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Abstract: This paper presents a topology for the brushless operation of a wound-rotor synchronous
machine based on the subharmonic excitation technique by using two sets of multi-pole windings
on the armature as well as on the rotor. The armature windings consist of a four-pole three-phase
main winding and a two-pole single-phase additional winding, responsible for the generation of
fundamental and subharmonic components of magnetomotive force (MMEF), respectively. The rotor
contains four-pole field winding and two-pole excitation winding. From the generated air gap MMF,
the additional winding is responsible for induction in excitation winding, which feeds DC to the field
winding through a rotating rectifier without the need of brushes. Then, the interaction of the magnetic
field from the main and the field windings produces torque. The proposed topology is analyzed using
2D finite element analysis (FEM). From the analysis, the generation of the subharmonic component of
MMF is verified, which helps in achieving the brushless operation of the wound-rotor synchronous
machine. Furthermore, the performance of the proposed brushless multi-pole topology is compared
with the existing dual three-phase winding multi-pole topology in terms of current due to induction,
output torque, torque ripples, and efficiency.
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1. Introduction

In recent years, synchronous machines are playing an important role in reshaping the
modern world. Among these machines, PM brushless machines exhibit higher efficiency,
simple control, robust structure, and high-power torque density; however, the fear of
extinction and rapidly increasing prices of rare earth magnets make the PM machines a
luxury for industrial as well as commercial applications [1-3]. Therefore, the researchers
are taking more interest in the cheaper and alternative ways where less or no magnets
are required, i.e., hybrid excitation synchronous machines and wound-rotor synchronous
machines [4-8].

In conventional wound-rotor synchronous machines, excitation of field winding is
supplied through traditional mechanical contact devices, i.e., the brushes and slip rings,
or via additional exciter [9,10]. The use of this mechanical contact creates sparking and
maintenance issues, while the installation of an additional exciter technique increases the
size and cost of the machines [11,12]. These factors limit the applications of wound-rotor
synchronous machines. To overcome these issues, recently, different techniques have
been presented to achieve the brushless operation by utilizing the different harmonic
components of magnetomotive force (MMEF) for the excitation of the rotor. [1,13-23]. This
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harmonic component of armature MMF was generated by using different techniques such
as (1) injecting different values currents from two inverters, (2) changing the number
of turns of both windings fed by a single inverter (3) injecting third- or higher-order
harmonic currents, and (4) using multi-pole windings on armature and rotor, etc. In (1) a
four-pole, 24-slot machine was presented whose armature winding was divided into two
symmetrical halves [13]. Two different inverters were used to supply the current to these
two windings of the armature to obtain the fundamental and subharmonic components
of MME. The fundamental component of MMF was responsible for the production of
the main stator field, while the subharmonic component induces the harmonic current
in the harmonic winding of the rotor for brushless operation. This harmonic winding of
the rotor supplies DC to the field winding via a rectifier mounted on the rotor. In this
topology, the injection of different values of current results in unbalanced radial forces,
high torque ripples, and the usage of additional windings for induction results in low
torque density. Later, an eight-pole, 24-slot machine was suggested to overcome these
issues to some extent [14]. In (2), a similar operation was achieved by dividing the armature
winding into two asymmetrical halves by using the different number of turns on each
half of the stator winding fed by the single inverter [15]. It also faces the same issues
of technique as (1). In (3), the armature winding was excited by two different inverters
to supply the fundamental and third- or higher-order harmonic current for brushless
operation. In [16], a 10-pole, 18-slot machine with simple tooth concentrated winding
on the armature was presented, which was responsible for generating the fundamental
component of 5"-order harmonic to generate the main field, as well as 13"-order harmonic
from the same winding used for the excitation of the rotor via induction to achieve the
brushless operation. Similarly, in [17], sixth-harmonic excitation was presented in which
armature winding was excited by the three-phase inverter to generate the main field, and
a single-phase inverter is used for the injection of sixth-harmonic current to the neutral
point of Y-connected armature winding for brushless operation. Higher-order harmonic
generation can cause more core losses. To avoid higher harmonic excitation owing to the
losses, an attempt was made to excite the machines with third-order harmonics current
in [1,18-20]. Here, third-harmonic excitation techniques were presented where armature
winding was supplied by the third-harmonic component of the current along with the
fundamental component by using two different three-phase inverters. Even though the
third-harmonic technique avoids the use of additional winding, designing and controlling
these inverters is complex and costly, and the third-harmonic frequency current can still
exhibit significant core losses and result in a decrease in efficiency. In (4), a four-pole,
24-slot machine with multi-pole armature and rotor winding was presented [21]. In this
machine, the armature consists of four-pole main winding responsible for the generation
of the fundamental component of MMF-producing main field, and two-pole additional
winding for the generation of the subharmonic component. Both windings of the armature
were fed by dual three-phase inverters to achieve the brushless operation based on the
subharmonic technique of excitation. A similar operation was also achieved by using
another multipole topology with eight poles and 48 slots with two- and three-layer winding
on the armature [22,23]. These multi-pole topologies also use dual three-phase inverters,
which increase the cost and complexity in control. From all the aforementioned techniques,
it was observed that brushless operation of wound-rotor synchronous still demands the
reduction in cost and the complexity of control by the inverters.

