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Abstract: This paper discusses the design and analysis of a high-harmonic injection-based field
excitation scheme for the brushless operation of wound field synchronous machines (WFSMs) in
order to achieve a higher efficiency. The proposed scheme involves two inverters. One of these
inverters provides the three-phase fundamental-harmonic current to the armature winding, whereas
the second inverter injects the single-phase high-harmonic i.e., 6 harmonic current in this case,
to the neutral-point of the Y-connected armature winding. The injection of the high-harmonic
current in the armature winding develops the high-harmonic magnetomotive force (MMEF) in the
air gap of the machine beside the fundamental. The high-harmonic MMF induces the harmonic
current in the excitation winding of the rotor, whereas the fundamental MMF develops the main
armature field. The harmonic current is rectified to inject the direct current (DC) into the main
rotor field winding. The main armature and rotor fields, when interacting with each other, produce
torque. Finite element analysis (FEA) is carried out in order to develop a 4-pole 24-slot machine
and investigate it using a 6" harmonic current injection for the rotor field excitation to both attain
a brushless operation and analyze its electromagnetic performance. Later on, the performance of
the proposed topology is compared with the typical brushless WFSM topology employing the 3™
harmonic current injection-based field excitation scheme.

Keywords: high-harmonic injection; brushless field excitation; wound field synchronous machines

1. Introduction

In contrast to the widespread range of applications and the speedy production increase
of the permanent magnet (PM) machines due to their high efficiency, power density, and
power factor, the price of rare-earth permanent magnets with high magnetic properties
have ridiculously increased. On the other hand, the rare-earth material industry is facing
serious environmental issues in keeping the prolonged and stable supply of rare-earth
materials to the PM machines manufacturing industry [1].

In order to deal with these problems and to attain high flux-weakening-based perfor-
mances of electrical machines in electrical vehicle (EV) and hybrid vehicle (HV) applications,
other possibilities, such as PM-assisted synchronous reluctance machines and wound field
synchronous machines, have sparked interest among the researchers [2-10].

The rotor field is excited in a typical WESM, utilizing an excitation approach that
includes brushes, slip rings, and a separate exciter. On the rotor side, a brushes and slip
rings assembly connects the machine field winding to the excitation system [11-14]. The
usage of brushes in a typical WFSM increases its maintenance cost due to their periodic
replacement and continuous sparking. On the other hand, an additional exciter rises the
overall size and cost of the system [15-18].
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Therefore, to get rid of the obligation of brushes, slip rings, and additional exciters, a
number of brushless topologies have been presented by various researchers in the available
literature. In general, for the brushless operation of WESM, a distinct excitation winding is
housed in the rotor in addition to the field winding. However, another winding, named
the auxiliary winding, is housed in the stator along with the main armature winding. This
auxiliary winding produces an additional MMF in the air gap that induces a harmonic
current in the excitation winding of the rotor. The induced harmonic current is then rectified
and supplied to the field winding of the rotor. This field current generates a rotor field that
becomes coupled with the armature field to produce torque. A basic diagram of such a
system is presented in Figure 1.
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Figure 1. Typical 3" harmonic injection-based brushless WFSM topology employing two dual-stator
winding configurations.

Many researchers have proposed various schemes to attain the brushless operation
of WFSMs by modifying the typical brushless topology in order to attain the maximum
advantages of brushless excitation. These schemes are either based on space—harmonics
generation or on time-harmonics generation.

A brushless WFSM topology based on a sub-harmonic field excitation scheme is
proposed in [6]. In the proposed brushless topology, a dual-inverter configuration is
utilized to provide two different magnitudes of current to the armature winding that
is divided into two halves with a distinct star connection distributed in a symmetric
arrangement. The difference in the magnitudes of the current supplied by the inverters
produces sub-harmonics, besides the fundamental-harmonic, which can be utilized to
induce currents in the excitation winding of the rotor. This topology is further investigated
using a single inverter with a different number of turns for each half of the armature
winding in [7]. In order to generate unbalanced radial forces associated with the sub-
harmonically excited BL-WFSM topology and to attain its variable speed operation, an
eight-pole machine topology is proposed in [8].

