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Abstract — The focus of the paper is on the reduction of
core losses of large wound-rotor synchronous machines with
non-overlap stator windings. The wound-rotor synchronous
machine, being one of the alternatives to the permanent mag-
net synchronous machine, has the important advantage that
the rotor field flux can be varied. The use of non-overlap stator
windings is growing due to the associated improved torque
density and simpler manufacturing, but at the expense of a
higher harmonic content in the magnetomotive force distribu-
tion. The latter causes the core losses in wound-rotor synchro-
nous machines to increase. This paper shows that the rotor
yoke design has an important effect on these losses. Rotor yoke
design strategies are applied in the paper to limit the amount
of harmonic flux setup in the rotor core. Flux barriers in the
rotor yoke are deemed to have the overall best effect on the
machine performance by reducing the rotor core losses while
not increasing torque ripple and maintaining output power.

Index Terms—core loss, flux barrier, harmonic, non-
overlap, saturation, wound-rotor, synchronous machine, yoke

I.  INTRODUCTION

Constrained electricity supply is one of the driving factors
to develop more energy-efficient machines. This re-
quires looking critically at reducing machine losses, particu-
larly in large machines where these losses become signifi-
cant. Electric machine losses are categorised into mechani-
cal losses, winding losses and core losses. The research
around mechanical and winding losses of electric machines
is extensive, but core losses are not as easily modelled.
These losses are the result of the fluctuating magnetic field
in the stator and rotor cores and are dependent on the mate-
rial type and the amount of flux travelling through the mate-
rial [1].

Core losses are further compounded with the use of non-
overlap stator windings. Non-overlap stator windings are
becoming more prevalent in electric machine designs in the
place of traditional overlap stator windings. The popularity
of overlap stator windings stems from the low harmonic
content in the produced magnetomotive force (MMF), which
in turn translates into better machine performance. Nonethe-
less, the winding arrangement is more complex and the rela-
tively long end windings increase the conduction losses.
Some improvements offered by the application of non-
overlap windings are, although not limited to, higher torque
density, reduction in copper required, simpler manufactur-
ing and lower cogging torque [2]. The considerable draw-
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back is the high amount of sub-harmonic content in the
MMF waveform that manifests as increased core losses in
the rotor [2]. These windings have been used mostly in per-
manent magnet (PM) machines, but more studies are now
looking at the implications of applying the winding structure
to other electric machines.

Although core losses are applicable to both the stator and
rotor, only the rotor core losses are investigated in this pa-
per. The core loss reduction approach presented in this study
is applied to a large wound-rotor synchronous machine.
Wound-rotor synchronous machines (WRSMs) are being
considered as an alternative solution to permanent magnet
synchronous machines, particularly because of their lack of
permanent magnetic material and their important ability to
vary the rotor field flux. The latter is important for flux
weakening in the high-speed region of variable speed drives
and for the reactive power control of direct grid-connected
machines.

This study looks at the rotor yoke design in an effort to
reduce the rotor core losses of the WRSM by (i) the applica-
tion of flux barriers in the rotor yoke, (ii) reducing the
thickness of the rotor yoke and (iii) applying a non-uniform
rotor yoke. The model in question is a 3 MW, WRSM with a
16/18 pole/slot combination and a non-overlap stator wind-
ing using a phase-shifting technique of [3]. The results of
[3] show that many of the sub- and higher order harmonics
of a non-overlap stator winding can be reduced and in turn
improve the torque and power density of the machine. How-
ever, it is shown that the rotor core losses increase with the
use of non-overlap stator windings. A method is proposed in
[3] to reduce the rotor core losses, which this study aims to
investigate further in greater detail. Flux barriers are used in
synchronous reluctance and permanent magnet machines to
facilitate generating torque. The positioning and shape of
the barriers are shown to affect torque ripple and core losses
[5], [11] , [12]. The inclusion of flux barriers limits the
amount of harmonic flux traveling through the rotor core,
thereby reducing the rotor core losses.

