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Abstract: The analysis and performance evaluation of a harmonic reduction strategy of a non-overlap
winding wound rotor synchronous machine is conducted in this paper. The harmonic reduction strat-
egy utilizes phase-shifts between coil currents to reduce sub- and higher-order harmonics. The design
is performed on a 3 MW wound rotor synchronous machine with a 16/18 pole/slot combination. The
application results in a lowered torque ripple and an increased efficiency of the designed machine.
The manufacturing and testing of a 3 kW prototype to ascertain the effectiveness of the design is also
presented. The practical measurements correlate successfully with the theoretical results.

Keywords: harmonic reduction; non-overlap; phase-shifting; star-delta; synchronous machine;
wound rotor

1. Introduction

The drive to reduce costs and improve efficiency of electric machines in power genera-
tion applications, amongst others, is an ongoing study. Much focus has been applied to the
renewable energy sphere to provide sustainable energy solutions to growing global power
demands. Wind generation registered a growth of 10% from 2018 to 2019, according to the
Renewables Global Status Report for 2019 [1]. Permanent magnet synchronous machines
(PMSMs) have been the preferred solution for wind generation systems, partly because of
the reduced size of the generator, but methods to improve other synchronous machines are
in demand to avoid the use of rare-earth materials and reduce the cost of generation. This
study focuses on a wound rotor synchronous machine (WRSM), attractive for, amongst
other reasons, the ability to vary flux and thus its reactive power when directly connected
to the electrical grid. A non-overlap winding structure is used for the WRSM to improve
torque density of the machine and to lower manufacturing costs associated with winding
complexity [2]. It is well-known, however, that non-overlap windings contain sub- and
higher-order harmonics in the magneto-motive force (MMF) distribution [2]. Numerous
strategies have been applied to non-overlap windings to eliminate or reduce sub-harmonic
MMF content. The study in [3] theorizes that because of the difference in harmonic content
between a single-layer and a double-layer winding, applying a multi-layer winding could
potentially reduce sub-harmonics further. A four-layer winding was applied to the stator
of a 10/12 pole/slot combination machine and an 8/9 pole/slot combination machine. De-
spite the obvious added cost and complexity of a four-layer winding, it was also concluded
that the strategy reduced all the MMF harmonics, including the working harmonic. For
example, the winding factor of the fourth harmonic of the 8/9 pole/slot machine decreased
from 0.945 to 0.888 with the first version of the design and to 0.931 with the second version
of the design.

The use of concentrated coils to improve the MMF waveform was first explored
with distributed windings in [4]. The designed winding uses a combination of two turn
numbers such that all slots have two coil sides with a ratio of N1/N2 turns. However,
the improvement of the MMF waveform was not significant compared to the increased
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winding complexity and manufacturing costs. Some studies show an improvement in the
working harmonic of the prototypes in question [5–7]. Unfortunately, the method does not
reduce higher-order harmonics and is limited to certain pole/slot combinations. Stator
shifting is another technique that has been investigated to reduce sub- and higher-order
harmonics and was applied to a 14/12 pole/slot machine where the number of stator slots
is then doubled [8]. The winding is divided into two separate windings that are shifted
mechanically by an angle and the coil pitch is modified from 1 slot to 2 slots. As such,
the windings then overlap. This structure shows a decrease in the sub-harmonics, but the
winding structure is no longer a non-overlap concentrated winding, and the benefits of
the original winding are lost. The same concept of stator shifting is applied in [9], but
without changing the structure to an overlap winding. The base winding is a single layer
non-overlap winding of a 14/24 pole/slot combination machine. A second winding is
applied with the same distribution of coils, but mechanically shifted from the base winding
and the two windings are then connected in series. The study shows an elimination of the
first harmonic and a vast reduction of the fifth harmonic in comparison to a 10/12 pole/slot
combination, but higher-order harmonics are still present in the MMF spectrum. The pitch
factor is also reduced which leads to a reduced winding factor. To overcome this reduction,
the number of turns is increased which leads to increased copper losses. This has also only
been implemented on the pole/slot combinations stated and no general rule is available
for the method.

