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Abstract: This paper proposes a new scheme for a brushless wound rotor synchronous machine
(WRSM) by generating an additional, two-pole component of magneto-motive force (MMF) with a
series-connected additional three-phase winding with the armature three-phase winding. Unlike
existing brushless excitation schemes, which use the inverter to inject harmonic currents in the stator
windings, the proposed scheme uses series-connected additional winding on the stator with the
armature winding in a two-pole configuration. Consequently, as the current flows in the armature
winding, it creates a fundamental rotating air gap flux to interact with the field flux. At the same
time, additional rotating flux is created from the additional three-phase winding, which cannot
synchronize with the field winding. This additional flux can cause the induction of a voltage in a
winding with exactly the same number of poles. For this purpose, a harmonic winding is installed
in the rotor along with the field winding connected through a diode bridge rectifier, in order to
feed the direct current (DC) to the field winding for rotor excitation without an input current from
the brush-slip-ring assembly. The 2D finite-element analysis (FEA) was performed to validate the
brushless operation of the proposed machine system.

Keywords: brushless operation; harmonic excitation; synchronous machine; wound rotor

1. Introduction

Research on brushless wound rotor synchronous machines (WRSMs) has gained
significant interest in the past decade [1]. Many excitation schemes have been proposed to
improve the excitation systems of brushless synchronous machines over the past century,
which are briefly summarized here. One of the solutions proposed for brushless excitation
is the integration of the exciter into the main machine [2-5]. This removes the need for the
brush-slip-ring assembly required to excite the field winding of a WRSM. In addition, at
the same time, it increases the power density of the machine as a solution to the inherent
problem of conventional brushless WRSM. In [6-10], more compact machine systems have
been investigated by generating and utilizing harmonic flux to induce a voltage in harmonic
winding on the rotor with a conventional stator structure. These types of machines are
compact in size as they remove the need to install the exciter field winding on the stator.
Moreover, recent research has focused on removing the harmonic winding from the rotor
and inducing the harmonic alternating current (AC) power in the field winding on the
rotor [11,12]. In this type of excitation system, the rotor field winding is connected to a
capacitor through a four-switch converter to extract and regulate the required field current
for excitation. However, all of the aforementioned machine systems for brushless excitation
require more electronic components than the conventional machines, which are expensive
and bring new problems [13,14]. In [13], the de-excitation system was investigated for large
hydro-generators. In [14], the field current estimation method has been investigated for a
brushless wound rotor synchronous starter-generator with asynchronous brushless exciters.
However, for small-scale brushless synchronous machines, the cost of the overall system
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becomes higher compared to the benefits of using a brushless excitation method for WRSM.
In this paper, a new cost-effective brushless wound rotor synchronous machine is proposed.
The analysis of the machine is conducted using a simple structure in the initial studies. The
machine consists of conventional stator and rotor cores; two three-phase series-connected
stator windings are supplied current by the same inverter; as well as harmonic and field
windings on the rotor connected through a diode bridge rectifier. The two stator windings
have a different number of poles, in order for one winding to create a four-pole rotating flux
synchronized with the field winding and the second winding to create a rotating two-pole
flux intercepted by harmonic winding on the rotor to induce a voltage.

2. Concept of the Proposed Scheme

The proposed brushless scheme is designed to be low-cost for applications where
advance control is not needed. In addition, a simplified drive system can achieve the same
objective of a redundantly advanced brushless scheme. In the proposed scheme, the stator
armature winding is serially connected to an additional three-phase winding on the stator.
This additional winding has a two-pole configuration mounted on the stator along with a
four-pole armature winding, as shown in Figure 1. The additional winding, namely Wxyz,
is inserted in 12 slots by reducing the armature winding (Wacb) conductors in those slots
by half.
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Figure 1. Schematic diagram of the proposed brushless WRSM.

The three-phase currents flowing through the stator armature winding create a rotating
four-pole air gap flux to be synchronized by the four-pole field winding flux of the rotor.
Similarly, when these currents flow through the additional two-pole winding (Wxyz), an
additional two-pole rotating flux is created in the air gap. This two-pole flux does not
synchronize with the four-pole field winding. However, it can be used to induce a voltage
in a two-pole harmonic winding mounted on the rotor. The relative speed of the rotor with
respect to the rotating two-pole air gap flux component transfers power to the harmonic
winding by the induction principle [15].

Therefore, since the voltage is induced in the harmonic winding, it behaves as the
excitation source for the field winding. The harmonic winding is connected to the field
winding through a diode bridge rectifier to feed the direct current (DC).

For the finite element analysis (FEA), a conventional structure of an 18-slot four-pole
machine is selected, as shown in Figure 2, and the parameters are shown in Table 1. The
armature winding of the machine has 300 turns, whereas the Wxyz has 150 turns. For the
symmetric number of conductors, the turns for Wxyz winding are calculated by keeping
the same current density as the armature winding. It turns out that for an 18-slot machine,
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armature winding can be distributed by considering a room for a 12-slot XYZ winding. It
means that the Wxyz can be distributed in only 12 slots with full armature winding turns in
the remaining six slots for optimal distribution of both windings. However, the Wxyz can
be distributed in four different patterns by a combination of three-phase sequence slot pitch.

ABC armature winding
XYZ additional winding

Harmonic winding

Field winding

Figure 2. Machine structure showing the four types of windings.

Table 1. Machine design parameters.

