synchronous frequency. 

In most IGs the magnetising flux is established by a 
capacitor bank connected to the machine in case of stand 
alone systems. In the case of grid connected systems it draws 
magnetising current from the grid. IGs are suitable for wind 
energy conversion systems as speed is always a variable 
factor in these applications. 
The concept of having an internally excited permanent 

magnet induction generator (PMIG) is known. These gen 
erators function on the principle of having an additional, 
freely rotating permanent magnet (PM) rotor in combination 
with the normal induction rotor, generally positioned 
between the induction rotor and the stator. The PM rotor 
provides the flux within the machine, thus alleviating the 
need for a magnetizing current which, in turn, results in an 
improved power factor for the machine as a whole. 
Most commercially available wind energy conversion 

systems currently utilise a combination of complex gear 
boxes and high speed IMS. These systems are generally 
directly connected to an electricity grid, which is made 
possible by the IM being capable of slipping, thus allowing 
for a soft grid connection. 
A popular alternative in wind energy conversion system 

layout and design is the low speed permanent magnet 
synchronous machine (PMSM). The layout of a typical drive 
train is shown in FIG. 1. The drive train can represent either 
an induction machine or a synchronous machine. If, for 
example, the gearbox is omitted the drive train can represent 
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2 
a PMSM and if the converter is omitted it can represent an 
induction machine. The PMSM may also rely on a full 
frequency electronic power converter to change the Voltage 
level and the frequency of the generated power, so as to 
allow it to connect directly into the electricity grid. In what 
follows, the term power converter will refer to a full 
frequency electronic power converter. A system, such as the 
one shown, which does not utilise a gearbox is known as a 
direct drive system. 
More variations like the doubly fed induction generator 

(DFIG) which is used regularly in the wind turbine industry, 
combinations of PMSMs and gearboxes, or IMs and con 
verters are used on a limited Scale (i.e. mostly utility scale) 
in Some markets. To the applicant’s knowledge, wind turbine 
systems currently in use generally consist of the electrical 
machine which is operated in conjunction with a gearbox, a 
power converter or both. 

Because most conventional wind turbines generally oper 
ate at low rotational speeds, gearboxes are needed in order 
to use them with high speed IMs. Without a converter of 
sorts. IMs can only operate as high speed devices due to the 
large increase in the magnetizing current for low speed, 
directly grid connected induction machines. PMSMs on the 
other hand can operate efficiently at low rotational speeds 
but cannot be directly connected to an electricity grid in a 
wind energy conversion system. 

Gearboxes and power converters used in conventional 
wind energy conversion systems are mechanically complex, 
expensive, maintenance intensive pieces of equipment, 
which increase the overall cost of the overall system. Gear 
boxes also contribute substantially to the overall system 
mass and losses due to, for example, heat and noise. Power 
converters, on the other hand, are complex and expensive, 
electrically sensitive systems. 
The layout of a typical PMIG is shown in FIG. 2. The 

PMIG. consists of an ordinary stator, an induction type cage 
rotor and an additional, free rotating PM rotor between the 
stator and rotor of an induction machine or in the inside of 
the rotor (or outside of the stator), as is more clearly shown 
in FIG. 3. When used in a wind turbine, the mechanical shaft 
power which is supplied by the wind turbine rotor to the 
electrical machine is transmitted to the cage induction rotor, 
while the PM rotor rotates freely and independently on its 
own shaft. The PM rotor supplies the magnetic flux within 
the electrical machine and induces a Voltage in the stator 
winding as shown in the equivalent electrical circuit layout 
of FIG. 4. This, in principle, reduces the magnetizing current 
and improves the power factor of the machine. These 
generators typically make use of standard Stator and cage 
rotor windings. It has, however, been found that there is a 
cogging (torque) effect between the PM rotor and the stator 
or rotor. Cogging causes the PM rotor to lock with respect 
to the stator core or cage-rotor core, which causes instability 
at low slip speeds. 
The advantages of PMIGs for wind, as well as other, 

generator applications are very attractive as it avoids the use 
of gearboxes and the use of power converters for grid 
connection. The device is therefore a direct-drive direct-grid 
wind energy converter which is a very attractive concept. 
But in spite of these obvious advantages, to the applicants 
knowledge, no PMIG wind generator has as yet been 
installed or tested. The main reasons for this appear to be the 
difficult construction of the machines. 
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OBJECT OF THE INVENTION 

It is an object of this invention to provide a permanent 
magnet induction generator which will, at least partially, 
alleviate some of the difficulties mentioned above. 

