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ABSTRACT This paper proposes a wound field pole changing vernier machine with fractional slot
concentrated winding for electric vehicles application. The main aim of the paper is to utilize the advantages
of a vernier machine and a wound field synchronous machine in a single topology using a fractional slot
concentrated armature winding. The proposed machine operates in a vernier mode at low speeds and
a wound-field synchronous mode at high speeds to utilize the merits of both a vernier machine and a
wound-field synchronous machine. The topology, operating principle and pole-changing method of the
proposed machine are explained initially. Then, finite element analysis (FEA) is utilized to study the
electromagnetic characteristics such as back EMF, torque, wide speed range operation and efficiency of
the proposed topology in two modes. Further, a prototype of the machine is manufactured and the FEA
results are validated through experiments. The FEA and experiment results show that the proposed machine
is a promising candidate for electric vehicles application.

INDEX TERMS Electric vehicles, pole changing, wound field synchronous machine, variable speed, vernier
machine.

I. INTRODUCTION
The fluctuating prices of the fuel, the limited amount of the
natural resources, and the global warming issues has led to
massive energy efficiency and sustainability research. The
electrification of vehicles is a serious issue in this regard
because a large volume of oil is consumed by vehicles. Hence,
the electric vehicle (EV) industry is expanding [1], [2]. The
propulsion system of EVs has two major components that
is electronic machines and the related power electronics
equipment. The electric machines for EV application are
required to operate on wide speed range and have high power
density. Additionally, they must have high efficiency during
wide speed range operation, high torque at low speeds for
driving in urban areas and high power at high speeds for
cruising [3], [5].

Most of these characteristics can be achieved by
permanent-magnet (PM) synchronous machines and there-
fore, they have been actively used in EVs [6], [7]. There
are two main classes of PM machines proposed for EV

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Xu .

application: stator PM machines and rotor PM machines.
The doubly-salient PM machine with hybrid excitation that
incorporates the advantages of both switched reluctance and
PMmachine has been researched [8], [9]. The flux switching
PMmachines [10], [11] and flux reversal machines [12], [13]
with PMs on the stator have also been proposed for EVs.
Although their torque density is relatively low, but they have
robust rotors. The interior permanent-magnet machines have
high power density and high efficiency during wide speed
range operation. Because of these characteristics they have
been extensively proposed for EV application [14]–[16].
Moreover, memory machines and pole-changing machines,
which can regulate the flux of low coercive PMs to extend
the operating range of PM machines, have also been
proposed [17]–[19].

Although the PMmachines have been extensively used for
EV application, they own high material costs and difficulty
of PM flux control [20]–[22]. To overcome these drawbacks,
many, PM efficient, rare-earth-free and PM-less topologies
have been proposed [23]–[25]. PM efficient machines such
as consequent pole PM machines have also been suggested
and analyzed for in-wheel direct drive applications [23]. They
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present high torque permagnet volume but exhibit low overall
power density. Further, their torque ripple is high due to
additional harmonics. The electrical conductivity of ferrite
PMs is lower than NdFeB magnets which leads to low eddy
current losses. Additionally, ferrite PMs are much cheaper
than NdFeB magnets. Rare-earth-free machines using ferrite
magnets have been proposed and analyzed for automotive
applications [24], [25].

Moreover, many PM-less topologies for EV application are
available [26]; however, they each have their own demerits.
The induction machines generally present low torque den-
sity [27], and the switched reluctance machines have low
efficiency and high torque ripples [28], [29]. Thewound-rotor
synchronous machines have also been proposed for EVs [26],
[30]–[33]. Since, there are no PMs in these machines,
the rotors can be excited using different methods which have
been discussed in detail in [34]. The most common method to
excite the rotor is using a dc exciter through brushes and slip
rings. Generally, the brushes often require maintenance and
need to be replaced after a certain period of time. However,
new brushes have been recently introduced which last much
longer than conventional brushes and require less mainte-
nance [35], [36]. Furthermore, brushless topologies such as
using sub-harmonic [37] or 3rd harmonic excitation [38] have
also been introduced which do not need brushes and slip
rings. Wound-rotor machines present the advantages of high
efficiency during wide speed range operation, good overload
capability and great flux weakening control. Therefore, they
have also been used in commercial electric vehicles such
as Renault Zoe, which is discussed in [39]. However, they
possess high copper losses leading to low efficiency during
low speed operations. Further, these machines need large
sizes of inverters in EV application. This is because EVs
require high torque at low speed which is achieved by high
stator and rotor currents in these machines.