The intent of this research is to apply a harmonic reduction strategy to a non-overlap
winding as in [10]. The method augments the concept of stator shifting. The work in [10]
successfully applies the strategy to a 10/12 pole/slot machine, but does not provide a
general approach for the harmonic reduction strategy for other pole/slot combinations.
Previous research has shown that a mechanical displacement between the winding coils in
a phase set alone is not sufficient to markedly decrease the sub-harmonics without reducing
the distribution factor of the main harmonic. An electrical phase displacement between
the winding coil currents of a phase set is necessary as well. Classical MMF harmonic
analysis assumes that no phase shift exists between the currents of the coils in a phase set.
Hence, applying a phase shift requires the development of a new winding factor or, more
specifically, a new distribution factor as developed in [11].

This study applies the wye-delta coil-current phase-displacement technique to a
large 3 MW 16/18 (or else 8/9) pole/slot combination WRSM presented for a medium-
speed geared solution with a setup as proposed in [12]. This paper develops harmonic
winding factors and considers the harmonic torques in a detailed analysis of the theoretical
performance of the 3 MW machine. A finite element analysis model is built and simulated
in the commercial tool ANSYS Maxwell. A 3 kW prototype with the proposed phase-shifted
winding is manufactured and experimentally analysed for the first time to assist with the
validation process.

2. Theoretical Harmonic Analysis

Classical harmonic analysis of a non-overlap winding assumes that all the coils in a
phase set are in phase or, in other words, in series. Introducing an electrical phase-shift
between the coils of a phase set requires a new approach to the analysis of the coil set.

2.1. Proposed 16/18 Phase-Shifted Non-Overlap Winding

A cross-section of the proposed 16/18 non-overlap winding is displayed in Figure 1.
The 16/18 winding has two winding sections, Ws. The number of coils, u, per phase set is
described by

u =
Q

mWs
, (1)

where Q is the number of stator slots/coils, m is the number of phases and Ws is the number
of winding sections. This yields u = 3 for the 16/18 non-overlap winding.



Energies 2021, 14, 7501 3 of 17

Figure 1. Cross-section of the 16/18 WRSM.

The conventional 16/18 non-overlap winding has all three coils of a phase group in
series, as depicted in Figure 2a. The harmonic analysis of [11] explains that to achieve a
distribution factor of unity for the working harmonic, v = 4, while also greatly diminishing
the sub- and higher-order harmonics, the phase-shift required between the coils of the
phase set is −20◦. To negate the need for an additional current supply to achieve the
phase-shift between the coils, the phase-shift is implemented by configuring the layout
and connection of the coils. The closest phase-shift that can be achieved by manipulating
the layout of the coils in the phase set is −30◦, which results in a distribution factor of
the working harmonic of 0.9899 while still decreasing the effect of the sub- and higher-
order harmonics. The −30◦ shift is created by instituting a physical wye-delta connection
between the coils of each phase set, as seen in Figure 2b.

Figure 2. (a) Coil layout of a 16/18 conventional non-overlap winding; (b) Coil layout of the 16/18 phase-shifted non-
overlap winding.
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2.2. Harmonic MMF and Distribution Factor

In [11], a harmonic MMF function, Fsv, and a harmonic distribution factor, Kv, for the
phase-shifted winding of Figure 2b above are described by

Fsv =
3Nkpv

aπ|v| Kv I sin(ωt− vθ − β) (2)

and

Kv =

√
(1− cos b− cos c)2 + (sin c− sin b)2

u
(3)

where
b = α2 − vθs, (4)

c = α3 − vθs (5)

and

β = tan−1
(

sin c− sin b
1− cos b− cos c

)
. (6)

In Equations (1)–(4) the harmonic number is represented by v, N is the number of
turns of each coil, kpv is the pitch factor, a is the number of parallel paths in the winding, I
is the peak amplitude of the phase current with rated q-axis current, and θs the electrical
slot pitch angle given by

θs =
2π

S
, (7)

where S is the number of stator slots per machine section.
The angles α2 and α3 in Equations (4) and (5) are the required phase shifts of the second

and third coil currents respectively and their total effect is represented by β. With α2 = α3 = 0
the coil currents are in phase as in the Y-connection of Figure 2a. With α2 = α3 = −30◦ the
coil currents are out of phase as in the Y-∆ connection of Figure 2b. It is shown in Table 1
that the distribution factors of the working and fifth harmonics are increased, but those of
the other harmonics are notably reduced.