The effect of the thickness of the rotor yoke is investigat-
ed as an alternative to the rotor yoke flux barriers. It is well
known that the rotor yoke thickness plays an important role
in the generated wound-field flux and thus in the perfor-
mance of the machine. Hence, the accompanying average
torque, torque ripple and rotor core losses are of interest in
the comparison study. The third element of the study inves-
tigates a hybrid of the flux barriers and the reduced rotor
yoke by means of a non-uniform rotor yoke. Again, the ma-
chine performance is compared.

The study is conducted by way of 2-D finite element
analysis (FEA) using models constructed in ANSYS Max-
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well. Only the rotor yoke dimensions are varied in the study,
while keeping the stator and applied stator current constant.

II.  MACHINE SPECIFICATIONS

A cross-section of the machine considered in this paper is
displayed in Fig. 1 and Table I details the specifications of
the WRSM considered in the paper. The machine has 16
rotor poles and 18 stator slots, with a double layer, phase-
shifted, non-overlapping winding of [3]. Fig. 2 displays the
resulting MMF harmonic distribution of this stator winding.
The base value of the per unit calculation is the working
harmonic of the conventional non-overlap winding. The
working 4" MMF harmonic is strengthened with the
phase-shifted winding, but so too is the 5" MMF harmonic,
while the sub- and higher-order MMF harmonics are con-
siderably reduced. It is the large 5 MMF harmonic in Fig.
2 that increases the rotor core losses. In Fig. 3, the full-load
output torque waveform of the 3 MW machine with only
g-axis stator current is shown. This shows a torque ripple
of about 9.5 %.

Fig. 1. Cross-section and winding layout of the phase-shifted 16/18 pole-slot
WRSM [3].

TABLE I: DESIGN SPECIFICATIONS OF 3 MW WRSM.

Specifications Numerical value
Rated power [MW] 3
Rated torque [kNm] 76
Rated speed [r/min] 375
Rated frequency [Hz] 50
Number of poles 16
Number of stator slots 18
Stator outer diameter [mm)] 1600
Rotor outer diameter [mm)] 947
Rotor inner diameter [mm] 460
Stack length [mm] 1500
Air gap length [mm] 1.5
Efficiency [%] 97.55
Stator core loss [kW] 23.19
Rotor core loss [kW] 8.84
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Fig. 2. MMF harmonic distribution of phase-shifted non-overlapping winding
WRSM [3].
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Fig. 3. Calculated torque and torque ripple of the WRSM [3].

Core losses are a function of the type of material, the
amount of flux penetrating the material and the frequency of
the flux variation. International standards, such as the IEC
60404-1 [6], exist that describe the magnetic properties of
materials for electric machines. Manufacturers provide loss
ratings for their materials at a per-mass rating for a peak
flux density. This means that there are different loss ratings
for different flux densities penetrating the same material. In
core loss analysis the machine is therefore divided into n
sections based on the flux density. The core loss for a section
at a certain frequency can be described by [1]

B 2
PFevn =P15 (ﬁj mFe,n > (1)

where P;s is the loss rating of the material for a peak flux
density of 1.5 T, B, is the peak flux density of the section
and mp.,, 1s the corresponding mass of the section.

Existing methods of core loss reduction rely mostly on
motor design optimization and pole-slot number combina-
tions [7] - [10]. It is evident from (1) that to reduce the core
loss, the mass, material loss rating and/or the peak flux den-
sity must be reduced. The mass and material loss ratings are
difficult parameters to modify because they are directly re-
lated to the material available and the iterative process of the
machine design. Lowering the peak flux density in a section
can be achieved if the amount of peak flux variation can be
inhibited. Special flux barrier shaping of an interior PM-
rotor synchronous machine has shown to reduce rotor core
losses significantly [11]. The aim in the paper is to place
flux barriers in the rotor core yoke as a means of reducing
the harmonic travelling fluxes in the rotor core.



