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Abstract: This paper investigates the incorporation of multiphase (MP) and variable flux (VF)
permanent magnet motors to electric vehicles (EVs). A literature review is carried out first, which
covers the characteristics, benefits and challenges of both motor configurations. MP motors, with
their increased phase number, offer enhanced fault tolerance, reduced torque ripple, and improved
efficiency, among other benefits. VF technology allows for dynamic adjustment of the magnetic field,
optimising motor performance across various operating conditions. By integrating these technologies,
this study aims to harness the benefits of both MP configurations and VF capabilities. For this reason,
the Finite Element Method (FEM) is used with three-phase, MP, VF, and VE-MP motors. The main
contribution is that both technologies have been implemented in a single motor to evaluate and
quantify their impact together, obtaining higher torque and constant power values, lower torque
ripples, and higher efficiencies in the whole working range.

Keywords: multiphase; variable flux; permanent magnet motor; Finite Element Method (FEM);
electric vehicle (EV)

1. Introduction

The transition towards electric transportation has been driven by concerns about
climate change and global warming. This shift has resulted in a surge in the sales of electric
vehicles (EVs), stimulating a wealth of research in this field. The motor of an electric
vehicle has a direct impact on autonomy, which is a key hurdle in the transition to electric
transportation. Thus, the development of efficient and power-dense motors can contribute
to reducing costs and enhancing vehicle autonomy.

The trend towards higher speeds is evident in the evolution of the Toyota Prius, as
discussed by Okamura et al. [1]. Higher speeds result in lower torque requirements for
a given power, enabling a reduction in motor size [2]. Additionally, increased speeds
demand higher switching frequencies, making wide band-gap semiconductors promising
candidates for electric vehicle inverters [3]. Regarding motor topologies, permanent magnet
motors are predominantly used due to their superior power densities and efficiencies, as
shown in the market analysis by El Hadraoui et al. [4]. However, induction motors (e.g.,
Tesla Model S) and electrically excited motors (e.g., Renault ZOE) are also used [5].

In recent investigations, multiphase (MP) permanent magnet motors have been sug-
gested as a feasible option for electric vehicles, offering several advantages over the stan-
dard three-phase motors. These include higher torque density, lower torque ripple, power
segmentation, and improved fault tolerance [6—8]. Moreover, several studies demonstrate
that higher efficiency and power density can be obtained with MP motors compared to
their three-phase counterparts [7,9]. MP motors are already being implemented in market
EVs, but their presence remains limited due to the simplicity and cost-effectiveness of the
well-established 3-phase motors [10]. DANA TM4 offers 6- and 9-phase motors ranging
from 100 kW to 430 kW of continuous power, which are used in EMOSS trucks (6-phase
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200 kW /950 Nm and 9-phase 250 kW /3400 Nm) [10,11]. The BMW iX M60 is another
example, featuring a 6-phase motor with an electrically excited rotor [4]. Additionally,
companies such as Mercedes are dedicating part of their research to MP motors [10,12]. Al-
though 3-phase motors currently dominate the EV market, MP motors are gaining interest
due to their high potential.

Variable flux (VF) motors have also been shown to improve efficiency and torque—
speed capability. These motors have several mechanisms for adjusting the permanent
magnet flux, which can maximise efficiency in each working point. In fact, a number
of authors have found that high levels of efficiency are obtained in the whole working
region [13-15]. Although the academic interest in these motors is increasing, no commercial
examples were found.

It is clear that the interest in MP and VF motors is increasing, and Gholamian et al. [16]
recently reviewed multiphase motors together with hybrid excitation ones, these last being
one type of VF motors. However, no published comparison between both motor types has
been found. Therefore, the improvement in performance of both topologies has not been
clearly quantified. Moreover, although studies such as [17,18] propose multiphase hybrid
excited variable flux motors, up to now, far too little attention has been paid to multiphase
variable flux permanent magnet motors, which could combine the advantages of both.

This article, therefore, identifies and compares the benefits and drawbacks of each
topology. To this end, a literature review of MP and VF motors is conducted, in which the
main characteristics and design challenges are addressed. Then, to quantify improvements
in motor performance, an automotive three-phase motor is taken as a reference, and it
is modified to obtain equivalent MP, VF, and MP-VF motors. Then, these three design
alternatives are compared to the reference three-phase motor in terms of torque and power
capability, efficiency, and torque ripple, using the Finite Element Method (FEM). The main
contribution is that both technologies have been implemented in a single motor to evaluate
and quantify their impact together, obtaining higher torque and constant power values,
lower torque ripples, and higher efficiencies in the whole working range.

2. Literature Review
2.1. Multiphase Motors

In recent years, MP motors have attracted special interest in the automotive sector,
which has resulted in considerable research on this topic. MP motors are motors with more
phases than traditional three-phase ones, which delivers several advantages. The fault
tolerance of these motors is of particular interest to EV's, but they also feature higher power
density, reduced torque pulsation, power segmentation, and more degrees of freedom for
control purposes [9,10,19-21]. Their main advantages and challenges to incorporate to EVs
are explained in more detail below.