SUMMARY OF THE INVENTION 

In accordance with this invention there is provided an 
electrical energy conversion system comprising two perma 
nent magnet machines linked by a freely rotating rotor 
housing permanent magnets, a first of the two permanent 
magnet machines having a stationary stator which is con 
nectable to an electrical system, and a second of the two 
permanent magnet machines having a rotor which is con 
nectable to a mechanical system, the system being charac 
terized in that the two permanent magnet machines are 
magnetically separated from one another. 

Further features of the invention provide for the perma 
nent magnet machines to be generators, preferably for the 
first permanent magnet machine to be synchronous genera 
tor and for the second permanent magnet machine to be an 
induction generator and for the rotor of the induction gen 
erator to be cage-type rotor. 

Still further features of the invention provide for the freely 
rotating rotor to include at least two rotor portions, each 
rotor portion carrying a series of permanent magnets spaced 
apart around its periphery and for it to be of modular 
construction with the rotor portions removably securable to 
one another, thereby allowing the permanent magnet 
machines to be operated in combination when the rotor 
portions are secured to one another and separately when the 
rotor portions are detached from one another. 

Yet further features of the invention provide for the 
permanent magnet machines to be mounted end to end in 
co-axial alignment about a common shaft when working in 
combination; for the freely rotating permanent magnet rotor 
to rotate synchronously with the induction generator rotor; 
and for the induction generator (27) to run at slip speed with 
respect to the synchronously rotating permanent magnet 
rOtOr. 

Further features of the invention provide for the two series 
of permanent magnets to be mechanically linked so as to 
rotate together; for the series of permanent magnets on a first 
rotor portion to be configured to excite coils on the station 
ary stator of the synchronous generator, and for the series of 
permanent magnets on a second rotor portion to be config 
ured to excite coils on the rotor of the induction generator. 
The first rotor portion may be removably securable to the 
second rotor portion in co-axial alignment. 

Still further features of the invention provide for the rotor 
of the induction generator to be an induction type cage rotor 
having non-overlap rotor bar windings; for the induction 
type cage rotor to have concentrated windings and double 
layer windings; for the system to be incorporated in a wind 
turbine with rotor blades of the wind turbine secured to the 
rotor of the induction generator; and for the system to be a 
direct drive, directly grid connected system. 
The invention also provides an electrical energy conver 

sion system comprising two rotors and a stator with a first of 
the two rotors being an induction type cage rotor and a 
second of the two rotors being a freely rotating permanent 
magnet rotor, the freely rotating permanent magnet rotor 
including two co-axially aligned, magnetically separated 
rotor portions, each rotor portion having a series of perma 
nent magnets spaced apart about its periphery, the rotor 
portions being positioned to allow the series of magnets on 
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4 
a first rotor portion to excite coils on the stator and the series 
of magnets on the second rotor portion to excite coils on the 
induction type cage rotor; as well as for a wind turbine 
incorporating an electrical energy conversion system as 
described in this specification. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings: 
FIG. 1 is an electrical layout of a common wind turbine 

drive train; 
FIG. 2 is an electrical layout of a typical permanent 

magnet induction generator (PMIG); 
FIG. 3 is a cross section of a conventionally coupled 

permanent magnet induction generator, 
FIG. 4 is an equivalent electrical circuit layout of the 

permanent magnet induction generator of FIG. 3; 
FIG. 5 is a split permanent magnet induction generator in 

accordance with the invention; 
FIG. 6 is a cross section of a split permanent magnet 

induction generator in accordance with the invention; 
FIG. 7 shows steady-state dc equivalent circuits and 

vector diagrams of (a) the IG and (b) the SG: 
FIG. 8 are cross sections and FE plots of (a) double layer 

