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Abstract— Electrical motor is the crucial component in the
drivetrain of hybrid and electric vehicles. Over the last decades,
most traction drive systems have been mainly equipped with
induction machines, wound field synchronous machines, and
permanent magnet machines. Among these three alternatives,
permanent magnet is currently the most used topology for
traction applications. This paper discusses alternative machine
solutions reported in literature that combines advantages of
both permanent magnet machines and wound field synchronous
machines. These machine topologies, usually referred in
literature as doubly excited synchronous machines, are
classified on the basis of three criteria: excitation paths,
excitation sources location, field direction. The paper reports
feature and drawbacks for the considered machine structures
and compares both performance and constructive complexity in
the light of their perspective use in traction applications.

Keywords—traction motor, doubly excited, synchronous
machine, permanent magnet machines, flux controllability, hybrid
excitation

L INTRODUCTION

Hybrid vehicles (HV) and electric vehicles (EV) represent
the future of transportation due to their high fuel economy,
ultralow emissions, and similar driving performance with
respect to internal combustion engine. Electric machines of
HEV and EV must present high efficiency, high rated torque,
wide speed range, wide constant power speed range, high
specific power and torque density, good flux weakening
capability, and good fault tolerant characteristics [1] — [5].

Among the different types of electrical machines, the
induction machine (IM) features simplicity, low cost,
ruggedness, good dynamic response, high peak torque
[4] - [6]. However, the ever increasing requirements in terms
efficiency, specific power and power density justifies the
current trend of moving from the IM toward the permanent
magnet synchronous machines (PMSMs) for most of the
traction applications [4], [5], [7]. There are various topologies
of PMSMs and the main classification is based on the position
of the PMs: surface permanent magnet (SPM) and interior
permanent magnet (IPM). The two machines show different
constant power speed range and flux weakening capability. In
PMSMs, the torque is the sum of two different contributions:
the torque due to the flux linkage created by the magnets and
the reluctance torque due to the saliency of the machine. This
torque contribution is absent in the SPM machine, because of
its isotropic structure. Moreover, the limited flux weakening
capability of SPM machines has favoured the application of
IPM machines in automotive applications [6].
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Recently there has been an increasing interest in equipping
electric vehicles with the wound field synchronous machines
(WFSMs) [8] —[11]. In WFSMs, the excitation on the rotor
side is obtained thorough a dc current. This machine topology
features a wide constant power speed range thanks to the
possibility of regulating the excitation field by varying the
current on the rotor winding. However, the dc current on the
rotor increases the total amount of Joule losses. Furthermore,
a method to supply the rotor must be included. The historical
system to feed the rotor consists of slip rings, which cause
concerns about reliability and maintenance when it comes to
traction applications. Therefore, different solutions have been
studied and adopted, such us rotary transformers, capacitive
power transfer and harmonic power transfer. This implies
higher machine complexity, costs and weights. However, the
absence of permanent magnets and the good flux weaking
capability have made this electric motor appealing for electric
traction applications.

Unlike the aforementioned classical machines, where the
characteristics required from the electric traction application
are quite difficult to find them all, doubly excited synchronous
machines (DESMs) seem to be able to satisfy these
specifications thanks to their hybrid excitation field topology
[12]. The main characteristic of DESMs is the presence of two
excitation flux sources: PMs and field coil excitation. The
advantage is to combine the flux weakening capability of the
WFSMs and high efficiency and torque density of PMSMs.
The double excitation allows to reduce the total amount of
PMs and so the final cost of the machine. The presence of the
excitation winding (EW) introduces an additional degree of
freedom with respect to PMSMs, resulting in a better flux
weakening capability. Indeed, at full load or at the flux-
weakening operation, the excitation winding is supplied either
to generate the additional necessary torque or to decrease the
magnetic field in order to increase the speed. Another
advantage of DESMs is the reduction of the overvoltage
during the uncontrolled generator operation at high speed. For
all these reasons, DESMs can be considered competitive
candidates in electric traction application [13].