The low-speed high-torque vernier machines have been
proposed and analyzed broadly [40]–[43]. Because of their
high torque density, they have been proposed for direct drive
applications as well. Vernier machines usually exhibit high
rotor pole pairs. The armature current frequency is also high
which causes high reactance leading vernier machines to have
a poor power factor [44]. Hence, an inverter with a high
rating is generally required to drive the machine. Moreover,
vernier machines also suffer from high core losses due to
same high operating frequency. At high speeds, the operating
frequency increases further leading to excessive core losses
and therefore, low efficiency.

The efficiency of a vernier machine during wide speed
range operations has not had much discussion. A PM vernier
machine along with field winding in the stator slots is
proposed to control the flux of the rotor PMs [45]. How-
ever, it suffers from limited fill factor for armature winding
due to additional field winding in the stator slots. More-
over, the additional field winding adds to the weight of the
machine. The field winding is moved in the slots between
the flux modulation teeth to resolve the limited stator slots

fill factor issue [46]. However, the field winding adds copper
losses and also the power factor of the machine is poor in the
high-speed region.

Wide speed range operation of vernier machines has also
been achieved using winding switching [47]. However, wind-
ing switching requires two inverters and also the efficiency
of vernier machines is low during wide speed range oper-
ation utilizing winding switching. A pole-changing vernier
machinewith two kind of PMs on the rotor has been presented
for wide speed range operation [48]. Two types of PMs
that is constant and low coercive force (LCF) magnets are
incorporated to achieve high efficiency during wide speed
range operation. However, the topology requires changing
the direction of LCF magnets which needs accurate control.
Recently, a wound-field pole changing vernier machine with
distributed winding has been proposed for wide speed range
operation [49]. However, the torque ripple of the machine
is high and there is no experimental validation. Moreover,
the efficiency is low and wide speed range operation of the
machine is limited.

This paper proposes a wound-field pole-changing vernier
machine with fractional-slot concentrated winding for EV
application. The nature of the machine can be changed from
a vernier to a wound-field synchronous machine by changing
the number of poles. The originality of the proposed topol-
ogy is that it avoids the above discussed issues of PM pole
changing vernier machine and wound field pole changing
vernier machine which were presented earlier. Furthermore,
none of these manuscripts have experiment results. This
paper validates the topology through experiment as well.
Section II elaborates the topology, working principle and the
pole-changing method of the proposed machine. The electro-
magnetic performance of the proposed topology in the two
operatingmodes using finite element analysis (FEA) is shown
in section III. This section also presents the wide-speed range
analysis including the torque-speed and efficiency curve of
the machine. Section IV presents the prototype construc-
tion and experiment results for validating the proposed idea.
Section V concludes the paper.

II. MOTOR TOPOLOGY, POLE CHANGING METHOD AND
WORKING PRINCIPLE
A. TOPOLOGY AND WINDING CONFIGURATION
The proposed topology is shown in Fig. 1. It artfully
combines the design criteria of a vernier machine and a
wound-field synchronous machine. Consequently, it inher-
its the corresponding machine characteristics of a vernier
and a wound-field synchronous machine in its respective
modes. It is an outer rotor topology and therefore it can
be directly coupled to an EV wheel for direct drive. The
proposed machine differs from the PM vernier machine in
that it uses dc field windings on the outer rotor to produce a
controllable magnetic field. The current direction in the field
winding is reversed which also reverses the rotor magnetic
field.
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FIGURE 1. Configuration of proposed topology.

There are two sets of field windings on the rotor: X and
Y. Each set has 24 coils wound on individual rotor teeth.
All the coils in X are connected in series. Similarly, all the
coils in Y are connected in series separately. There are two
sets of brushes and slip rings. The first set is to provide
current to field winding set X and the second set is used to
provide current to field winding set Y. The stator is equipped
with a 3-phase concentrated armature winding. The short
end winding length limits the stator copper losses due to its
concentrated winding.