III. FLUX BARRIER DESIGN STRATEGY

The shape and positioning of flux barriers in the core will
influence the magnetic flux in both the direct and quadra-
ture directions. Considering the natural flow of the magnetic
flux in the machine, it would seem prudent to allow the flux
barriers to mimic this flow to channel flux away from the
inner yoke core towards the rotor teeth. This is also the main
design consideration for the shape of flux barriers in reluc-
tance and permanent magnet machines [5], [11], [12]. Fig.
4 displays the basic design of the rotor yoke flux barrier. The
thickness and position of the barriers are varied to minimise
the rotor core loss, with sufficient iron maintained between
the barrier-ends for structural rotor integrity.

A. Variation in Barrier Thickness

Fig. 5 depicts the workflow used for the variation of the
flux barrier thickness. The basic flux barrier is placed half-
way between the innermost point of the rotor slot and the
shaft as depicted in Fig. 6(a). This is done to create a base-
line for the variation of the thickness of the barrier. The
study looked at determining the optimum position first and
then the thickness, but it was found that the order of the
variations did not affect the final resulting barrier design.
Fig. 6(b) shows the flux barrier with a 20 mm thickness at
its largest section. The barriers are tapered due to the space
constraint between the barriers. The study capped the thick-
ness to 20 mm to prevent the inner yoke iron below the bar-
rier from becoming too thin and creating a structural con-
cern.

Table II displays some key points of the Maxwell FEA
predicted machine performance at rated g-axis stator current
versus barrier thickness variation. Though the rotor core
losses decrease with an increased flux barrier thickness, it is
at the cost of a slight increased torque ripple and decreased
average torque. The flux barriers in the rotor core are able to
limit flux travelling through the inner core of the rotor, but
some flux around the teeth of the rotor is also inhibited
when the barrier becomes too large. The slight decrease in
average torque with a very large barrier can be attributed to
the slight drop in rotor field flux.

Fig. 7 shows graphically the effect of the variation of the
barrier thickness on the torque ripple and rotor core losses.
The 5 mm flux barrier thickness is selected as the optimum
value thickness in terms of average torque, torque ripple and
rotor losses.
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Fig. 4. Basic design shape of the rotor yoke flux barrier.
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Fig. 5. Workflow strategy of the variation of the barrier thickness.
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Fig. 6. FE models depicting (a) baseline 5 mm flux barrier position and (b) 20
mm rotor yoke flux barriers.

TABLE II: PERFORMANCE OUTPUT OF VARIATION OF FLUX BAR-

RIER THICKNESS.
Performance No barrier 1 mm 5 mm 10 mm | 20 mm
parameter
Power [MW] 3.05 3.03 3.04 3.02 3.00
Average
forque [KNm] 77.58 77.26 71.5 77.13 76.36
EI;;)I]'que ripple 9.53 953 | 953 | 982 | 1076
0
Rotor core loss
(kW] 8.84 6.87 49 4.75 4.5
Stator core
Joss [kKW] 23.19 23.19 23.17 23.17 23.18
Efficiency [%)] 97.6 97.60 97.67 97.66 97.65
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Fig. 7. Effect of the flux barrier thickness on the torque ripple and rotor core
losses.
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B. Variation in Barrier Position

With the thickness of the barrier set at its optimum value
of 5 mm, the optimum position can be determined. The posi-
tioning of the flux barriers also plays a significant role in the
core loss reduction. If the barrier is too close to the slot, the
flux cannot travel around the teeth; too far and the barriers
do not prevent enough flux travelling through the rotor
yoke. Another constraint is the distance from the barrier to
the inner rotor diameter, which could negatively influence
the structural integrity of the rotor. The workflow of the
variation of the position of the flux barrier is displayed in
Fig. 8. The barrier was moved by 5 mm in each iteration.
The 5 mm constraint between the barriers was maintained.