In this paper, the general classification of doubly excited
synchronous machines adopted by most authors is reported.
Some representative machine topologies from literature are
described, highlighting their advantages and drawbacks.
Finally, a qualitative comparison of all the considered
machines is presented in the light of their potential use in
traction applications.
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II.  CLASSIFICATION CRITERIA

At present, there is a wide variety of topologies of DESMs
both in study and prototype levels. Indeed, the position of the
two excitation sources, as well as their magnetic combination
represent additional degrees of freedom in the machine
design. For this reason, all the different topologies are
generally classified following three criteria [12]-[15]:

e sources location;
e  excitation paths;

e field direction.

A. Sources Location

According to the literature, the PMs and the excitation
winding can be located either on the rotor side, or in the stator
side, or in a combination of the two. Each choice presents
some advantages and disadvantages. In locating both sources
in the rotor, the magnetic flux density in the air gap features
a better waveform. However, this implies that there must be
an appropriate method to bring current on the rotor side. The
possible supply methods are the same discussed for the
WEFSMs. If brushes and slip rings are used to feed the
excitation winding, concerns about reliability and
maintenance represent the main drawback. Any other
alternative method inevitably leads to a more complex
resulting system and it generally increases weights and costs.
Moreover, the presence of Joule losses on the rotor side
makes the extrapolation of the heat more difficult. These
issues can be solved by locating the excitation winding on the
stator side. This implies a heat generation closer to the
ambient and a static and simple supply method of the
excitation winding. The drawback of this solution consists of
a more significant saturation phenomenon of the stator iron.
Indeed, under the same machine volume, the total stator iron
is reduced to host the excitation winding. Similarly, under the
same machine saturation conditions, bigger volumes are
needed, resulting in lower torque densities. This effect is even
more pronounced if both sources are located in the stator,
even though this considerably simplify the rotor structure that
becomes a passive rotor, similarly to that of the synchronous
reluctance motors. For the advantages and drawbacks above
discussed, it seems not advantageous to place the PMs on the
stator side and the dc excitation winding on the rotor side.

Indeed, in the best author’s knowledge, this solution has
not been proposed in literature.
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Fig. 1 Examples of series (a) and parallel (b) excitation configurations on the rotor side.

B. Excitation paths

This classification criterion follows the analogy with
electrical circuits, depending on the combination of flux paths
created by the PMs and the excitation winding. Based on this
concept, two groups can be identified: series excitation and
parallel excitation. For the first group, the magneto-motive
force (m.m.f.) created by the excitation winding is in series
with the m.m.f. created by the PMs. This implies that the
excitation winding flux passes through the PMs, as it can be
seen from Fig. 1(a). On the contrary, in machines belonging
to the parallel excitation group, the m.m.f. created by the
excitation winding and that created by the PMs are in parallel.
In this case, the flux lines have independent paths and those
of the excitation winding do not cross the PMs, as shown in
Fig. 1(b).

Since the permeability of PMs is close to that of the air,
the reluctance of the paths of the field lines is higher in the
series excitation group than in the parallel excitation group.
Indeed, in the latter, the only significant reluctance is
encountered in the air gap. Moreover, in the series excitation
group, during flux weakening operations, the current in the
excitation winding generates a magnetic flux that is opposite
to that of the PMs and passes through the PMs. Consequently,
this group presents the risk of the PMs demagnetization. For
these reasons, the parallel excitation group is, generally,
preferred over its counterpart. Several configurations of both
groups can be adopted, depending on the source location and
the direction of the flux. While the concept of series
excitation machines is rather straightforward, the operating
principle of the parallel excitation machines may vary
significantly from case to case. For this reason, an analysis of
two parallel excitation machines, that work in two distinct
ways, is presented in Appendix A.

C. Field direction

The last classification criterion is based on the machine
structure: 2D or 3D. The difference depends on the field
direction. The 2D machine presents a radial flux direction,
and therefore it is easy for manufacturing, more robust, and
reliable. The investigation of 3D structures requires a more
complex level of analysis. Nevertheless, many contributions
of this kind of DESMs are reported in literature and patent
database. This structure allows a wide variety of topologies
to be realized and most of them are of the parallel excitation

type.