This paper proposes a new topology with multi-pole windings for brushless operation
based on subharmonics excitation. In this topology, the armature is incorporated with
main three-phase four-pole winding and additional single-phase two-pole winding. The
four-pole winding is excited by a three-phase inverter (INV3,), and the two-pole winding
is excited by the single-phase inverter (INV1,,). The main winding is responsible for the
generation of the fundamental component of MMF which produces the main armature
field, and the additional winding will generate a subharmonic component of MMEF. To
identify these harmonic components, Fourier analysis of the MMF waveform resulting from
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the armature winding is performed. This analysis reveals that the subharmonic component
will be higher in magnitude in the proposed machine, which will provide better induction,
resulting in higher current in the two-pole excitation winding of the rotor. This excitation
winding supplies DC to the four-pole field winding of the rotor via a rotating rectifier that
will interact with the main field of the armature to produce more torque. A 2D FEM is
carried out to analyze and verify the proposed brushless operation of the wound-rotor
synchronous motor, and the performance is compared with that of the reference machine
under the same design constraints.

The structure of this paper has been divided into different sections. The introduction
part is given in Section 1. The machine topologies and their operating principles are given
in Section 2. Further, the performance analysis and their FEM validation are given in
Section 3. Finally, the conclusion is given in Section 4.

2. Machine Topologies and Operating Principle
2.1. Reference Machine with Multi-Pole Winding

The topology of the reference machine for the brushless operation based on sub-
harmonic excitation is shown in Figure 1a, in which armature winding is divided into
two windings of different poles: (1) three-phase main armature winding with four-pole
configuration (4P-Winding) and (2) additional three-phase armature winding with two
poles (2P-Winding). The 4P-winding is supplied current by a three-phase inverter INV1 to
generate the fundamental component of total MMF, and 2P-winding is supplied current by
another three-phase inverter INV2 to generate the sub-harmonic component of MMF in the
airgap. The input armature currents for these inverters are given by (1) and (2)

ig = Iy sin <wt - g?) D
i = Iy sin (a}t — kz,;) 2)

where ig and i are the three-phase currents supplied to the main armature 4P-winding and
additional armature 2P-winding of the motor, respectively; that is, g = 0, 1, 2 for phases
A, B, and C, respectively, k = 0, 1, 2 for phases X, Y, and Z, respectively, with I, as the
magnitude of current, w as the angular frequency, and t as the time.

The multi-pole armature winding configuration is shown in Figure 1b, where the
stator has 24 slots. Out of these 24 slots, 18 slots are used for the main armature 4P-winding,
and the remaining 6 slots are filled with additional 2P-windings.

The winding functions N¢(¢) and Ni(¢) of 4P and 2P windings of armature for the
reference machine considering a full-pitched winding can be given by (3) and (4)

N(9) = 41\7141’ (COS<<P—g23n>) ®)

_ k2r
Ni(g) = ZN%P (cos(q)zlc?’)) 4

where Nyp and N,p are the number of turns per phase of 4P and 2P windings, respectively.
The air gap MMF based on winding function and currents can be defined by (5)

m

F(g,i) =) Nj(@)ij(t) ®)

=
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where m is the number of phases. The MMF Equation (5) can be modified to Equation (6)
by using currents and winding functions values.
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Figure 1. (a) Topology of reference machine, (b) armature winding configuration, (c) rotor wind-
ing configuration.

The first term in the above equation represents the fundamental component of MMF
used for the generation of torque, and the second term represents the subharmonic compo-
nents of MME, which is used for induction on the rotor to achieve the brushless operation
of machine.

Similarly, the rotor also consists of two different windings named two-pole excitation
winding (E-Winding) and four-pole field winding (F-Winding). The 2P-winding of the
armature induces a harmonic current in the two-pole excitation winding of the rotor. This
excitation winding is further connected with four-pole field winding with the help of a
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full bridge rectifier to supply the DC current for the brushless operation, and the rotor
winding configuration is shown in Figure 1c. The interaction of this rotor field with the
main armature field produces the torque of the motor. Further, rotor circuit connections
through a bridge rectifier are shown in Figure 2.