B. POLE CHANGING METHOD
A special circuit is utilized for the pole-changing operation as
shown in Fig. 2. Both field winding sets are connected in the
circuit. The direction of dc current in the winding set X can
be changed by controlling the switches. In one mode S1 and
S4 stay on whereas S2 and S3 stay off. To change direction
of field winding X current, condition of switches is reversed
(S1, S4 off and S2, S3 on). The switches S5-S6 control the
winding set Y, which does not need to change direction.

FIGURE 2. Circuit for pole changing operation.

C. OPERATING PRINCIPLE
The proposed machine works as vernier as well as wound-
field synchronous machine (WFSM). For the machine to
work in the two modes, the machine must satisfy (1) and (2):

Zr = Zs − P (1)

Zr > P (2)

where Zr , Zs and P represent the number of rotor pole
pairs, stator slots, and armature pole pairs, respectively.
Equation (1) defines the basic characteristic of a vernier
machine. This must be fulfilled for the proposed machine to
work in the vernier mode. Equation (2) demands that the pole
pairs of the rotor be more than the stator pole pairs so that
they can be reduced to armature pole pairs, hence, using the
advantages of pole changing. By satisfying (2), the frequency
of the armature current is reduced, which decreases the core
losses and, hence, improves the efficiency of the machine.
To satisfy the above design criteria, the rotor field winding is
divided into two sets of windings, that is, X and Y. The pole
ratio (PR) of the machine is decided based on (3):

Zr/P = PR (3)

If PR = 2, the number coils in winding set X and Y are
equal. With PR = 2, the frequency of the armature in wound-
field synchronous mode will be half the value of that in
vernier mode. Similarly, if PR is 17, the frequency of the
armature winding will be reduced 17 times in the WFSM
mode. Table 1 shows some possible slot pole combinations
for the wound-field pole-changing vernier machine. In this
paper, any slot pole combination with slots per pole per phase
<1 is regarded as a fractional-slot concentrated winding,
whereas that with slots per pole per phase ≥1 is regarded as
an overlap winding.

In the vernier mode, the machine satisfies (1); hence,
the machine works using the magnetic gearing effect. In this
study, Zr , Zs and P are chosen as 24, 36 and 12, respectively.
Fig. 3(a) shows the airgap flux density in vernier mode, and
Fig. 3(b) shows its harmonic spectra. Two main components
can be observed in the airgap flux density. The 24 pole pairs

FIGURE 3. Airgap flux density in Vernier mode (a) waveform (b) harmonic
spectra.
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TABLE 1. Pole slot combination of proposed machine.

component indicates the number of rotor field pole pairs,
whereas the component with 12 pole pairs is the result of
modulation due to stator slots. This modulation effect causes
the rotor to rotate at a specific fraction of the rotating speed of
stator field. Hence, the speed of the machine is geared down
similar to a magnetic gear. This mechanism causes a small
movement of the rotor to produce a large change in the flux,
causing vernier machines to have a higher back-EMF than
conventional synchronous machines.

For the machine to work in the WFSM mode (4) must be
satisfied

Zr = P (4)

The current direction in field winding set X is reversed, and
the direction of the equivalent magnetic field is changed. Two
coils produce flux in the same direction. The total poles of
the rotor field winding are reduced from 24 to 12 pole pairs.
In the WFSM mode, Fig. 4(a) shows the airgap flux density
and Fig. 4(b) shows its harmonics. The airgap can now be
observed to show 12 pole pair main component in the airgap
flux density. The 12 pole pairs of the rotor interact with the
12 pole pairs of the stator to produce a torque similar to that
of a conventional synchronous machine.

III. DESIGN CONSIDERATIONS AND PERFORMANCE
EVALUATION IN THE TWO MODE
A. DESIGN CONSIDERATIONS
Since the proposed machine has the nature of a vernier
machine as well as a conventional wound field synchronous
machine, therefore, the well-known D2L method has been
used to design the machine. The pole slot selection for the
proposed machine is a difficult choice and must be conducted
carefully. If the number of rotor pole pairs are chosen to be
much greater in comparison to the number of stator pole pairs,
machine will have a much higher efficiency in the vernier
mode. Moreover, the machine will have a higher torque den-
sity in the vernier mode. However, the drawbacks are higher
cogging torque and harmonics in back EMF inWFSMmode.

FIGURE 4. Airgap flux density in WFSM mode (a) waveform (b) harmonic
spectra.