In [19], a brushless WFSM topology based on the 3™ harmonic field excitation scheme
is presented. In this topology, two inverters are utilized to develop an armature current
shape which comprises of a fundamental and 3" harmonic. The required armature current
shape is attained using thyristor switches operating at —180° phase-shifted after the
completion of each cycle of the phase. The 3 harmonic component of the armature current
is utilized to induce a harmonic current in the excitation winding of the rotor in order
to attain a brushless operation. The proposed topology is further investigated using an
open-winding pattern in [13]. In this topology, the required armature current shape is
attained using a dual-inverter configuration without employing the thyristor switches. The
proposed topology is also realized by using a modified inverter that has a different number
of switches when compared to the typical three-phase inverter topology in [20].
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In [14], a 3 harmonic-based brushless WFSM topology using zero-sequence currents
is proposed. In this topology, the armature winding is supplied current from an inverter
by the thyristor switches that operate a zero-crossing of each phase, generating a zero-
sequence current which predominantly contains a 3 harmonic current component for the
armature winding. The generated 3" harmonic current is induced in the exciter winding
of the rotor to provide DC to the main rotor field winding after rectification in order to
attain brushless operation.

A brushless WFSM topology that employs an additional armature winding beside the
main winding is proposed in [15]. Both windings are electrically connected by a rectifier
and are supplied current from a single inverter. The main armature winding current
produces the main armature field, whereas the rectified current flowing in the additional
armature winding produces the harmonic field that is not coupled with the main armature
field and is utilized in order to induce a harmonic current in the rotor exciter winding.

In general, the typical brushless WESM topologies employ either sub-harmonic or the
3" harmonic field excitation schemes in order to achieve a brushless operation.

In this paper, a high-harmonic injection-based field excitation scheme for the brushless
operation of WFSMs is proposed. In the proposed topology, two inverters are utilized.
One of the inverters gives the regular three-phase current i.e., fundamental-harmonic to
the armature winding, whereas the second inverter injects a single-phase 6" harmonic
current to the neutral-point of the Y-connected armature winding. The inverters are of
customary design, without holding any modification in their structure. The fundamental-
harmonic current produces the main armature field, whereas the high-harmonici.e., 6t
harmonic current, in this case, develops the high-harmonic field in the air gap of the
machine. The high-harmonic field induces the harmonic current in the exciter winding
of the rotor that is connected to the field winding by means of the rectifier. The induced
harmonic current is rectified and utilized to excite the main rotor field winding. The
interaction of the main armature and rotor fields produces electromagnetic torque. Unlike
the conventional brushless WRSM topologies, which require dual three-phase inverter
configurations with a parallel or open-winding pattern-based operation, or a modification
in the stator armature winding to hold a dual-winding configuration, the proposed topology
just utilizes customary three-phase and single-phase inverters. The operation of the single-
phase inverter does not require any sophisticated control strategy, which eliminates the
complications related to the control of the inverters associated with conventional brushless
topologies based on an open-winding pattern. In addition, the operation of the proposed
topology does not require any additional power electronics components, such as thyristor
switches, as in the case of the conventional brushless topologies presented in [14] and [18].
The proposed topology along with its operating principle and electromagnetic analysis are
discussed in subsequent sections. A comparative performance analysis of the proposed
topology with the typical brushless WFSM employing the 3™ harmonic injection-based
field excitation scheme is carried out and is presented in these sections.

2. Methodology
2.1. Proposed Topology

The proposed high-harmonic injection-based WFSM topology is presented in Figure 2.
This topology employs two inverters, namely inverter-1 and inverter-2. Inverter-1 provides
the regular three-phase input armature currents (I;;.1) to the armature winding (ABC) of
the machine, whereas inverter-2 injects the single-phase high-harmonic current (Ip) i.e., 6™
harmonic current in this case, to the neutral-point of the Y-connected ABC winding. The
input armature currents of inverter-1 are responsible for the fundamental-harmonic current
of the armature winding that produces the fundamental MMF in the air gap. However,
the single-phase 6" harmonic input current of inverter-2 is responsible for generating a
high-harmonic current component of the armature winding. This current develops the
high-harmonic MMF in the air gap. Although the fundamental and high-harmonic MMF
components are produced by the same armature winding, the difference in their frequencies
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makes them uncoupled. On the rotor side, the rotor has two windings, namely excitation
winding and field winding. Both windings are electrically connected by an uncontrolled
rectifier. The fundamental MMF component produces the main armature magnetic field,
whereas the high-harmonic MMF component induces the harmonic current in the rotor
excitation winding. The induced harmonic current is rectified to inject DC to the field
winding of the rotor to produce the rotor main field. The produced rotor field interacts
with the equal number of stator poles to produce torque. A 4-pole 24-slot (4p24s) machine
is utilized to validate the operation of the proposed high-harmonic injection-based WFSM
topology. This machine is adopted from [16]. The structure of the employed machine along
with its armature and rotor winding configurations are presented in Figure 3. As seen in the
figure, the stator core is equipped with 4-pole, 24-slot, double-layered armature winding
whereas the rotor is fitted with 4 rotor main teeth and 8 rotor sub-teeth to accommodate
the excitation and field windings. The parameters of the armature winding used for the
employed machine are presented in Table 1, which shows that the winding factor of the
winding is 0.933. The winding factor and the three-phase MMF for the different harmonic
numbers generated for armature winding used for the employed machine are presented in
Figure 4a,b, respectively. The winding configuration used for the armature of the machine
is chosen from the various options available on online tool named as Emetor-Electric motor
winding calculator [21].