IG, (b) single layer IG and (c) single layer SG: 
FIG. 9 is an equivalent electrical circuit of the split 

permanent magnet induction generator of FIGS. 5 and 6: 
FIG. 10 is a three-dimensional graph showing the sensi 

tivity of the cogging torque to magnet pitch and slot opening 
variations in an induction generator in accordance with the 
invention; 

FIG. 11 is a two-dimensional graph showing the cogging 
torque and magnet pitch in the graph of FIG. 10; 

FIG. 12 is a graph showing the average torque against 
magnet pitch variation in a system according to the inven 
tion; 

FIG. 13 is a table showing machine dimensions arrived at 
by means of design optimisation and cogging torque mini 
misation; 

FIG. 14 is a graph showing dd inductances against did 
current of an IG according to the invention; 

FIG. 15 is a graph showing cogging torque and full load 
torque ripple against rotor position in a machine according 
to the invention; 

FIG. 16 is a graph showing torque against percentage slip 
in a machine according to the invention; 

FIG. 17 is a graph showing the percentage efficiency of a 
machine according to the invention for a range of load 
torques; 

FIG. 18 is a graph showing the variation of the reactive 
power with load in a machine according to the invention; 
and 

FIG. 19 is a graph showing the leading current of the SG 
under low grid Voltage conditions in a machine according to 
the invention as measured in the laboratory. 

DETAILED DESCRIPTION WITH REFERENCE 
TO THE DRAWINGS 

An electrical energy conversion system (11), in the cur 
rent example also referred to as a Split Permanent Magnet 
Induction Generator (“S PMIG”), as shown in FIGS. 5 and 
6, generally comprises a wind turbine (13) including a set of 
rotor blades (15), an induction-type cage rotor (17), a 
common permanent magnet (PM) rotor (19) and a grid 
connected Stator (21). 
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The S-PMIG (11) is electro-magnetically split into two 
PM generators (25 and 27), linked by the freely rotating, 
modular PM rotor (19). The first generator (25) is a syn 
chronous generator (SG) with its stationary stator (21) 
electrically connected to the electricity grid. The second 
generator (27) operates as an induction generator (IG) and 
has its short-circuited rotor (17) mechanically connected to 
the turbine (13), which runs at slip speed with respect to the 
synchronously rotating PM rotor (19). The IG rotor (17) is 
connected to the turbine (13) by means of a mounting plate 
(29). 
The PM rotor (19) comprises two co-axially secured rotor 

shells (31 and 33), each having a series of permanent 
magnets (39) spaced apart around its periphery on its inner 
surface. The first rotor shell (31) operates with the SG (25) 
and the second (33) with the IG (27). The IG’s (27) PM-rotor 
(33) is mounted onto the SG's (25) PM-rotor (31), while the 
IG’s (27) non-overlap rotor bar winding and shaft (35) are 
mounted onto the mounting plate (29); in the case of a single 
layer non-overlap rotor bar winding, the short-circuited 
single turn rotor bar coils can be manufactured separately 
and then inserted into the rotor slots. It should be appreciated 
that the mounting plate (29) can also act as a short-circuit 
conductor for the rotor (17). 
The magnetically split PMIG. can thus be modelled as two 

separate, decoupled machines (as is also clear from the per 
phase equivalent circuit shown in FIG. 9). The per phase 
induced Voltages in both machines result from the rotating 
PM rotor (19); in the case of the SG (25), a voltage is 
induced in the stator (21) at grid frequency and in the case 
of the IG (27) a voltage is induced in the induction rotor (17) 
at slip frequency. During operation, rotational power of the 
turbine (13) is mechanically transferred to the induction 
rotor (17) and magnetically transferred to the PM rotor (19) 
from where it is again magnetically transferred to the SG 
stator (21) and then to the grid. 

Non-overlap windings are used for both the SG (25) and 
IG (27). It should be appreciated that this creates a huge 
advantage in terms of reduced cogging effects and load 
torque ripple. Furthermore, the number of coils is less. Low 
cogging torque is vital as it affects, amongst other things, the 
stability of the freely rotating PM rotor (19), in particular at 
low slip speeds. 