Parameters Unit Value
Rated speed rpm 1800
Rated current A-peak 10
Stator outer diameter mm 177
Rotor outer diameter mm 99
Air-gap length mm 0.5
Shaft diameter mm 24
Stack length mm 65
Number of armature winding poles - 4
Number of stator slots - 18
Number of harmonic winding poles - 6
Armature (ABC) winding turns - 300
Harmonic (XYZ) winding turns - 150
Field winding turns - 200
Harmonic winding turns - 50

The winding Wxyz is distributed and arranged in four different patterns for a compar-
ison of the best arrangement for high power transfer possibility. With respect to a phase
sequence of ACB for armature winding, the winding Wxyz arrangement patterns are type
A with XYZ sequence, type A with XZY sequence, type B with XYZ sequence, and type B
with XZY sequence, as shown in Figure 3.

Since the stator windings are connected in a series, three-phase currents in both
windings and in their respective phases are the same. The instantaneous currents can be
given by

ip =iy = Icoswt
iy = iy = I cos(wt — %) 1)
ic = i; = I cos(wt + 27")
where [ is the fundamental current maximum amplitude, w is the electrical angular frequency,
and ¢ is time. Considering that the two stator windings are mounted for two-pole and four-
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pole configurations, the air gap magnetic field must also consist of two-component MMF.
Neglecting the effect of harmonics, the MMF equation for the rotating flux is derived by

NI N, I t—0
Fiotal = 37_[; -cos(wt —0) + 3N -cos(w

) @

N

where Na is the number of Wabc winding turns, Ny is the number of Wxyz winding turns, p
is the number of pole pairs, and 6 is the spatial angle. Although the additional three-phase
winding Wxyz creates a two-pole rotating air gap flux, this flux has a different relative
speed of rotation with respect to the rotor. It is illustrated in Figure 4 that the phase sequence
changing of Wxyz will induce a six-pole flux linkage with the harmonic winding on the rotor.

C- A- B- C-
C- B+ B+ A- C+ C+ B- A+ A+ C- B+ B+ A- C+ C+

XYZ winding sequence with configuration A

C- A- B- C- A-
C- B+ B+ A- C+] | C+ B- A+ A+ C- B+ B+ A- C+| | C+

XZY winding sequence with configuration A

C- A- B- C- A-
C- B+ B+ A- C+ C+ B- A+ A+ C- B+ B+ A- C+ C+

S
w

XYZ winding sequence with configuratio

C- A- B- C- A-
C- B+ B+ A- C+ C+ B- A+ A+ C- B+ B+ A- C+ C+

XZY winding sequence with configuration B

Figure 3. Winding patterns of Wxyz winding.
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Figure 4. Illustration of the fundamental MMF, harmonic MME, and the induced harmonics in
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3. Electromagnetic Performance

The machine structure shown in Figure 2 is used for the simulation of FEA. The
simulation was carried out using the JMAG-Designer 19.1 version with a maximum mesh
size of 3 mm. The boundary condition for the simulated model is 265.5 mm. The simulation
run time was 200 ms with a 0.2 ms time-step for the electromagnetic torque to reach a
steady state condition in all of the cases. The 2D simulation showed a good performance
of the machine driven with the proposed brushless scheme in terms of harmonic power,
field current, and output electromagnetic torque. The results are compared for the four
models with winding patterns, as shown in Figure 3. A combination of positive phase
sequence with respect to the armature three-phase winding with type A winding XYZ,
and type B winding patterns were considered. Similarly, a negative sequence XYZ pattern
was used with both type A and type B patterns. Figure 5 shows the harmonic current
induced in the harmonic winding of the rotor for all of the four winding patterns. It can be
observed that the type-A XYZ pattern has a high magnitude of current compared to all of
the other patterns.

—— Type-A XYZ —— Type-A XZY |
—— Type-B XYZ —— Type-B XZY |

Current (A)

T T T T T T T T T T T T T
165 170 175 180 185 190 195 200
Time (ms)

Figure 5. Harmonic currents comparison.

Similar results of field winding currents are achieved with the type-A XYZ pattern,
which has a high field winding current in the stable region, as shown in Figure 6.

As the field current in the type-A XYZ pattern is highest compared to all of the other
currents, the torque of the machine with this combination must also be highest among
all of the patterns. The electromagnetic torque of the machine is compared in Figure 7.
The highest torque generated in the type-A XYZ winding sequence is due to the high
field current. Since the two-pole MMF component is generated in the air gap with the
XZY winding, the interception of rotor harmonic winding induces a harmonic voltage.
The frequency of this voltage and thus the current in the harmonic winding matches the
two-pole harmonic component in the air gap. However, when the sequence is reversed, i.e.,
from XZY to XYZ, the relative speed of harmonic winding interception increases to three
times. Therefore, the induced voltage and current frequency is three times of the original
frequency. Due to the fact that the induced voltage depends on the rotating speed of the
flux in the air gap, the voltage generated in the rotor excitation is higher in the XYZ case.
Eventually, it will increase the field current and torque of the machine.
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4. Conclusions

This paper proposes a cost-effective brushless three-phase wound rotor synchronous
machine. A simplified structure and topology are initially analyzed for the brushless
operation of the WRSM. In this topology, two three-phase windings are mounted on the
stator namely, an ABC armature winding and XYZ additional three-phase winding for
excitation. To create the harmonic air gap component, the XYZ winding is configured for
two-poles on a four-pole synchronous machine. The working of the topology was verified
by the 2D FEA. Since the machine does not use any additional inverters for harmonic
component generation or a specially-built inverter for power supply, it is cost-effective
compared to the conventional brushless wound rotor machines.
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