Fig. 2 PMs and excitation winding both on the rotor side in parallel
configuration proposed in [16].
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Fig. 3 PMs and excitation winding both on the rotor side in parallel
configuration [12], [17].

III. DOUBLE EXCITATION SYNCHRONOUS MACHINES

The presented classification criteria are necessary to
categorize the large number of machine structures that can be
realized when the double excitation is adopted. In this
section, the most common and representative machine
topologies reported in literature are presented and briefly
analyzed. The classification criterion adopted to present the
different types of machines is based on the source location.

A. PMs and excitation winding on the rotor side

Fig. 2 shows the machine proposed in [16]. It is excited
by surface PMs and excitation winding, both placed in the
rotor side. The flux created by the excitation winding does
not pass through the PMs and thus the machine belongs to the
parallel excitation group. The flux direction is radial, hence
the machine is a 2D topology. The machine has 6 poles, in
which 4 of the rotor poles are PM poles and the other two are
excitation winding poles. This enables to change the number
of poles from 6 to 2, by varying the excitation current. This
structure features high torque density, good flux weakening
capability and low demagnetization risk. The main drawback
is the presence of slip rings and brushes, as well as torque
ripple and acoustic noise during flux weakening operations.

Fig. 3 shows a machine where internal PMs and excitation
winding are both placed in the rotor side [12], [17]. The radial
flux created by the excitation winding does not pass through
the PMs and thus the machine belongs to the 2D parallel
excitation group. Thanks to the parallel configuration, this
machine does not suffer from demagnetization risk. Again,
the main drawback is represented by the slip rings and brush
requirement. A solution to overcome this issue has been
studied by FEM analysis in [18], in which two additional
windings are placed one in the rotor and the other in the stator,
to create the harmonic power transfer.
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Fig. 4 Machine with both excitation sources on the rotor side in parallel
configuration [19].

Fig. 5 PMs and excitation winding both on the rotor side in series
configuration [20].

Fig. 4 shows the machine proposed in [19]. The rotor is
divided in two parts in the axial direction: one hosts the PMs
and the other hosts the dc coil. The flux created by the
excitation winding and that created by the PMs are radial and
independent, thus the machine is categorized as parallel
excitation. Between the two rotor parts some space is
necessary to avoid PM leakage and to place the end winding
of the excitation coil; this inevitably affects the machine
torque density. In detail, the machine in [19] is a 0.75 kVA,
2 poles machine with a rated voltage of 200 V. In this
machine the field regulation is achieved by varying the
excitation current as follows: the air gap flux is increased
when the flux of the wound field parts is in the same direction
as the PM; the air gap flux is PM flux only, when the field
current is zero. Numerical analyses performed by means of
FEM simulations have been validated through tests on a
prototype.

In Fig. 5 it is shown a machine that is excited by surface
PMs and excitation winding, both placed on the rotor side
[20]. The flux created by the excitation winding passes
through the PMs and thus the machine belongs to the series
excitation group. The machine is a 2D topology. It is a 2 poles
machine, with a rated power of 5.5 kW, a rated speed of
1500 rpm, a rated voltage of 380 V, and a typical IM stator.
By means of the proposed DESM, a speed increase of 2.8 has
been achieved within the safety demagnetization limits of the
PMs, while for the SPM synchronous motor with
conventional distributed windings it is typically less than two.
Moreover, compared to the traditional SPM machines, the
proposed DESM topology features a reduced equivalent air
gap and a lower stator current during flux weakening
operations. In summary, the motor cost would be increased,
but the speed range is much larger with a good efficiency.
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Fig. 6 Doubly salient machine with PMs and field winding excitation both
on the stator side in series configuration [23].

Permanent

““Field
winding

Arrnafure 3 -
winding Ad

Fig. 7 Flux-switching machine with PMs and excitation winding on the
stator side in parallel configuration [27].