It should immediately be apparent that the IG (27) can be 
completely removed, and the wind turbine (13) mounted 
directly onto the SG's mounting plate (37). The generator 
(11) will then simply be a normal direct drive PM wind 
generator. 

It should be noted that the axial length of the IG-rotor (17) 
is shorter than that of the SG stator (21), with both at the 
same power rating; this is the result of the design optimi 
sation discussed further below. 

Both the design optimisation and the performance evalu 
ation of the S-PMIG that follows below are done with the 
machine in the steady state and in the dq reference frame 
fixed to the rotor. The steady state dc equations of the IG 
(27) and SG (25) are given by equations (1) and (2) 
respectively (positive current is taken as flowing out) as 

0-I-R,-(Ost--(1).th. 

0-I-R,+(0.L.I. (1): 

as--IsR-0, Lasato, was 

is-lis R+(D.Lisis, (2) 
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6 
where (), is the electrical slip speed equal to () ()-(), and 
co, is the turbine speed and co, 27tfis the synchronous speed, 
and where subscript “r” donates the IG-rotor (27) and “s' 
donates the SG-stator (21). 
The load angle A, the current angle C. and the SG's power 

factor angle 0-A-C. are all defined in the vector diagrams of 
FIG. 7. The general relations of voltage, current and copper 
losses are given by equations (3)-(6) as 

Vas coSA (3) V2 V. : Vis sinA 

COSCR = V2. ld SCR 

Vi + Vi = 2V. (Vn = Verial: (4) 

I+ i = 2i. (5) 
and 

Ii = P. (6) 

Pcu in equation (6) is the copper loss of the rotor or stator 
winding. The developed torque of both the IG and SG is 
given by 

3 (7) 
T = p(La - Ld)lal, + Anlal, 

where the dq inductances are defined as 

A. Ad - An 8 L = Y; L = M. (8) 
- I - Id 

The efficiency of the PMIG is given by 

in FiligiSG, (9) 
where 

Pgr Tigricosm (10) 
inic, P, TgrCotm 

and 

Pgs Trcosin - (Pecs + Pfs) - Pous (11) 
sc = - = - - Pgr TgrCosm 

and where subscript “m” donates mechanical speed. In 
equation (11), P, and P. are respectively the wind-and 
friction and the eddy- current-and-core losses of the SG. 
Note that P, and P. of the IG are practically zero, thus 
from equation (10) the only remaining (copper) losses are 
given by PTC). The torque of the SG is also given cur grisina 
from equation (11) by 

(P + Prs) (12) 
(Osm 

gs FT gr 

Ps in equations (11) and (12) includes the eddy current 
losses in the magnets and PM yoke of the SG, which can be 
Substantial when using solid magnets and solid rotor yokes. 
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With the generator operating at a constant speed, P, is 
considered as constant in the modelling and is calculated 
once. The stator core losses of the SG are calculated by 
means of an empirical formula using, amongst other things, 
the air gap flux density data from FE analysis. The SG's 
eddy current losses in the magnets and PM yoke are also 
determined once (after the design optimisation) from FE 
transient loss calculations. Finally, the SG's working power 
and reactive power Supplying to or consuming from the grid 
are given by 

6. Qgs 

The cross-sections and FE modelling of the non-overlap 
winding PMIG and PMSG are shown in FIG.8. As the grid 
frequency is 50 Hz, and the rated turbine speed is 150 r/min, 
the number of poles for the SG is p=40; the same number of 
poles is also used for the IG in this case. With p=40 and 
choosing the high winding factor 10-12 pole-slot combina 
tion, five poles and six slots form a machine section in the 
FE model using negative periodic boundary conditions. For 
both the IG and SG surface-mounted PMs are used. For the 
IG, both single and double layer rotor bar windings have 
been investigated, but for the SG only a single layer winding 
with preformed coils is considered. In the case of the IG, 
Solid rotor yokes are used as the eddy current frequencies are 
very low. In the case of the SG both laminated and solid 
partial-segmented rotor yokes are considered. 
The optimum design of only the PM rotor and rotor 

winding of the IG shown in FIGS. 8 (a) and (b) are 
considered here. The design optimisation of a 15 kW IG was 
done Subject to the required performance of the machine 
given by U and Go, as 