Diod
Diode! t rode
Excitation fo-w\
Winding %

Field
Winding

Diode 1_ y Diode

Figure 2. Connection of field winding and excitations winding of rotor via a bridge rectifier.

To confirm the subharmonic generation of the reference machine, it is necessary to
draw the simple MMF and its harmonic for the given winding structure. For this purpose, 5
Apk (peak value) current is applied in both windings of the motor via three-phase inverters.
The resultant MMF waveform obtained for the armature winding configuration discussed
above for the reference machine is given in Figure 3a. To obtain the magnitude of funda-
mental and subharmonics components of this MMF, the Fourier analysis is performed, and
its results are shown in Figure 3b. This analysis reveals that there are two major dominat-
ing components of air gap MMF, i.e., (1) fundamental component and (2) subharmonic
component, with the magnitude of 34% of its fundamental.

Here, the sub-harmonic component of MMF generated by 2P-winding will rotate at a
different speed as compared to the synchronous speed of 4P-winding. This rotating speed
of the subharmonic component is given by (7)

_ ns _ 120f

Tls(h) = 2 = hp (7)

where ng(h) is the harmonic’s rotating speed, ng is synchronous speed, / is the harmonic
number, f is the frequency of supply, and p is the number of poles.

25

20
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Figure 3. Cont.
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Figure 3. For reference machine: (a) MMF Plot and (b) harmonic distribution.

These two major dominating components of air gap MMF are shown in the Figure 4,
where fundamental component is four poles with the frequency of w, and the subharmonic
component is two poles with the frequency of w /2. The amplitude of these components
depends on the excitation, and rotates with different speeds. The main objective of this work
is to verify the generation of subharmonic component of MMEF, which can be performed
simply by using Fournier analysis. However, the variation in frequency of these harmonics
can also be analyzed using frequency shift technique in the future [24].

T T T T T
4 Pole Fundamental MMF
1 2 pole Sub-harmonic MMF
0.5
=)
=]
= 0
z
=
-0.5
-1
1 L 1 1 1
0 60 120 180 240 300 360

Electrical Angle [Degree]|
Figure 4. Fundamental and subharmonic components of MMF.

2.2. Proposed Machine with Multi-Pole Winding

The topology of the proposed machine for the brushless operation is shown in
Figure 5a, in which armature winding is divided into two windings of different poles
similar to the reference machine; however, the main 4P-winding is the three-phase type,
and the additional 2P-winding is single phase. Here, 4P-winding is supplied by a three-
phase inverter INV3,, to generate the fundamental component of MME, and 2P-winding
is supplied by a single-phase inverter INVy,, to generate the sub-harmonic component
of MMF.
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Figure 5. (a) Topology of proposed machine, (b) stator winding, (c) rotor winding.

The currents supplied from the inverters INV3,, and INV, to the stator windings are
given by Equations (8) and (9), respectively.

ig = Iy sin (wt - g?) (8)

iy = Iy sin(wt) )

where ig and iy are the three- and single-phase currents supplied to the three-phase 4P-
winding and single-phase 2P-winding of the motor, ¢ = 0, 1, 2 for phases A, B, and C,
respectively, I, is the magnitude of current, w is the angular frequency, and ¢ is the time.
The amplitude and frequency of both currents are kept the same during supply.

The multi-pole armature windings configuration is shown in Figure 5b. For a fair
comparison of characteristics, the multi-pole armature of the proposed machine has the
same number of slots 24 as a reference model, where 18 slots are used for three-phase
4P-winding and the remaining 6 slots are used for single-phase 2P-windings.

The winding functions N (@) and Ny(¢) of 4P and 2P windings of armature for the
proposed machine considering a full-pitched winding can be given by (10) and (11).

Ne(9) = 41\71;41’ (cos <<P - g?)) (10)
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M= 22 () m

The resulting MMF, by neglecting the other harmonics, can be obtained by using
currents and winding functions for the proposed machine is given by (12)

ANl [ & T s
FPTO((P/ l) = TP (ggo(cos((;) g 3 )Sln(Wt g 3 ))) (12)

422l ((cos(§) sin(wr)))

The first term in the above equation represents the fundamental component of MMF
used for the generation of torque, and the second term represents the subharmonic compo-
nents of MMF which is used for induction on the rotor to achieve the brushless operation
of the machine. To utilize this subharmonic component of MMEF, the rotor is decorated with
two-pole E-winding and four-pole F-winding via a rotating rectifier in a similar manner as
in the reference machine, and the layout of rotor winding is shown in Figure 5c. The field
of F-winding of the rotor will interact with the field of three-phase armature winding to
produce the torque.