The results in Fig. 9 show that the most efficient place-
ment of the barriers for this machine is at 45 mm, which is
also half the width of the rotor tooth. The furthest the barrier
could be placed within the constraints was 70 mm.

IV. FLUX DENSITY ANALYSIS

The results of the previous section show that the flux bar-
riers can limit the rotor core losses when a machine has a
large rotor yoke if the correct placement and thickness is
selected. It is prudent to observe the flux density in the air
gap, around the teeth and around the flux barriers to assist
in verifying the effect of the barriers.

A.  Air gap Flux Density Variation

Fig. 10 depicts the air gap flux density without and with
barriers. Not much difference is noted between the two
waveforms, but the main difference can be seen during the
transition from one slot to the next. In Fig. 11, the ampli-
tude variation of the 5% harmonic air gap flux density versus
rotor position is shown. There is a relatively large suppres-
sion of this harmonic flux density by the rotor yoke barriers,
which gives a first explanation of the reduced rotor core
losses as expected from (1). A further harmonic analysis of
the air gap flux density is depicted in Figs. 12 — 14. Three
scenarios are created: (i) no phase current and rated field
current in Fig. 12 that is used as the base value for the com-
parison, (ii) rated phase current and no field current in Fig.
13 and (iii) rated phase current and rated field current in
Fig. 14. It is noted throughout the three scenarios that the
inclusion of yoke flux barriers reduces the effect of the 5t
harmonic specifically.
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Fig. 8. Workflow strategy of the variation of the barrier position.
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Fig. 9. Effect of the 5 mm flux barrier position on the torque ripple and ro-
tor core losses.
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Fig. 10. Air gap flux density without and with flux barriers.
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Fig. 11. Fifth harmonic of the air gap flux density without and with flux barri-
ers.
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Fig. 12. Harmonic spectrum of the air gap flux density with no phase current
and rated field current.
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Fig. 13. Harmonic spectrum of the air gap flux density with phase current and
no field current.
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Fig. 14. Harmonic spectrum of the air gap flux density with rated phase current
and rated field current.

B.  Rotor Core Flux Density Variation

It is necessary to determine the effect of the flux barriers
on the flux density within the rotor core. The focus is around
the rotor teeth and the flux barriers. A layout of the different
measurement positions of the flux densities in the rotor tooth
and yoke is given in Fig. 15. The measurement positions
indicated are used for the model with and without barriers in
the yoke. Position A is used for a radial measurement, while
positions B to D are all tangential flux densities.

The resultant flux density waveforms for the different
specified positions are displayed in Figs. 16 to 19. The re-
sults at positions A and C show little change between the
two models. The greatest difference is seen in Figs. 17 and
19. The flux density is increased at position B when the bar-
riers are placed in the model, while at position D a strong
decrease is seen between the waveforms. The latter indicates
that the flux barrier prevents flux from penetrating further
into the rotor core and channels it back towards the tooth.
This explains why the rotor core losses are much lower
when the barriers are added to the model.
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Fig. 15. Layout of positions for flux density comparison.
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V. EFFECT OF SATURATION

s

In Fig. 20, the effect of saturation by varying the rotor
field current is shown on the rotor core losses without and
with yoke flux barriers. The stator current was maintained at

rated current. The dotted line indicates the rated field oper- ! N

Losses [kW]

ating point of the machine and shows that the core is not yet 0
in saturation. If the field current is increased to the point e [Af” e
that the rotor core begins to deeply saturate, then the rotor —Rotor care loss Copperloss =St

core losses become a minimum and there is little difference
between using yoke barriers or not. The latter, however, is at
the expense of higher copper losses as seen in Fig. 21. Fig. ’
21 also displays the summation of the rotor core and copper 6
losses as a function of the field current. As a matter of inter-
est, the effect of saturation by varying the field current is
repeated with no phase current present in the stator winding
and the results between the model without and with yoke
flux barriers are displayed in Fig. 22. The reduction of rotor
core losses is also eminent in this scenario.