2.3. Flux Density and Torque Harmonic Analysis

It is necessary to investigate the effect of the phase-shift in terms of the harmonics of
the air gap flux density as well as the torque harmonics. The air gap flux density harmonics
are first determined due to the stator MMF and then in reference to the rotor MMF. The air
gap flux density generated is determined from the stator MMF by

bsv =
µ0Fsv

gkc
(8)

Substituting Equation (2) into Equation (8),

bsv =
µ0

gkc

3Nkpv

aπ|v| Kv I sin(ωt− vθ − β) (9)

brv =
µ0

gkc

3Nkpv

aπ|v| Kv I sin(ωrvt− vθ − β) (10)

where the angle θ now refers to the rotor and the angular frequency ωrv is given by

ωrv =

(
1− 2v

p

)
ω. (11)

It is noted from these equations that the changing winding factor will influence the
air gap flux density harmonics. The only difference between Equations (9) and (10) is the
angular frequency of the flux density and thus the amplitudes are the same. The effect of
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the phase-shift can be seen in Figure 3 where the flux density of the working harmonic and
the fifth harmonic is increased, while the sub- and higher-order harmonics are reduced.
This is expected from the results of the winding factor presented in [11]. The percentage
difference in the flux density between the conventional non-overlap and phase shifted
winding is detailed in Table 1.

Figure 3. Per unit air gap flux density harmonics due to the stator MMF.

In a similar way as Equation (9) the air gap flux density harmonics created by the
rotor field winding MMF are described by

bsv =
2µ0 pkprv

vπgkc
Krv I cos

(
2vωt
Ms p

− vθ − β

)
, (12)

where kprv and Krv are the pitch factor and distribution factor of the rotor field winding
respectively. These rotor winding factors are unchanged with the application of the phase
shift in the stator winding and thus the flux density harmonics will remain the same.
The rotor pitch factor is responsible for the presence of only harmonic multiples of the
working harmonic.

Table 1. Air gap flux density harmonics of the 16/18 pole/slot conventional and phase-shifted
non-overlap windings [11].

Harmonic Number
Air Gap Flux Density Harmonics in per Unit

Conventional 16/18
Winding

Phase-Shifted 16/18
Winding

%
Difference

v = 1 0.2580 0.1532 −10.48
v = −2 0.2971 0.1300 −16.71
v = 4 1 1.0313 +3.13

v = −5 0.7968 0.8218 +2.49
v = 7 0.08262 0.0362 −4.65

The amplitude of the back-EMF induced voltage in the stator winding due to the rotor
field can now be calculated as

Esv = −
16uωNldgBsv

vpMs
Kvkpsv, (13)
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with

Bsv =
2µ0 pkprv

vπgkc
Krv I. (14)

Figure 4 shows the difference in the induced phase voltage between the two windings.
Again, for the working harmonic the phase-shifted winding shows an increase (3.13%) over
the conventional winding. This is expected because the induced phase voltage is directly
proportional to the winding factor. The percentage of total harmonic distortion (THD) for
the theoretical induced voltage is 2.15%.

Figure 4. Induced phase voltage in the stator winding in per unit.

The instantaneous torque developed by the machine is described from the power
developed by

Ts =
pMs

2ω ∑
v
[iabc]

T[
eabc(v)

]
, (15)

where iabc and eabc(v) are the phase currents and the induced voltages of the machine. With
the phase current considered in phase with the induced voltage and thus only q-axis current
available, this expression is further simplified as

Ts =
3pMs

2ω IEs(p/2) + ∑
j

I
(

Es(j+1)p/2 + Es(j−1)p/2

)
cos(jωt),

j = 6, 12, 18, ..
(16)

The first term of Equation (16) is the average torque produced, while the second
term refers to the oscillation or ripple of the developed torque. The theoretical torque
profile of both winding structures is displayed in Figure 5. Only j = 6 is considered in the
figure for illustrative purposes. The average torque of the phase-shifted winding shows
an improvement of 3.13% as seen with the induced voltage. Figure 6 also shows that the
torque ripple is suppressed by 11%, indicating the reduction of the sub- and higher-order
harmonic content.
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Figure 5. Comparison of the developed torque of the conventional and phase-shifted non-
overlap windings.