The adopted method to bring the current on the rotor side
is the ring brushes system that represents the main drawback
of this machine. On the other hand, the authors claim a
reduction on the total losses (up to 10%) in a wide speed
operation range while keeping good efficiency values, thanks
to the decrease of the flux density in all the active parts of the
machine. An older and similar structure can be found in [21]
with a higher number of poles and a speed range of 1 to 2.2
[22], under conditions of flux weakening.

B. PMs and excitation winding on the stator side

Among all the DESMs, the machines with PMs and
excitation winding both placed on the stator side are the most
common ones because of the achieved robustness of the rotor
structure, making it suitable for high-speed applications.

The doubly salient machine shown in Fig. 6 is one of the
first examples of DESM with PMs and excitation winding
both placed on the stator side [23]. The PMs and the
excitation winding flux lines are in series and in radial
direction. Hence the machine is a 2D topology. Because of
the large reluctance introduced by the PMs in the stator
structure, high dc currents are needed to reach a good flux
weakening capability, which implies a reduction on the
machine efficiency. To overcome this issue, magnetic bridges
can be introduced to reduce the required dc current [24]-[26].

Fig.7 shows a flux-switching permanent magnet
machine, where a set of field windings are added reducing the
permanent magnet length, in order to enhance the machine
flux regulation capability [27]. The resulting machine is
excited by PMs and excitation winding, both placed in the
stator side. Hence, the machine belongs to the parallel
excitation group and it is a 2D topology. The reference paper
reports analyses based on FEM simulations.
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Fig. 8 Parallel excitation configuration with PMs on the rotor side and dc
field winding on the stator side [35].

In [28] the same machine has been analyzed by varying
the position of the PMs. The PMs can be located in the top or
middle or bottom of the stator slots. They are referred as PM-
Top, PM-Middle and PM-Bottom, respectively. Results show
that the weakest flux-regulation capability is exhibited in the
PM-Middle topology. In [29], a similar machine structure is
proposed with the aim of comparing two core stator
laminations: E-core and C-core. Based on both 2-D and 3-D
FEA methods validated by measurements on prototypes, two
six-phase DESMs employing E-core and C-core stator
laminations have been designed and compared. The
conducted studies show that the E-core machine presents a
larger torque and better magnet utilization compared to the
C-core alternative. On the other side, both the flux weakening
and flux strengthening characteristics have been found to be
much better in the C-core machine. Similar structures and
comparisons can be found in [30]-[34].

C. PMs on the rotor side and and excitation winding on the
stator side

This configuration has a good potential to realize a high
torque density thanks to the presence of the magnets on the
rotor side. However, hosting the excitation winding in the
stator generally requires an additional space that increases the
machine volumes and lower the torque density. Slip rings and
brushes are not necessary since the excitation winding is
static [35], [36]. A typical machine belonging to this group is
shown in Fig. 8. This machine was originally investigated by
Spooner in [37] and then patented by Mizuno [38]. Its
operation features a 3D flux distribution, and it is usually
referred as consequent pole PM machine. The rotor consists
of two sections. Each section alternates a radially magnetized
PM pole and a laminated iron pole. A classical three-phase
winding is hosted in the stator slots, while in the middle of
the stator a toroidal excitation winding is placed to achieve
flux regulation.

The flux created by the excitation winding is independent
of the flux created by the PMs, hence this machine belongs to
the parallel group. In detail, the radial flux created by the PMs
circulates from one PM to the next one, through the air gap,
teeth, the stator and the rotor yoke. On the other hand, the
axial flux produced by the field winding passes from one iron
pole to the next one across the air gap, teeth, the stator and
the rotor yoke. Because of this particular 3D configuration, a
wide constant power speed range can be obtained without
demagnetization risk for the PMs. Nevertheless, the power
density is affected by the necessity of a larger stator volume
to host the excitation winding.



Inner stator

Outer stator

magnets

Tron poles Rotor dise

DC field winding
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the stator side in parallel configuration [39].
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Fig. 10 Machine with PMs on the rotor side and excitation winding on the
stator side in parallel configuration [42].