(13) 
siné 

Pgr (14) 
(Osm 

inic, 

15.96 kW 

= 15.71 radis 

98.3% 

Tgr 
= Peur 

=> Gic 

(Osna 

1016 Nm 

276 W 

0.27 radis 

where P=15 kW/ms with mSG=94% given, and where the 
synchronous speed is 150 r/min. The IG’s efficiency was 
taken very high in equation (15) to ensure an overall 
efficiency of m-92%. Note from equation (14) that the rated 
slip is 1.73%, and that a lower required efficiency will 
increase the rated slip. 
The design optimisation of the IG was done by maximis 

ing the torque per copper losses of the machine. Maximising 
the torque per copper losses at a fixed speed is the same as 
maximising the efficiency of the IG as the core losses of the 
IG are practically zero. The objective function to be maxi 
mised in the optimisation, thus, is given by 
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Tgr (15) 

where X is a dimensional vector that includes all the 
dimensions of the machine to be optimised. These dimen 
sions include the magnet pitch, slot pitch (in the case of the 
single layer winding), slot opening, slot width, yoke heights, 
magnet height and air gap diameter of the IG. The outer and 
inner stack diameters are the same as that of the SG and are 
kept constant in the optimisation. After the design optimi 
sation the axial stack length of the IG is adjusted so as to 
obtain the required performance of equation (14) at rated 
copper losses. At this new axial length a next design 
optimisation is executed to confirm the optimum design. 
The design optimisation is done by means of an optimi 

sation algorithm (Powell's algorithm) that is integrated with 
the FE program. With each iteration, the optimisation algo 
rithm calls the FE-program to calculate the function value of 
equation (15) for a given X. The FE-program then re-meshes 
the machine structure according to X and calculates the 
function value by means of a number of non-linear static FE 
solutions. This is done as follows: 

(i) It is calculated from equation (6), at the rated copper 
losses of equation (14) and with R, calculated analyti 
cally according to the given slot dimensions. 

(ii)With I, known and O, O, is first calculated from 
one FE solution, i.e. by transforming the FE-calculated 
phase flux linkages to dd parameters using Park's 
transformation. In this way the effect of the q-axis 
current, I, on W is taken into account. 

(iii) With I, known, and at a relatively small, chosen 
current angle C, initial values for I and I are 
calculated. 

(iv) With currents and current angle known, a FE solution 
is used to calculate ... and J. and, hence, L, and L. 
according to equation (8). 

(v) With , I, and initial values for Land L. known, 
new values for I, and I and the slip speed co, are 
calculated by solving simultaneously from equations 
(1) and (5). 

(vi) With new I, I currents and a new current angle C, 
steps (iv) and (V) are repeated for higher accuracy in the 
calculation of the dq currents; if found necessary 
another iteration can be executed. 

(vii) With currents and inductances known, T. of equa 
tion (7) and F(X) of equation (15) are finally calculated 
and returned to the optimisation algorithm. A total 
number, thus, of say three to four static FE solutions are 
used to calculate the function value. 

After completion of the optimum design as described 
above, the cogging torque of the IG was next minimised by 
further adjustments of the magnet pitch and the slot opening 
of the IG; these dimensions have the largest effect on the 
cogging torque. A sensitivity analysis procedure was fol 
lowed to determine the sensitivity of the cogging torque to 
magnet pitch and slot opening variations. These results are 
shown in FIG. 10 and are obtained from a high number of 
static FE solutions. It is clear from FIG. 10 and FIG. 11 that 
there are regions where the cogging torque is fairly inde 
pendent of dimensional change and where the cogging 
torque is very low (less than 1%). Also shown in FIG. 12 is 
the relatively low sensitivity of the generated torque to 
magnet pitch variation, fairly independent of slot opening. 
The final machine dimensions found from the design 

optimisation and the cogging torque minimisation are given 

gr 
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in the Table shown in FIG. 13; the optimum cross section 
layouts of the IG are shown in FIGS. 8(a) and (b). Also given 
in the table in FIG. 13 is the rated performance of the IG. At 
the relatively high efficiency of 98.3% the active mass of the 
optimum designed IG is 70% that of the optimum designed 
SG, mainly due to the much better filling factor using rotor 
bars. 
As the PMIG wind generator system is an uncontrolled 

system, the currents of equations (1) and (2) have to be 
solved in order to simulate the steady state performance of 
the PMIG versus load, i.e. versus slip speed. 