Figure 6. Simulated air gap flux density of the conventional and phase-shifted 16/18 non-
overlap windings.

3. Simulated Performance Results

The specifications of the 3 MW generator used for the first investigation are stated in
Table 2. The finite element analysis (FEA) simulated performance evaluation is conducted
with rated q-axis current. The simulated air gap flux density of both winding structures
is depicted in Figure 6. The air gap flux density of the phase-shifted winding is seen to
be more consistent and prone to fewer fluctuations in amplitude because of the harmonic
reduction. Further to this, Figure 7 displays the fourth harmonic component of both
windings and confirms the dampening of the fluctuation.
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Table 2. Specifications of the 3 MW 16/18 WRSM.

Specifications Value

Rated terminal power (MW) 3
Rated torque (kNm) 76
Rated speed (r/min) 375
Rated frequency (Hz) 50
Rated line voltage (V) 580

Rated phase current (A) 3000
Rated field current (A) 200

Stator outer diameter (mm) 1600
Rotor outer diameter (mm) 981
Rotor inner diameter (mm) 460

Stack length (mm) 1500
Air gap length (mm) 3

Figure 7. Variation of the per unit fourth harmonic air gap flux density with rotor position of the
conventional and phase-shifted 16/18 non-overlap winding machines.

Figure 8 shows the theoretical torque curves of the conventional and the phase-shifted
16/18 machines with a rated torque of 76 kNm. The average torque of the conventional
winding is 75.36 kNm with a torque ripple of approximately 15.32%. The average torque of
the phase-shifted winding is increased to 77.58 kNm and torque ripple is reduced to 9.53%.
Further performance characteristics of the two machines are presented in Table 3. As is
shown, the power output and efficiency of the machine are improved. The input current
is the same for both cases, but the terminal voltage differs. The improved winding factor
leads to an increased induced voltage. Although the total machines losses are reduced
as a result of the overall reduction of sub-harmonics, the rotor core losses are increased
after the implementation of the phase-shifting technique. This can be accredited to the
improvement of, amongst others, the 5th harmonic’s distribution factor.
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Figure 8. Torque curves of the conventional and phase-shifted 3 MW 16/18 winding machines.

Table 3. Performance of the conventional and phase-shifted winding machines.

Performance
Parameter ↓

Conventional
Winding

Phase-Shifted
Winding

Percentage
Difference

Terminal power (MW) 2.96 3.05 +3%
Shaft torque (kNm) 77.14 79.45 +3%
Torque ripple (%) 15.32 9.53 −5.79%

Rotor core loss (kW) 8.76 8.84 +0.91%
Stator core loss (kW) 25.58 23.19 −9.3%

Copper loss (kW) 43.08 43.08 −0%
Efficiency (%) 97.40 97.57 +0.17%

4. Measured Performance Results

A prototype of the design is required for the testing phase. Due to the impracticality
of building a 3 MW prototype, the prototype of [13] was selected. The model was opti-
mized using single line optimization to maximize the output torque. The model is not an
exact scaled-down replica of the 3 MW prototype but serves to prove the concept of the
harmonic reduction technique employed. The cross-section is displayed in Figure 9 and
the specifications of the prototype are detailed in Table 4. The coil connections of the stator
winding are completed on a terminal box. Figure 10 shows the test setup of the prototype
for direct grid connection.

4.1. Machine Parameters from Tests

To confirm the characteristics of the prototype, the standard open-circuit and short-
circuit tests are performed. Figure 11 displays the theoretical and experimental results of
the open-circuit test of the 16/18 WRSM with phase-shifted non-overlap winding. The
results of the short-circuit test are presented in Figure 12.