Fig. 9 shows the machine proposed in [39] — [41], which
is a 3D topology with PMs on the rotor side and toroidal dc
field winding on the stator side in parallel configuration. In
detail, the rotor consists of alternate PMs poles and iron poles
excited by the dc field winding. The toroidal dc field winding
is placed between the inner and outer stator so that the
excitation current effectively controls the air gap flux. The
proposed prototype suffers from topological complexity and
inter-pole flux leakage [14].

In [42], two types of 3D doubly excited machines using
powdered iron core are proposed. One of these structures is
shown in Fig. 10, where both powdered iron field-pole core,
placed at each end of the machines, host a toroidal excitation
winding that generates flux in axial direction. The rotor
alternates a PM pole and a laminated core pole. The
conducted FEM analyses qualitatively wvalidated by a
downsized machine prototype shows that this structure
exhibits high torque density, thanks to the possibility of
strengthening the magnetic field by means of the excitation
winding. The second machine structure proposed in [42], and
analyzed also in [43], has a rotor with a permanent magnet
which is sandwiched by N- and S-pole rotor endcap and
magnetized in the axial direction. The FEM analyses reveal
that a good flux weakening capability is achieved. However,
the machine structure is unquestionably complicated.

Fig. 11 shows the machine proposed in [44], in which a
toroidal excitation winding is placed in the space between the
stator and the end plates, while PMs are located on the rotor.
The proposed machine belongs to the parallel excitation
group and it is a 3D topology.

Excitation coils :
Laminated stator

Rotoric flux
collector

Fig. 11 Parallel excitation configuration with PMs on the rotor side and
excitation coils between the stator and the end plates [44].
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Fig. 12 Partitioned stator machine in series configuration [45].

The stator is composed of a laminated core, while the
external yoke and the end-shields are made of solid iron. This
provides a low reluctance path for the excitation windings
and thus an excellent flux control can be achieved.

D.  PMs and excitation winding on partitioned stator

Fig. 12 shows the partitioned stator machine proposed in
[45], in which the armature winding is located in the outer
stator while the inner stator accommodates the excitation
winding and the PMs. The PMs poles and the excitation
winding poles alternate; thus, the machine belongs to the
series excitation group. This structure allows to overcome the
problem arising from placing the excitation winding on the
stator, i.e. low values of torque density, and benefits from the
same advantages, i.e. a static supply of the excitation
winding. The realized prototype exhibits a wide flux
regulation range, good torque density. Nevertheless, despite
the 2D nature, the main drawback of this machine consist of
its relatively complicated structure.

A similar machine structure is presented in [46], but in a
parallel excitation version. In particular, two excitation
winding poles alternate with two PMs. The machine has
excellent flux regulation capability due to the parallel
magnetic paths, as well as high torque output thanks to the
better space utilization ensured by the partitioned stator.
Nevertheless, the authors report that the back electromotive
force harmonics are considerable since the excitation poles
are not perfectly balanced.



TABLE. I TRADE-OFF AMONG STRUCTURES WITH BOTH EXCITATION SOURCES LOCATED ON THE SAME MACHINE SIDE.

Sources location

PMs and EW both on the rotor side

PMs and EW both on the stator side

Excitation paths Parallel Parallel

Parallel

Series Parallel

Machine

e

NN

Torque density . S)
Topological Complexity ° 0 Q
Current on the rotor Y Y Y N
Flux weakening ° ° 0 Q
PM demagnetization ° ° ° .
Level of investigation FEM - Prototype Prototype Prototype

TABLE. II TRADE-OFF AMONG STRUCTURES WITH EXCITATION SOURCES LOCATED ON DIFFERENT MACHINE SIDES.

Sources location

PMs on the rotor side and EW on the stator side

Partitioned stator

Excitation paths Parallel

Parallel Parallel Series

Parallel

Machine

Torque density &) 0 &)

Topological Complexity 0 0 0

Current on the rotor N N N

Flux weakening u 0 u

PM demagnetization ‘ ° ‘

Level of investigation FEM FEM Scaled size prototype FEM Prototype

IV. MACHINES TRADE-OFF

In order to compare the considered machines in the light
of their potential use in traction applications, Table I and
Table IT present a comparison of their main characteristics,
according to the pros and cons reported literature. It has to be
remarked that the proposed comparison is qualitative since
the literature lacks of detailed quantitative information about
the performances of these machines, especially in terms of
torque density.