Fig. 21. Rotor core and copper losses versus field current.
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VI. ROTOR YOKE REDUCTION STRATEGY feld curren

This strategy investigates the effect of the rotor yoke Fig. 22. Rotor core losses versE;tE:lle:i currelsqtm::/ibtﬂl:lljo stator current.
thickness on the rotor core loss and the machine perfor-
mance. The approach is two-fold: (i) the rotor yoke thick-
ness is varied and (ii) a non-uniform rotor yoke is applied by
varying the inner rotor diameter in the shape of the flux
barriers.

Fig. 23 illustrates the rotor yoke thickness in question.
The rotor yoke is varied from 10 to 90 mm. The effect of
this variation on the machine performance is displayed in
Fig. 24 and Fig. 25. As expected, a reduced rotor yoke
thickness results in lower core losses, but also sharply wors- Rotor inner
ens the machine performance and torque ripple. A thickness  Fig. 23. Illustration of rotor yoke height.
of 45 mm is approximately equivalent to the location of the
5 mm flux barriers, and is chosen as one of the yoke designs.

Fig. 26 depicts the non-uniform rotor yoke applied to the
design at the same point where the flux barriers are observed
to be the most effective. A summary of the performance re-
sults of the three rotor yoke designs are provided in Table
III. The non-uniform rotor yoke performs better than the
uniformly reduced rotor yoke, but both strategies fall short
when compared to the placement of the flux barriers in the 0 0

10 20 30 4 S0 6 70 80 90 100
rotor yOke. Rotoryoke thickness [mm]

«=ir=Torque ripple =@=Rotor core loss

20 10

= o
o o
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Fig. 24. Torque ripple and rotor core losses versus rotor yoke height.

2649



& e — "

g 60 3 é‘
4 /—- 2
3 B
2 5

g z
g 40 2 ;CL
o o
5

= 20 1 5

z <

=g Average torque

Fig. 25. Average torque and power versus rotor yoke height.

40 50 60

70 80 90

Rotor yoke thickness [mm]

=@=Average power

0
100

Fig. 26. Non-uniform rotor

yoke.

TABLE III: PERFORMANCE OUTPUT OF ROTOR YOKE DESIGN

STRATEGIES.

Performance parame- Flux barri- | 45 mm rotor | Non-uniform
ter er yoke rotor yoke
Power [MW] 3.05 2.85 2.9
Average torque [kNm] 77.58 72.61 73.8
Torque ripple [%] 9.53 10.6 10.05
Rotor core loss [kW] 4.9 4.32 4.20
Efficiency [%] 97.67 97.5 97.6

VII.  CONCLUSION

In this paper, the effect of the rotor yoke design on specif-
ically the rotor core losses, but also on the torque ripple and
average torque of the machine, is investigated in a large non-
overlap winding WRSM. The study reveals that placing flux
barriers in the inner core of a large rotor yoke largely reduces
the rotor core losses without affecting the machine perfor-
mance negatively. The latter is only true for optimum values
of barrier thickness and barrier position.

It is shown that deep saturation of the rotor core minimises
the rotor core losses at rated stator current. Furthermore, in
the case of deep saturation, little difference is found in the
rotor core loss whether using rotor yoke flux barriers or not.
However, with the core unsaturated (i.e. with zero to rated
field current), the use of yoke flux barriers shows to be con-
stantly effective.

It is found that a vast reduction in the rotor yoke height re-
sulted in much lower rotor core losses, but with increased
torque ripple and lower average torque. The non-uniform
rotor yoke design yielded a better but similar outcome.
Hence, considering the three yoke design strategies, the use
of yoke flux barriers is found overall to be the best in the
design of the rotor yoke.
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