For quick simulation results the dd inductances of both 
the IG and SG were first determined as functions of current. 
This was done by calculating w, at no-load and dd flux 
linkages at load from static FE solutions, and then using 
equation (8). The dd inductances calculated in this way of 
for example, the IG, are shown in FIG. 13. This shows the 
drastic effect of saturation and cross-magnetisation on the dq 
inductances of (even) a surface mounted PM machine. 

For the simulation of the IG’s performance versus load 
the slip frequency (), co-co of (1) is taken as a given input 
parameter. I and I are then determined by solving equa 
tion (1) simultaneously, using initial values for L. and L. 
obtained from FIG. 14. With new values for I, and I, L. 
and L. are updated in a second iteration from FIG. 14, 
followed by calculating I and I by solving equation (1) 
again. For higher accuracy further iterations may be fol 
lowed. With I, and I and L. and L. known, the torque 
and the efficiency of the IG for the given slip speed can be 
determined from equations (7) and (10). 

In exactly the same way as the IG the SGS dd currents I 
and I are determined by solving equation (2) simultane 
ously. In this case V, and co, are known, and A is the 
variable input parameter; V and V are, thus, known from 
equation (3). At each slip speed and calculated IG’s torque, 
A is increased iteratively to increase the SG's torque until the 
required torque of equation (12) is obtained. At this A the 
power and reactive power of the SG are calculated from 
equation (13). 
Some of the performance results of the simulations and 

measurements are shown in FIGS. 15-19. Almost a close to 
Zero percentage cogging torque is obtained as shown in FIG. 
14. FIG. 16 shows the torque performance versus slip of the 
IG and SG short-circuited; the IG develops rated torque at 
just less than 2% slip and has a pull-out torque of 2.0 per 
unit. Excellent overall efficiency of higher than 92% is 
obtained for a wide torque range as shown in FIG. 17. Also, 
the measured efficiency of the SG compares very well with 
the calculated results. The variation of the reactive power 
with load as shown in FIG. 18, with grid voltage a param 
eter, is very interesting it implies that the generator can be 
designed to Supply at low loads capacitive reactive power to 
the grid, but at high loads to draw reactive power, which is 
exactly how grid Voltage compensation is done. Otherwise, 
if reactive power flow is undesirable, use can be made of 
tap-changing transformers. FIG. 18 shows the leading cur 
rent of the SG under low grid voltage conditions measured 
in the laboratory. 
The new proposed split PMIG with non-overlap windings 

for both the IG and SG is shown to give good results in terms 
efficiency over a wide load range. Saturation and cross 
magnetisation have a significant effect on the dd inductances 
and the developed torque of the surface mounted PMIG and 
SG. The relatively high measured cogging torque of 4.5% of 
the IG is attributed to magnet and manufacturing inequali 
ties. With the non-overlap rotor bar winding the rated torque 
of the IG is obtained at a fairly low slip frequency of just less 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
than 2%; a pull-out torque of 2.0 per unit is predicted with 
this type of winding. It is shown that the PMIG. compensates 
automatically for grid Voltage variation. For the prototype 
PMIG the SG comprised about 60% of the total mass of the 
generator and the IG (with copper rotor bars) about 40% of 
the mass. 
The proposed construction of a 15 kW PMIG overcomes 

the construction problems experienced in general with 
PMIGs. This construction is particularly well suited for use 
with single layer rotor bar windings of the IG. The type of 
construction can be used for Small- and medium-scale wind 
turbines. The increase in the active mass due to the IG in the 
specific case is 67%, but the increase of the overall nacelle 
mass is expected to be much less. 