Stator Roton
A
- | u 2228
5 B i
Vil =5 E Lo Y Y C %
E Li rvsv\ C
Armature winding I Rectifier \
In Excitation Field
@ winding winding
b
bt
Vie2 =5 §
-
- ——||I

Figure 2. Proposed brushless WFESM topology.
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Figure 3. Two-dimensional machine layout and its winding configuration.
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Table 1. Winding parameters for the employed machine.

Parameter Value

Number of poles/slots/layers 4/24/2

Coil span 5 slots

Pole pitch 6 slots
Periodicities 2,4
Winding factor 0.933

1.2

Winding Factor

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Harmonic Number

0.8

0.6

0.4+

Three-phase MMF

0.24

0.0+ LA S NN SELE LI L B B |
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Harmonic Number

(b)

Figure 4. (a) Winding factor and (b) three-phase MMF for different harmonic numbers generated for
the armature winding used for employed machine [21].

2.2. Mathematical Modelling

In order to explain the operation of the proposed high-harmonic injection-based field
excitation scheme for the brushless operation of WFSMs, a mathematical model is presented
in this sub-section.
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For the typical WESM topology employing 3" harmonic injection-based field excita-
tion scheme [12], the magnetomotive force (MMF) for each phase is expressed as:
MMF = iz Ny (sin 65 +  sin 36 )
MMFg = igNyy {sin(6; — Z) + L sin 36, } 1)
MMF¢ = icNyy {sin(6s + Z) + 51r1395}

where,
Ny1 = %(per phase number of turns)
05 = electrical angle (spatial), and

w = angular frequency (electrical).
The armature winding currents can be expressed as:

iA = Il sin(wt) + IH
ig = I sin(wt — —) + Iy )
ic = Iy sin(wt + 2”) +1Iy

where I is the fundamental and Iy is the supplied single-phase harmonic current into the
armature winding.

When you bring Equation (2) to Equation (1), and add the MMF of three-phase
armature windings A, B, and C, the net MMF of the armature winding is expressed as:

MMFpc(6s,i) = MMF4 + MMFg + MMF¢ 3)
N¢1{sin(95) 3 sm395 {11 sin(wt) + Iy}

MMF4pc(6s,i) = | +Ng11sin(6s 3 Lsin36, ¢ { Iy sin(wt — ) + Iy } )
+Ny11sin(6s + 5 2” + 1sin30s ¢ { I sin(wt + &) + Iy }

I { sin(wt) sin(6 +sm(wt ?” sin(fs — %ﬂ) }
MMFEapc (8 ) = N1 +sin(wt + %) sin(0; + %) 5)
~+ Iy sin 36
: 3 .
MMFupc(0s,i) = 5 1iNg1 cos(wt — bs) + Iy N1 sin 30 (6)

Equation (6) gives the net MMF produced in the air gap, which consists of two parts:
(1) the fundamental MMF component, which produces the main armature field of rotating
nature, and (2) spatial-location-fixed MMF component that develops a harmonic field in
the air gap. This MMF component is utilized by the injected single-phase harmonic current.
Since the main armature and the harmonic fields are produced by the currents having
different frequencies, both the fields are not coupled.