A high torque ripple is undesirable in applications such as
EVs, leading to a tradeoff between a high torque ripple and
high efficiency. Therefore, the stator pole pairs are selected to
be exactly half of the rotor pole pairs. In this case, the ripple
of the machine is not very high, and the efficiency of the
machine is adequate during the wide speed rang operation.
The power of the machine was decided to be around 900 W
in order to validate the proposed topology. Considering EV
application, the stack length of the proposed machine was
initially designed to be 60 mm. Using the general sizing
equations, all the parameters such as airgap diameter, number
of turns, stator current etc. were determined. Then based
on finite element method (FEM) simulations, the parameters
were finalized.
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Moreover, the split ratio (ratio of the rotor’s inner diameter
to its outer diameter) has also been examined during the
machine design. A higher torque usually results from a higher
split ratio. However, the fill factor of the rotor field winding
and saturation of the rotor core limits the value of split ratio.
Therefore, with a fixed outer machine diameter, this value
cannot be increased beyond a specified value. A split ratio
of 0.8 was finalized during the design of proposed topology.

Open stator slots are usually selected for vernier machines
because they are known to produce a higher modulation
effect and, hence, a higher torque density. On the other
hand, semi-closed slots are usually selected for wound-field
synchronous machines, because they are known to produce
lower cogging torque. In the proposed machine, the cogging
torque is significant in the WFSM mode, contributing to
torque ripple as well. Therefore, to limit the cogging torque,
semi-closed slots were selected in the final machine design.
Table 2 shows the main parameters of the final designed
machine.

TABLE 2. Main parameters of proposed machine.

B. PERFORMANCE EVALUATION IN TWO MODES
The electromagnetic characteristics of the machine are inves-
tigated using FEA and compared in two modes. Figs. 5 and 6
show comparison of flux linkages in the two modes, respec-
tively. The flux linkage of the vernier mode is lower due to
its higher leakage flux caused by the large number of rotor

FIGURE 5. Flux linkage Vernier mode.

FIGURE 6. Flux linkage WFSM mode.

pole pairs. Figs. 7 and 8 show the back-EMF of the proposed
machine in the two modes. An rms value of 65 V is obtained
in the vernier mode compared to 43 V in the WFSM mode.
In bothmodes, field current of 3.5A is used. Verniermode has
higher back EMF due to its vernier effect. Moreover, the back
EMF of the vernier mode is more sinusoidal than that of the
WFSM mode. Sinusoidal back EMF is an inherent quality of
vernier machines.

FIGURE 7. Back EMF Vernier mode (a) waveform (b) harmonic spectra.

FIGURE 8. Back EMF WFSM mode (a) waveform (b) harmonic spectra.

Fig. 9 and Fig.10 show the no-current torque of the
machine in the two modes. Here, only field current is applied
and there is no stator current. The no-current torque is equiv-
alent to cogging torque in PM machine. The vernier mode

FIGURE 9. No-current torque Vernier mode.
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FIGURE 10. No-current torque WFSM mode.

has a lower no-current torque than theWFSMmode. The low
no-current torque is caused by the higher number of rotor pole
pairs.

Figs. 11 and Fig. 12 depict the torque in the two modes,
respectively. An average torque of 28.6 Nm with a ripple
of 7% is obtained in the vernier mode. An average torque
of 18.9 Nm with a ripple of 24% is obtained in the WFSM
mode. The WFSM mode has higher torque ripple due to
its higher no-current torque and additional harmonics in the
back-EMF.

FIGURE 11. Output torque Vernier mode.

FIGURE 12. Output torque WFSM mode.

Furthermore, the dynamic performance of the proposed
machine has also been analyzed using commercial FEA pack-
age JMAG version 17. Fig. 13 shows the dynamic response
of the machine when a full load of 28 Nm is attached to
the machine. Based on the inertia, load torque and damping
constant, the proposed machine takes about 3 seconds to
reach the synchronous speed.

The phase voltages of the proposed machine are compared
in the two modes in Fig. 14 and Fig. 15. The vernier mode

FIGURE 13. Dynamic simulation of proposed machine.

FIGURE 14. Phase voltages vernier mode.

FIGURE 15. Phase voltages WFSM mode.

has higher phase voltages than the WFSMmode. This can be
explained by the higher back-EMF as well as higher inductive
voltage drop of the vernier mode.