To confirm the generation of subharmonic for the proposed topology using additional
single phase 2P-winding, the MMF is drawn and analyzed on the same input current as
in reference machine. The resultant MMF waveform is given in Figure 6a, and its har-
monic contents are shown in Figure 6b, which reveals that the magnitude of subharmonic
component is 80% of fundamental one. It can be noted that the MMF for the proposed
machine is rich in the subharmonic component; however, the magnitude of the fundament
component is reduced by almost 15% as compared to that of reference machine. It means
the proposed machine will provide better induction via subharmonic component than
the reference machine. However, due to lower fundamental component, it will require
more field current to generate same torque as in the reference machine. The waveforms of
these fundamental and subharmonic components will be the same as of reference machine
shown in Figure 4, except for their magnitudes.

30 T

MMF [Ampere turns]

_20 Il 1 Il 1 L
0 60 120 180 240 300 360

Mechincal angle [Degree]
(a)

Figure 6. Cont.
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Figure 6. For proposed machine: (a) MMF Plot and (b) harmonic distribution.

3. FEM Analysis

The 2D models of the reference and proposed machines were developed in ANSYS
maxwell as shown in Figure 7a,b. To validate the operation and performance, both machines
with the same dimensions and parameters were adopted, and are given in Table 1.

Bl A Phase M A rhase
y B Phase
_IJ': -..I . — \ B Phase
;" | XPhase "!| M crhase
\ | W0 ¥ Phase | 2P Winding
2 ;f' . Z Phase )'l . E Winding
y - -
. i . E Winding
X ; B F winding
b . F Winding
(@) (b)
Figure 7. Machine model of (a) reference machine and (b) proposed machine.
Table 1. Parameters for analysis of synchronous machines.
Parameters Units Values
Speed rpm 1800
Rated power 4 880
Stator outer diameter mm 152
Rotor outer diameter mm 94
Stack length mm 120
Air gap length mm 0.5
Number of stator slots - 24
Number of rotor slots - 04
Stator winding pols - 02/04
Rotor ‘exc%tatlon/ field } 02/04
winding pols
Stator’s No of turns/phase - 102
E-Winding total turns - 24

F-Winding total turns - 248
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3.1. No Load Analysis

As is discussed above, the rotor of the machine is excited with the induction of
harmonics from the armature. If there is no input to the armature winding, then there
will be no excitation in the machine. However, magnetization characteristics are drawn
by applying different values of current on-field winding and disconnecting the armature
winding supply. The characteristics curve between the back EMF and field current of both
machines is the same due to same designed parameters, and is given in Figure 8.

150 - T -

>
S

Back EMF [V]

50

0 1 1 1 ! .|
0 5 10 15 20 25

Field Current [A]

Figure 8. The characteristics curve between Back EMF and field current.

3.2. Load Analysis

Initially, both machines are analyzed by supplying the equal currents of 5 Ay to both
the 4P and 2P windings of armature using their respective inverters. Since the subharmonic
component of MMF in the proposed machine is higher than that of the reference machine,
it will induce a higher voltage in the excitation winding of the rotor, which will result in
a higher field current. Then, this field current will be able to produce more torque in the
proposed machine at the same input to the armature windings. In addition to analysis at
the same input as that in the reference machine (say case 1), another case of the proposed
machine has also been investigated to consider the comparison on the same output torque
(say case 2). The difference in case 2 is that the 2P-winding of the proposed machine
is excited by 3.5 A,y whereas 4P-winding is excited with the same 5 A,y current. The
analysis results of these cases in the proposed machine are compared with those of the
reference machine.

3.2.1. Flux Density

The magnetic flux density distribution comparison is given in Figure 9a—c. The maxi-
mum values for both the reference machine, and case 1 and case 2 of the proposed machines
are 1.29 T, 1.62 T, 1.37 T, respectively. It is revealed that the flux density distribution in
the proposed machine is slightly higher than that of the reference machine due to higher
induction. However, the maximum flux density distribution for both machines is under
the saturation level.

3.2.2. Rotor Currents

Since 2P armature winding of these machines is being used for the generation of the
subharmonic component of MMF, which induces the voltage in excitation winding of the
rotor.. This excitation winding is acting as an input source of voltage for the rotating rectifier,
which converts this induced voltage into a DC supply to feed the field winding of the rotor.
The resulting rotor currents in excitation and field windings of both machines are given
in Figure 10a—c. It shows that the average value of field and RMS value of the excitation
winding currents for the proposed machine are higher than in the reference machine,
indicating better induction due to rich subharmonic component. Now, it can be stated that
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the current due to induction in excitation winding is providing enough DC supply to the

field winding to make brushless operation achievable in the proposed machine.