It should be appreciated that, in order to increase the 
electrical stability of the PMIG system; the PM machine part 
(the synchronous generator) is directly connected to the 
network and the IM part (the induction generator) is directly 
connected to the wind turbine rotor blades. As these 
machines are magnetically separated, this implies that the 
IM and the SM machines operate independently from each 
other as each has its own set of permanent magnets. Power 
is therefore transferred between the two PM rotors which are 
mechanically linked. 
The slip action, typical to the IM, ensures that the sto 

chastic torque moments induced by the wind turbine rotor 
blades are smoothed before these moments are transferred to 
the PM machine rotor. This smoothed power flow enables 
the direct grid coupling of the PM machine. 
The complexities specific to the conventional PMIG 

mechanical construction are simplified by the invention by 
implementing a modular, separable machine layout. This 
implies that the PM machine and IM are constructed sepa 
rately and are interchangeable. With the design methods 
used, the IM part is in reality much easier to construct than 
the normal PM machine. The final assembly is done by 
mounting the IM machine on the front of the PM machine. 
This modular approach allows S-PMIG to operate as a full 
PMIG (PM and IG) or as a conventional PM (no IM) 
synchronous generator 

It should be appreciated that the S-PMIG of this invention 
is therefore a PMIG of modular, separable mechanical 
construction utilising the electrical specific advantages of 
both independently magnetised IM and PM electrical 
machines, hence replacing the need for heavy gearboxes and 
expensive power converters. 

If the split PMIG (S-PMIG) of this invention is compared 
to the known coupled PMIG (C-PMIG), the following are 
apparent: (i) the amount of PM material used in the S-PMIG 
is generally the same as in the C-PMIG; (ii) the yoke-mass 
of the S-PMIG may be higher, but this will be low in high 
pole number machines relative to the total mass; (iii) the 
number of poles and size of the IG and the SG in a S-PMIG 
can differ, which is advantageous from a design point of 
view; this is not possible in a C-PMIG; (iv) with a S-PMIG, 
non-overlap windings can be used in both the SG and IG, 
which is a huge advantage in terms of reduced cogging and 
load torque ripple and a lower number of coils; a low 
cogging torque cannot be overemphasized as it affects the 
start-up of the PMIG and the stability of the freely rotating 
PM rotor, specifically at low slip speeds; (v) in a S-PMIG 
with the IG and SG mounted in tandem as shown in FIGS. 
5 and 6, the air gap diameters of both the IG and SG can be 
put to a maximum to maximise generated torque. 

It should also be appreciated that either overlap or non 
overlap windings may be used on both the IG and SG but 
that, in particular, the modular construction of the machine 
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in accordance with the invention makes the use of non 
overlap windings possible. While it is anticipated that over 
lap windings may in some cases provide better results, the 
use of non-overlap windings have significant cost advan 
tages, which will make the machine more economically 
viable. 
The invention therefore provides a split-PMIG machine 

which incorporates magnetic separation of the synchro 
nous—and induction generators which implies having two 
independent electrical machines operating in combination as 
one generating unit. The mechanical design of the machine 
of the invention follows a modular, separable approach by 
having an induction machine mounted on a synchronous 
machine and being able to separate them again. 

To the inventor's knowledge, the proposed invention 
represents the first low speed high pole PMIG as well as the 
first PMIG to be tested and implemented within a wind 
energy conversion system. 
By omitting the need for a gearbox or power converter, 

the overall cost of wind energy conversion systems can be 
reduced to a large extent. With less active components, the 
result is a more reliable robust system. Thus in order to 
utilise the full potential of the PMIG, an easily constructible, 
cost effective PMIG solution is needed as proposed here. 