Assuming that 6 is the rotor excitation winding initial position angle, the spatial
position of the excitation winding can be calculated as under:

s = wt + 6 )
The generated flux of each winding pole will be:

£ = npPyNy1 {311 cos(wt — 65) + Iy sin 365
¥ eNp113

8
Yg = nEPgN(pl{%Il cosf)0+IHsin(3wt+390)} ®

where 7 is the rotor excitation winding number of turns, and Py is the air gap permeance.
When Iy is the 3" harmonic current, as in the case of [12], we have:

Iy = Izsin3(wt) 9)
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and the magnitude of the induced EMF in the rotor excitation winding can be calculated
as [22,23]:

_ Ay
€g = 67
ep = 6ngPeNy1 {0 + 313w cos 3(wt) sin(3wt + 36p) } (10)

g = 181’lEPgN(P1 Lw Sil‘l(6£df + 390)

As the proposed high-harmonic field excitation scheme is based on the injection of
single-phase 6 harmonic current, I in this case will become:

Iy = I3 sin 6(wt) (11)

and the magnitude of the induced EMF in the rotor excitation winding for the proposed
high-harmonic injection-based field excitation scheme can be calculated as:

eg = 6%
dt

i 12

er = 6nEPgN¢1{ 0+ 613w cos 6(wt) sin(3wt + 36) } (12)

+3I3w sin 6(wt) cos(3wt + 36p)

er = 31’lEPgN(p1 13(0{9 sin(9wt + 390) — 3sin 3(wt — 390)} (13)

The induced EMF in the rotor excitation winding is rectified by an uncontrolled
rectifier in order to inject DC to the field winding of the rotor to create the main rotor field.
This field, when interacting with the 4-pole armature field, generates torque and archives
brushless operation for WFSM.

3. Electromagnetic Analysis

To support the presented theory and to attain the electromagnetic performance of
the proposed high-harmonic injection-based WFSM topology, a finite element method
(FEM) is utilized in order to carry out a finite element analysis (FEA) in JMAG-Designer
ver. 19.1. For the comparative performance analysis, typical brushless WFESM topology
based on a 3 harmonic injection field excitation scheme (as presented in Figure 1) is also
implemented. Both topologies are investigated under the same loading conditions and for
the same machine (as presented in Figure 3). The parameters of this machine are presented
in Table 2. A slide mesh is generated to carry out the FEA. 50H1300 material manufactured
by NIPPON STEEL is used for the stator and rotor cores. The FEA parameters along with
the attributes associated with the generated mesh are presented in Table 3.

Table 2. Machine specifications.

Parameter Value
Rated power 3 kW
Machine poles/Stator slots 4/24
Rated speed 1800 rpm
Frequency 60 Hz
Stator outer/inner diameter 130/80 mm
Air gap 0.5 mm
Rotor diameter 79 mm
Rotor main/sub-teeth 4/8
Exciter/Field winding number of turns 25/250
Armature winding number of turns 100

Stack length 90 mm
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Table 3. FEA parameters.

Attribute Value
Boundry conditions 195 mm
Number of divisions 21,600
Time interval/1 step 92.5 us
Number of steps 21,601
Number of elements (for Mesh) 5508
Number of nodes (for Mesh) 4024
Radial divisions (for Mesh) 7
Circumferential divisions (for Mesh) 360

3.1. No-Load Analysis

To examine the no-load operation of the machine used for the validation of 3% and
6" harmonic injection-based brushless WFSM topologies, no-load analysis is carried out
in JMAG-Designer ver. 19.1. A field current of 2 A is directly supplied to the rotor field
winding in order to generate the main rotor field. The rotor of the machine is rotated at
1800 rpm, as in the previous case. The magnetic flux density plot of the machine under
such a condition is shown in Figure 5. This flux density plot shows that the operation of
the machine is under a saturation level of 1.98 T. A back-EMF of 546.30 V,; is generated.
The generated back-EMF of the machine is shown in Figure 6a; however, the FFT plot of
this back-EMF is presented in Figure 6b to show its harmonic contents. The peak-to-peak
cogging torque of the employed machine is 1.68 Nm. The generated cogging torque is
shown in Figure 7.