C. WIDE SPEED RANGE ANALYSIS
The wide speed range operation of the proposed machine is
initially analyzed using FEA. First the machine is analyzed in
each mode separately to elaborate the advantages and limita-
tions of each mode during wide speed range operation. Three
types of control have been used to increase the speed of the
machine in each mode, that is, field current control, armature
current control and d-axis current control. The torque- speed
and efficiency curves of the proposed machine in the vernier
and WFSM mode are shown in Fig. 16. Vernier mode has
higher torque and higher efficiency from 0-300 rpm whereas
the WFSM mode has higher efficiency beyond 300 rpm.
The vernier mode has a lower efficiency due to its higher
core losses after 300 rpm. The WFSM mode has better
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FIGURE 16. Torque-speed and efficiency curve.

efficiency at higher speeds due to its comparatively lower
frequency which limits the core losses in this mode. More-
over, the maximum speed of the vernier mode is observed to
be 3600 rpm whereas that in the WFSM mode is 4500 rpm.
The speed range of WFSMmode is extended due to its lower
phase voltages. For continuous operation of the proposed
machine in EV application, 600 rpm is selected to be the
optimum point for pole-changing operation. This is because
the advantages of vernier machines are utilized until this
speed. Beyond this speed, the efficiency starts degrading sig-
nificantly. Therefore, the machine is proposed to be switched
into theWFSMmode beyond this speed to limit the efficiency
degradation.

IV. EXPERIMENTAL VALIDATION
A. A PROTOTYPE OF THE PROPOSED MOTOR
The proposed topology was verified by manufacturing a pro-
totype. A single stator and rotor lamination of the machine
are shown in Fig. 17 (a). The completed stator is shown

FIGURE 17. Experiment setup (a) Rotor and stator lamination
(b) Complete stator with winding (c) Complete rotor with winding (d) Test
bed.

in Fig 17 (b). The final completed rotor of the manufac-
tured machine is depicted in Fig. 17 (c). The two sets of
field windings X and Y are connected to two separate slip
rings. The setup for the experiment of proposed machine
is shown in Fig. 17 (d), including a dc power supply for
field winding, a dc power supply for the inverter, a digital
signal processing (DSP) board, an inverter, the prototype
machine, a load machine, a torque transducer, an oscillo-
scope for monitoring the results, and a system to run the
DSP code.

B. EXPERIMENTAL RESULTS AND DISCUSSION
1) BACK-EMF IN TWO MODES
Initially, the motor was tested under a no-load condition to
confirm the back-EMF of the machine in the two modes. The
machine was tested at low ratings with available resources
in the lab. The prototype was rotated using an induction
machine. The open circuit 3-phase FEM predicted and
measured back-EMF comparison in the vernier mode is
shown in Fig. 18 (a) and 18(b), respectively. An rms value
of 36 V and 35.4 V was obtained in FEM and experiment,
respectively. The field current was 2 A in this condition.
The machine was then tested in the WFSM mode. The
FEM predicted and measured open-circuit 3-phase back-
EMF in the WFSM mode is depicted in Fig. 19 (a) and
Fig. 19 (b), respectively. Under the same field winding
current of 2 A, an rms value of 24 V back-EMF was
predicted by FEM. A similar value has measured in test
results.

FIGURE 18. Back EMF in vernier mode (a) FEM (b) Measured.

2) OUTPUT TORQUE IN TWO MODES
The output torque of the prototype machine was measured in
the two modes by connecting it to a torque transducer and
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FIGURE 19. Back EMF in WFSM mode (a) FEM (b) Measured.

a load machine. The 3-phase terminals of the load machine
were connected to load resistors. The machine was initially
tested in the vernier mode. The FEM predicted torque of the
machine is shown in Fig. 20 (a). The measured output torque
of the machine along with the applied phase current for the
armature winding and field current for the field windings are
shown in Fig. 20 (b). An output torque of 8.4Nm and 8.35Nm
was obtained in FEM and experiment, respectively. The
machine was then tested in theWFSMmode at the base speed
of 300 rpm under the same conditions. The FEM predicted

FIGURE 20. Torque in vernier mode (a) FEM (b) Measured.