The equivalent circuit parameters of the 3 kW prototype are given in Table 5 and
the measured machine losses are listed in Table 6. The windage and friction losses are
determined with zero field current at the rated speed of 375 r/min. The core losses are
determined by measuring the rotational losses at rated field current and rated speed and
subtracting the measured windage and friction losses. The copper losses given are that of
the stator winding at rated current.
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Figure 9. Cross-section of the 3 kW 16/18 pole/slot WRSM prototype.

Table 4. Specifications of the 3 kW 16/18 WRSM prototype.

Specifications Numerical Value

Rated terminal power (kW) 3
Rated torque (Nm) 76.5

Rated speed (r/min) 375
Rated frequency (Hz) 50
Rated line voltage (V) 350

Rated phase current (A) 4.86
Rated field current (A) 5.00
Number of rotor poles 16
Number of stator slots 18

Stator outer diameter (mm) 260
Rotor outer diameter (mm) 203.6
Rotor inner diameter (mm) 60

Stack length (mm) 125
Air gap thickness (mm) 0.45

Number turns per coil Y connected 67
Number turns per coil ∆ connected 116

Figure 10. Testing station of the 3 kW 16/18 pole/slot WRSM prototype.
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Figure 11. Open-circuit line-to-line induced voltage versus field current of the non-overlap winding
and phase-shift winding prototypes.

Figure 12. Predicted and experimental short-circuit current of the non-overlap winding and phase-
shift winding prototypes.

Table 5. Measured equivalent circuit parameters of the phase-shifted winding prototype.

Parameter Measured Value

Phase resistance, Rs 4.7 Ω (0.11 per unit)
Field resistance, Rf 8.1 Ω

Synchronous reactance, Xs 42.1 Ω (1.0 per unit)

Table 6. Measured machine losses of the phase-shifted winding prototype.

Windage and Friction Losses
[W]

Core Losses
[W]

Copper Losses
[W]

19.6 62.8 94.5



Energies 2021, 14, 7501 12 of 17

4.2. Grid-Connected Tests

For the load performance tests the prototype is synchronised with the 50 Hz grid
supply at the rated field current of 5 A. The mechanical input power is then increased
by means of the DC motor in Figure 10, while also increasing the rotor field current to
maintain unity power factor and grid synchronization. Figure 13 displays the measured
power factor and field current versus generated electrical power. The phase-shifted winding
machine is able to perform favourably and is able to maintain unity power factor until
approximately 2.5 kW at a maximum field current of 10 A. Figure 14 displays the results
of the efficiency and field current versus generated power of the machine. The results
show the expected improved efficiency from the theoretical analysis. Figure 15 shows the
predicted and experimental full-load torque curves of the prototype with the phase-shifted
winding. The measured torque ripple is 8.2% and the results differ by 1.5%, which is an
acceptable deviation. The measured full-load torque of the phase-shifted winding machine
confirms the predicted improvements of the phase-shift application in terms of lowered
torque ripple.

4.3. THD of Wye and Delta Phase Currents

It is necessary to determine to what extent circulating currents are present in the delta
configuration of the phase-shifted non-overlap winding. With the machine open-circuited
and at rated speed, the field current is varied and the current in a branch of the delta
configuration is measured. The results are shown in Figure 16. As the field current increases,
so too does the zero-sequence circulate current in the delta winding, though the circulating
current remains relatively small (5.14% of the rated stator current at rated field current). A
sample of the circulating current at rated field current at open circuit is displayed in Figure
17 and clearly illustrates the expected 150 Hz third harmonic characteristic.

Figure 13. Power factor and field current versus generated power of the grid-connected phase-shift
winding prototype.