Figure 5. Magnetic flux density plot of the employed machine.
3.2. Full-Load Analysis

The three-phase input armature current of inverter-1 (I,;.1) for the 3" and 6" harmonic
injection-based brushless WFSM topologies is 5 A (peak) at a 60 Hz frequency. This current
is presented in Figure 8a. In the case of the 3™ harmonic injection-based WFSM topology,
the magnitude of the single-phase input armature current for inverter-2 is 1 A (peak) at a
180 Hz frequency, whereas itis 1 A (peak) at a 360 Hz frequency in the case of the proposed
high-harmonic injection-based WFSM topology, as presented in Figure 8b,c, respectively.
Figure 8d,e show the three-phase armature currents flowing across A, B, and C windings
employing the 3 and 6" harmonic injection-based brushless WFSM topologies. Fast
Fourier transform (FFT) plots for phase A of the armature currents are produced to show
the amplitude of the fundamental and harmonic current components for the 3" and 6"
harmonic injection-based WFSM topologies. These graphs are presented in Figure 9a,b,
respectively.
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Figure 6. (a) Back-EMF of the employed machine, and (b) its FFT plot.
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Figure 8. (a) Inverter-1 current, (b) inverter-2 current for the 3" harmonic injection-based topology,
(c) inverter-2 current for the 6 harmonic injection-based topology, (d) armature currents for the 3™
harmonic injection-based topology, and (e) armature currents for the 6 harmonic injection-based
WEFSM topology.
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Figure 9. FFT plot of phase A of the armature currents for (a) typical brushless WFESM topology based
on 3" harmonic field excitation scheme, and (b) proposed high-harmonic injection-based WFSM

topology.

The shaft of both machines is rotated at a speed of 1800 rpm, whereas the simulations
are performed for 1 s. The flux linkages of the machine using the conventional and
proposed WESM topologies are presented in Figure 10a,b, respectively. Figure 11a,b
show the magnetic field density plot of the analyzed machines employing the 3" and 6"
harmonic injection-based brushless WFSM topologies, respectively. These figures show
that the operation of the investigated machines is under a saturation level of 2.24 T, and
none of its parts become saturated during the operation. The rotor harmonic and field
currents for the 3™ and 6/ harmonic injection-based brushless WFSM topologies are
presented in Figure 12a,b, respectively. As seen in the figures, the magnitude of the average
field current for the brushless WFSM topology based on the 3 harmonic field excitation
scheme is around 2.007 A, whereas, for the proposed high-harmonic injection-based WFSM
topology its magnitude is 2.08 A, which is 3.63% higher than the 3" harmonic injection-
based topology. Figure 13a,b show the output torque of the analyzed machines. The
comparative performance analysis of the 3" and 6! harmonic injection-based brushless
WEFSM topologies is presented in Table 4.

Table 4. Comparative performance analysis.

. 3" Harmonic 6" Harmonic
Attribute S S
Injection-Based Topology Injection-Based Topology
Average output torque 12.4814 Nm 12.8048 Nm
Maximum torque 15.1361 Nm 15.3927 Nm
Torque ripple 42% 42.5%

Efficiency 82.91% 85.095%
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Figure 10. Flux linkages for (a) 3™ harmonic injection-based, and (b) 6" harmonic injection-based
WESM topologies.
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Figure 11. Magnetic flux density graph for (a) 3 harmonic injection-based, and (b) 6 harmonic
injection-based WFSM topologies.
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Figure 12. Rotor currents for (a) 3" harmonic injection-based, and (b) 6" harmonic injection-based
WESM topologies.



Mathematics 2021, 9, 1721

150f 16

Torque (Nm)

0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

Torque (Nm)

0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

Figure 13. Output torque for (a) 3" harmonic injection-based, and (b) 6" harmonic injection-based
WEFSM topologies.

4. Conclusions

A high-harmonic injection-based field excitation scheme for the brushless operation of
WEFSMs has been discussed in this paper. This scheme utilized two inverters. One inverter
provided the regular three-phase current, while the second inverter injected the single-
phase 6/ harmonic current to the neutral-point of the Y-connected armature winding. The
regular three-phase current was used to produce the main armature field, whereas the
single-phase 6" harmonic induced the harmonic current in the rotor excitation winding.
The induced harmonic current was used to supply DC to the field winding of the rotor
after rectification, in order to attain a brushless operation.

A four-pole, 24-slot machine was utilized to validate the operation of the proposed
scheme and attain its electromagnetic performance by FEA. The proposed high-harmonic
injection-based field excitation scheme attains a better performance for the output average
torque, maximum torque, and efficiency. However, the torque ripple of the proposed
scheme is 0.5% higher than the typical brushless WFESM topology, based on the 3™ harmonic
field excitation scheme.
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