FIGURE 21. Torque in WFSM mode (a) FEM (b) Measured.

and measured output torque comparison of the machine in
WFSM mode is shown in Fig. 21 (a) and Fig. 21 (b), respec-
tively. An average output torque of 5.62 Nmwas predicted by
FEM whereas 5.6 Nm was measured during the experiment.
Therefore, a close match was found in both modes in no load
as well as load analysis.

3) TRANSIENT ANALYSIS
The previously shown results were measured at 300 rpm
while the machine was switched from the vernier mode to the
WFSM mode in the offline condition. However, the machine
was also switched from one mode to another in the online
condition so that transient analysis could be performed. The
change in the back-EMF of the machine while switching the
machine from the vernier toWFSMmode is shown in Fig. 22.
A transient of around 20 ms was seen to occur when the
machine was switched. Moreover, the frequency of the back
EMF reduced to half after switching. Similarly, to analyze
the transients the machine was switched from the WFSM
to vernier mode in the online condition. The change in the
back-EMF can be seen in Fig. 23. A similar transient was
found in both cases. This was expected when the machine

FIGURE 22. Measured back EMF vernier to WFSM mode (transient).
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FIGURE 23. Measured back EMF WFSM to vernier mode (transient).

FIGURE 24. Measured torque vernier to WFSM mode (transient).

switched from high to low speed. Because of mode switching,
a small transient in the torque was also seen as depicted
in Fig. 24. When the machine switched from the vernier to
WFSM mode, the current of the machine was observed to
increase, which increased the torque of the machine. This is
because in the WFSM mode, the back-EMF of the machine
decreases thus increasing the difference between input volt-
ages and back EMF of the machine. Hence, a large current
flow in the windings of the machine, which increases the
torque of the machine. This was caused by the non-flexible
load attached to the machine. Similarly, the transient also
occurred when the machine was switched from WFSM to
vernier mode as depicted in Fig. 25. This time, the currents
of the machine decreased and therefore torque of the machine
decreased. This occurred because in the vernier mode, the
back-EMF of the machine increased, in turn decreasing the
difference between input voltages and back-EMF. Hence,
the current drawn by the windings decreased, resulting in
decreased torque. This is also caused by the same non-flexible
load attached to the machine.

FIGURE 25. Measured torque WFSM mode to vernier mode (transient).

4) WIDE SPEED RANGE ANALYSIS DURING THE EXPERIMENT
The prototype machine was also tested for wide speed range
analysis. In the vernier mode at a base speed of 300 rpm,
the Vdc required by the inverter was found to be 146 V. This
voltage was assumed to be the inverter limit. The machine
was then switched to the WFSM mode at 600 rpm. The
machine was then tested for wide speed range using negative

d-axis current while remaining inWFSMmode. The required
torque and speeds were achieved, and a constant power was
obtained. Moreover, the Vdc applied to the inverter remained
fixed during this operation. The FEM predicted andmeasured
torque-speed curves of the proposed machine are compared
in Fig. 26. Table 3 summarizes the overall comparison of
the FEM and measured results. For efficiency measurement
in experiment, the copper losses of the machine were mea-
sured by measuring the winding resistance (field and arma-
ture) from the actual prototype whereas iron losses of the
machine were assumed to be same as FEM. Low torque
ripple was found during experiment in comparison to the
FEM results. The estimated cause is the high inertia of the
machine.

FIGURE 26. Comparison of measured and simulated torque speed curve.

TABLE 3. Comparison of FEM and experimental results.

V. CONCLUSION
This paper proposed a wound-field pole-changing vernier
machine for application in electric vehicles. It demonstrates
that the merits of two machines that is vernier machine
and wound-field synchronous machine can be obtained in a
single topology using the proposed pole-changing method.
The method of pole changing using a special circuit was
described. The machine was initially analyzed using FEM.
The finite element results of the machine were validated by
comparing them with experimental results, which proved that
the proposed machine can run in the two modes. Although
two sets of brushes and slip rings are required in the proposed
machine, brushes with new materials have been developed
which do not require frequent maintenance. Furthermore,
the proposedmachine also possesses the advantage of smooth
switching from combustion engine to EV mode in hybrid
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electric vehicles. This is because, field winding current can
be turned off at the time of switching and therefore, there no
back EMF will be induced in the armature winding of the
machine. Hence, the proposed machine is a good candidate
for EV application.
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