Figure 9. The flux density distribution of (a) reference machine, (b) proposed machine case 1,

(c) proposed machine case 2.
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Figure 10. Rotor currents of (a) reference machine, (b) proposed machine case 1, (c) proposed machine

case 2.

3.2.3. Torque

The rectified field current is responsible for the rotor magnetic field, which interacts
with the main armature field to produce the torque. The torques produced by these
machines are shown in Figure 11a—c. It shows that initially, the torque produced by these
machines gradually increases from zero and reaches its steady state condition to rated
values. The average values of torque are 4.2 Nm, 5.55 Nm, and 4.22 Nm with ripples of
11.84%, 16.43%, and 12.67 % for the reference and proposed machines case 1 and case 2,
respectively. It is observed that at the same input, the torque in the proposed machine
is 30.9% higher, at the cost of 38% more ripples than the reference machine. This occurs
due to the higher subharmonic component of MMF in the proposed machine than that
of the reference machine, which will induce a higher voltage in the excitation winding of
the rotor and result in a higher field current. This resulting field current is responsible
for producing more torque and its ripples. However, in case 2 of the proposed machine,
torque and ripples are almost same at the 30% less input to 2P-winding compared to that
in reference machine. This confirms that because of better induction, the proposed machine
offers the same torque, even at a lesser input current.

3.2.4. Power Losses and Efficiency

The efficiencies of both machines were calculated by considering their copper and
core losses. The total losses for the reference and proposed machines case 1 and case 2
are 62.45 W, 144.42 W, and 83.89 W, respectively. These higher losses for the proposed
machines are because of higher rotor currents due to better induction. The resulting
efficiencies of these machines are 92.69%, 87.81%, and 90.35%, respectively. In case 1 of
the proposed machines, the efficiency is significantly lower than the reference machine
due to increased losses, while in case 2 efficiency is comparable, even at less input. The
overall summary of performance comparison is presented in Table 2. This comparison
shows that the proposed machine is able to generate the subharmonic in sufficient amounts,
providing better induction to perform the brushless operation using a particular single-
phase additional winding on the armature.
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Figure 11. Torque produced by (a) reference machine, (b) proposed machine case 1, (c) proposed
machine case 2.
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Table 2. Performance comparison.

] Reference Proposed Machine
Parameters Units .
Machine Case 1 Case 2
Input current to 4P-winding Apk 5 5 5
Input current to 2P-winding Apk 5 5 35
Excitation winding current Arms 5.34 8.32 6.17
Field winding current Apc 7.00 11.94 8.76
Maximum Flux density T 1.29 1.62 1.37
Core losses W 14.49 31.81 18.69
I’R losses W 47.96 112.61 65.2
Torque Nm 4.20 5.55 4.22
Torque ripples %o 11.84 16.10 12.67
Efficiency Y% 92.69 87.81 90.37

4. Conclusions

In this paper, brushless operation of wound-rotor synchronous machine was achieved
by using multi-pole windings on the stator and the rotor for the generation of subharmonic
component of MMF. This study shows that the proposed machine is providing better induc-
tion due to enriched subharmonic component. Utilizing this subharmonic, the proposed
machine has a higher torque at the same input current as in the reference machine, while
the same output torque can be achieved at 30% less input current than 2P single-phase
winding. It means that the proposed machine is able to generate the subharmonic in suffi-
cient amounts to perform the brushless operation, which verifies the effectiveness of the
topology using a particular single-phase additional winding on the armature. Thus, the use
of a single-phase inverter on 2P-winding of the proposed topology for brushless operation
makes it simple, cheaper, and comparable with previously existing brushless topologies.
Though the proposed technique has a significantly higher induced current on the rotor
owing to the higher subharmonic component, the efficiency is slightly compromised due to
increased losses, which can further be improved by improving the design of the machine in
the future.
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Nomenclature

FEM Finite element analysis

F(¢,i) MMF function for the given winding
f input supply frequency

h harmonics

INV;, single phase inverter
INV3,, three phase inverter

Ly magnitude of current
MMF  magnetomotive force
Nyp number of turns per phase of 4P-winding
Nyp number of turns per phase of 2P-winding

N(¢) winding function
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ns(h)  rotating speed of harmonic
p pole pairs

t time
w angular frequency
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