It should be appreciated that a further advantage of the 
modular construction of the system according to the inven 
tion is that, due to both machines effectively operating 
independently, any type of configuration may be used for the 
two independent machines. So, for example, an axial flux IM 
may be coupled with a radial flux S.M. Furthermore, different 
rotor topologies may also be utilised, for example external 
rotor housed embedded PMs (i.e. flux concentration). 
The above description is by way of example only and 

numerous changes and modifications may be made to the 
embodiment described without departing from the scope of 
the invention. In particular, it is foreseeable that the syn 
chronous—and induction generators may be magnetically 
split in a number of alternative configurations, for example, 
in a radial fashion, as opposed to the axial fashion as 
described above. The system may, for example, include one 
overlap-winding machine and one non-overlap winding 
machine or a radial flux machine on the one side and an axial 
flux machine on the other side. Furthermore the amount of 
poles on the various machines need not be the same. The 
cage-rotor and the second PM-rotor part may also be inter 
changed with the second PM-rotor part fixed to the turbine 
and the cage fixed to the common “PM-rotor”. Essentially 
any machine configuration may be used for both units as 
long as they have the same torque and power rating. It is also 
envisaged that the windings of the second PM machine unit 
may also be short circuited or connected to an electrical 
system. With this type of connection variable speed opera 
tion may be achieved. 

The invention claimed is: 
1. An electrical energy conversion system comprising two 

permanent magnet machines; 
a first of the two permanent magnet machines being a 

synchronous generator and having a stationary stator 
which is connectable to an electrical system; and 

a second of the two permanent magnet machines being an 
induction generator and having a cage rotor which is 
connectable to a mechanical system; 

wherein the two permanent magnet machines are mag 
netically separated from one another and have a com 
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12 
mon rotor that houses permanent magnets, wherein the 
common rotor is freely rotating thereby spinning con 
centrically with the stator when in use, 

wherein the common freely rotating permanent magnet 
rotor is magnetically connected to the stationary stator, 
and wherein the common freely rotating permanent 
magnet rotor rotates synchronously with the synchro 
nous generator and the induction generator runs at slip 
speed with respect to the freely rotating permanent 
magnet rotor. 

2. An electrical energy conversion system as claimed in 
claim 1 wherein the common freely rotating permanent 
magnet rotor includes at least first and second rotor portions 
each rotor portion carrying a series of permanent magnets 
spaced apart around its periphery. 

3. An electrical energy conversion system as claimed in 
claim 2 wherein the common freely rotating permanent 
magnet rotor is of modular construction and the rotor 
portions are removably securable to one another, thereby 
allowing the permanent magnet machines to be operated in 
combination when the rotor portions are secured to one 
another and separately when the rotor portions are detached 
from one another. 

4. An electrical energy conversion system as claimed in 
claim 2 wherein the series of permanent magnets are 
mechanically linked so as to rotate together, the series of 
permanent magnets on the first rotor portion being config 
ured to excite coils on the stationary stator of the synchro 
nous generator and the series of permanent magnets on the 
second rotor portion being configured to excite coils on the 
cage rotor of the induction generator. 

5. An electrical energy conversion system as claimed in 
claim 3 wherein the permanent magnet machines are 
mounted end to end in co-axial alignment about a common 
shaft when working in combination. 

6. An electrical energy conversion system as claimed in 
claim 3 wherein the first rotor portion is removably secur 
able to the second rotor portion in co-axial alignment. 

7. An electrical energy conversion system as claimed in 
claim 1 which is incorporated in a wind turbine with rotor 
blades of the wind turbine being secured to the cage rotor of 
the induction generator. 

8. An electrical energy conversion system as claimed in 
claim 1 which is a direct drive, directly grid connected 
system. 

9. An electrical energy conversion system comprising two 
rotors and a stator with a first of the two rotors being an 
induction type cage rotor and a second of the two rotors 
being a permanent magnet rotor which is freely rotating 
thereby spinning concentrically with the stator when in use, 
the freely rotating permanent magnet rotor being magneti 
cally connected to the stationary stator and including two 
co-axially aligned, magnetically separated rotor portions 
each rotor portion having a series of permanent magnets 
spaced apart about its periphery, the rotor portions being 
positioned to allow the series of magnets on a first rotor 
portion to excite coils on the stator and the series of magnets 
on the second rotor portion to excite coils on a induction 
type cage rotor. 

10. A wind turbine incorporating an electrical energy 
conversion system as claimed in claim 1. 
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