The phase currents in the wye and the delta branches are shown in Figure 18 at a load
phase current of 3.5 A and at unity power factor. The effect of the circulating current is
clear on the delta phase current, which explains the presence of more harmonics when
compared to the phase current in the wye branch. Further, the phase current waveforms in
the different branches at a load phase current of 5 A and a power factor of pF = 0.987 are
displayed in Figure 19. The total harmonic distortions (THD) of the wye and delta branch
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currents for each of the three conditions are given in Table 7. This shows that the total
harmonic distortion of the grid wye phase current is substantially below the 8% limit as
required by some utility grid codes. In addition, the THD of the delta current reduces with
load below the 8% and slightly higher than the THD of the grid wye current. For reference,
the total harmonic distortion of the supply voltage during testing was 3%.

Figure 14. Efficiency and field current versus generated power of the grid-connected phase-shift
winding prototype.

Figure 15. FEA-predicted and experimental torque versus rotor position of the 3 kW 16/18 WRSM
prototype with phase-shifted non-overlap winding at 375 r/min and full-load.
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Figure 16. RMS delta winding current versus field current of the 3 kW 16/18 WRSG prototype with
phase-shifted non-overlap winding at open-circuit.

Figure 17. Delta winding circulating current at rated field current of the 3 kW 16/18 WRSG prototype
with phase-shifted non-overlap winding at open-circuit.

Table 7. Total harmonic distortion of the wye and delta branch currents of the phase-shifted winding
prototype with varying load conditions.

Load Condition
Wye Branch

Current THD
[%]

Delta Branch
Current THD

[%]

Is = 0 A If = 5 A – 0 8.9
Is = 3.5 A If = 10 A pF = 1 5.6 7.2
Is = 5 A If = 9.6 A pF = 0.987 4.5 6.1
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Figure 18. Grid-connected wye and delta phase currents at 3.5 A phase current and 10 A field current
of the 3 kW 16/18 WRSG prototype with phase-shifted non-overlap winding at pF = 1.

Figure 19. Grid-connected wye and delta phase currents at 5 A phase current and 9.6 A field current
of the 3 kW 16/18 WRSG prototype with phase-shifted non-overlap winding at pF = 0.987.

5. Conclusions

In this paper the effect of the reduction of the MMF sub-harmonics of a 16/18 pole/slot
combination WRSM on the performance of the machine by applying a phase-shifting
winding technique, is studied. Ideally, a −20◦ electrical phase displacement is required
between the currents of the coils to obtain a winding factor of unity of the main harmonic.
To overcome the feasibility of applying this displacement practically, a−30◦ phase shift was
selected which yields a winding factor close to unity. The phase shift was implemented by
applying a star-delta connection between the coils of each phase. Although the wye-delta
application is not new, the technique has not been applied to a 16/18 pole/slot combination
before and the non-overlap winding structure is maintained. Many other techniques used
to reduce the MMF harmonic content of a non-overlap winding change the final winding
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structure to that of an overlap winding. This is not ideal because the advantages of the
non-overlap winding are then diminished.

The harmonic content analysis of the 16/18 combination shows that the first and
second MMF harmonics are greatly reduced without reducing the working harmonic. The
winding factor of the main harmonic is increased by the phase-shift. This has improved
the 16/18 machine’s torque and power density. The minimization of sub- and higher-order
harmonics is especially noted in the reduced torque ripple and increased efficiency of
the phase-shifted winding machine. One of the disadvantages of the phase-shifted non-
overlap winding is the small increase in the rotor core losses because of the increased 5th
harmonic. However, the overall losses are reduced because the total sub-harmonic content
is decreased.

A 3 kW prototype 16/18 WRSM with the proposed wye-delta phase-shifted non-
overlap winding is manufactured and tested. The practical performance tests of this small
machine indicate that the phase-shifted winding prototype has a good efficiency of over
90% for a wide power range from 0.2–1.0 per unit power. Additionally, the good full-
load torque quality of the machine is confirmed by measurements. This all is expected
from the reduction of sub- and higher-order harmonics in the MMF harmonic spectrum.
Finally, the concern of possible high circulating current in the delta winding is studied
from the measured delta current waveforms. The relatively low percentage THD found of
the delta current from no-load to full load shows that this aspect is not a problem. In its
entirety, the paper shows that the proposed non-overlap wye-delta phase-shift winding
can be used with significant improvement by the industry for multiples of 8/9 pole-slot
combination WRSMs.
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