In general, the parallel excitation configuration exhibits
better performances with respect to the series configuration.
Indeed, the latter suffers from the demagnetization risk and it
generally shows worse flux weakening capability because of
larger magnetic reluctances of the flux paths.

Overall, the machines with both sources on the rotor side
benefit from simple mechanical structures, but they require a
method to bring the current on the rotating excitation
winding. On the contrary, the machines that host either the
excitation winding or both sources on the stator side eliminate
slip rings, brushes or other methods to bring current on the
rotor side. In particular, the machines with both sources on
the stator side are the most common ones because of the
achieved robustness of the rotor structure, making it suitable
for high-speed applications. However, they inevitably exhibit
relatively low torque densities and topological complexity.

A solution to obtain high values of torque density by
keeping a static supply of the excitation winding is offered by
the partitioned stator machine. However, its topological
complexity is a major concern.

V. CONCLUSIONS

With reference to the classification criteria of excitation
paths, excitation sources location, and field direction, this
paper discussed different doubly excited synchronous
machine topologies reported in the literature. In detail, the
main characteristics and drawbacks for each considered
solution have been reported and discussed. Features in terms
of torque density, flux weakening capability and magnets
demagnetization risk, as well as topological complexity and
brush requirements have been considered. Finally, a
qualitative trade-off among the different machines has been
presented in order to highlight the advantages and drawbacks
of each doubly excited synchronous machine topology in the
light of their potential use in traction applications. In the
authors’ opinion, this analysis reveals that the doubly excited
synchronous  machines allow enhancing specific
performance, such as the flux weakening, compared to
conventional asynchronous, synchronous PMs and wound
field machines, but typically at the expense of higher
topological complexity.
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Fig. 13 Parallel excitation machine readapted from [16] with (a) only one
excitation source (left — only EW, right — only PMs, and (b) with both
excitation sources (left — positive current; right — negative current).
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Fig. 14 Air gap magnetic flux density generated by PMs only (dotted red)
and EW only (black) of the machine readapted from [16].
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Fig. 15 Air gap magnetic flux density with a positive (black) or negative
(dotted red) excitation current of the machine readapted from [16].
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Fig. 16 Harmonic spectrum of the air gap magnetic flux density with a
positive (black) or negative (red) excitation current of the machine
readapted from [16].

APPENDIX A

Figures 13 -20 show the conducted FEM analyses for two
different parallel excitation machines readapted from [16]
and [17]. To understand the contribution of each source
separately, Fig. 13(a) and Fig. 17(a) show the magnetic field
lines when only one source (EW or PMs) excites the machine.
Fig. 13(b) and Fig. 17(b) depict the magnetic field lines for a
positive or negative excitation current.

(2 (b)
Fig. 17 Parallel excitation machine readapted from [17] with (a) only one
excitation source (left — only EW, right — only PMs, and (b) with both
excitation sources (left — positive current; right — negative current).
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Fig. 18 Air gap magnetic flux density generated by PMs only (dotted red)
and EW only (black) of the machine readapted from [17].
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Fig. 19 Air gap magnetic flux density with a positive (black) or negative
(dotted red) excitation current of the machine readapted from [17].
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Fig. 20 Harmonic spectrum of the air gap magnetic flux density with a
positive (black) or negative (red) excitation current of the machine
readapted from [17].

Looking at Fig. 14 and Fig. 18, it is clear the different role
played by the excitation current in the two machines: while
in Fig.14 one pole is almost entirely magnetized by the
excitation current, in Fig.18 the excitation current operates
together with the PMs in magnetizing the poles. Fig. 15 and
Fig. 19 show the total air gap flux density waveforms for a
positive and a negative excitation current, while Fig. 16 and
Fig. 20 report their spectra.
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