2.1.1. Impact of MP Motors on the Inverter

One of the advantages of having multiphase motors in EVs is the power segmentation.
In automotive converters for three-phase motors, the semiconductors are paralleled to
satisfy the electric current requirement (the higher the power, the greater the need for
paralleling). The need for paralleling is even greater with new wide band-gap (WBG)
devices, as their current rating is lower than in silicon Insulated Gate Bipolar Transistors
(IGBTs), mainly because of reduced die size. A clear example is the Tesla Silicon Carbide
(SiC) inverter, in which four Metal Oxide Semiconductor Field Effect Transistors (MOSFET)
are paralleled in each inverter branch [22]. Paralleling is not an easy task and can lead to
a less efficient and less reliable system [23,24]. For this reason, in [7], an MP drive was
proposed to overcome this parallelisation problem in a 50 kW drive. The total power was
split into 21 phases, with the result that each semiconductor withstood less current, and
avoiding the need for paralleling.

As regards inverter size, DC-link capacitance is one of the bulkiest elements in the
converter, and can be around 2/3 of the total size. With MP drives, the capacitance and
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current requirements of DC-link capacitors are lowered. This allows the use of smaller
capacitors and increases the power density of the converter while reducing its cost [10,11].
Taha el al. mention that a reduction of 50% in capacitance and 10% in DC bus Root Mean
Square (RMS) current is achieved by increasing the phase number from 3 to 6 [25].

The primary challenge with inverters is that three-phase inverters are significantly
more common and cheaper than MP inverters. Consequently, three-phase inverters are
available in a variety of voltage and power ratings, unlike multiphase inverters. To address
this issue, dual three-phase (DTP) drives have been proposed for electric vehicles, offering
a more cost-effective solution [26]. Two three-phase inverters can be used in parallel to
feed a dual three-phase motor, benefiting from the advantages of MP drives while using
conventional three-phase inverters.

2.1.2. Performance of MP Motors

Multiphase motors have several benefits over the three-phase ones. Many authors
confirmed the higher torque capability of multiphase motors due to an increase in the
winding factor. Wang et al. adapted the Toyota Prius 2010 motor from three-phase to DTP,
obtaining a 3.53% higher winding factor and a 2.45% higher maximum torque [27]. In [28],
a fractional 12 slot and 10 pole motor was analysed and 3.5% higher torque was obtained.

In terms of torque ripple, increasing the number of phases reduces torque ripple [6,29].
In [27], torque ripple was reduced more than 60%, and in [28], around 18%. Moreover,
as analysed in [30], the order of the first torque ripple harmonic increases. In the case of
DTP motors with phase displacement of 30°, the order of the first torque ripple harmonic
increases from 6 to 12 [31].

When it comes to efficiency and power losses, the more sinusoidal magnetomotive
force of multiphase motors reduce iron losses. Abdel-Khalik et al. observed 24%, 44%,
and 60% reductions in stator iron, magnet, and rotor iron losses, respectively, in the DTP
motor compared to the equivalent three-phase one [28]. Alternatively, Keller et al. noticed
a higher continuous power capability in an automotive motor and a 3% higher efficiency
over the WLTC driving cycle [12], which was partly thanks to the higher winding factor.

On the other hand, the higher number of phases brings the opportunity to use the
additional degrees of freedom for different purposes, some of which are listed and ex-
plained below:

¢ Current harmonic injection (CHI): To increase torque in MP motors, higher-order
current harmonics can be used. The idea is to use the higher-order EMF harmonics
to produce torque by injecting the corresponding current harmonics, the same way it
is achieved with the fundamental one. The torque capability of five-phase [29,32,33],
DTP [34,35], seven-phase [36], and nine-phase [37] motors is addressed in the articles,
while in [38] asymmetric motors were analysed. In [39] and [40], the permanent
magnet shape of a surface permanent magnet DTP motor was analysed. By changing
the magnet shape and injecting current harmonics (3rd, 5th, and 7th), torque was
improved by 30%. Additionally, Scuiller et al. [36] designed a seven-phase motor with
simultaneously 2 and 6 pole pairs taking advantage of this characteristic.

¢  Fault-tolerant controls: Fault tolerance is interesting for automotive motors. After a
fault, the additional degrees of freedom can be used to continue operating. Controls
with different objectives can be distinguished in the literature, such as the minimisation
of copper losses [41], the balancing of current waveform amplitudes [8], and torque
ripple minimisation [42]. Moreover, according to [43], robust controllers such as the
Fuzzy Logic Controller can deal with motor faults even without fault detection. This
was demonstrated in [44] for a nine-phase induction motor.

*  Multimotor operation: Various motors can operate with a single inverter, referred to in
the literature as multimotor operation [21,45]. This is achieved by phase transposition,
which allows each motor to operate in different a8 planes as the phase sequence of
the motors is different. However, this operating mode is not interesting for electric
vehicles, as copper losses would be double.
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2.2. Variable Flux Motors

To have a wider torque-speed envelope and more efficient high-speed performance,
VF motors have been suggested in the literature in the last few years. The objective with
these motors is to somehow vary the permanent magnet flux linkage to operate with
different flux levels at different regions, thus obtaining good performance at low speed
as well as high speed, as illustrated in Figure 1, where the circles inside the envelopes
represent the highest-efficiency regions.

— Constant flux — Constant flux
Torque A Torque A
| — Variable flux ¥, |

>
Speed Speed
(a) (b)

Figure 1. Torque-speed envelope and high-efficiency zone improvement with VF motors. (a) Enve-
lope with different flux levels. (b) Overall operation envelope.

Several publications review the different ways to achieve a variable flux [46-49]. They
agree that there are three main ways to obtain a variable flux field. Using hybrid excitation
(HE) motors is the most known one, where the field windings allows to adjust the flux
linkage. Another way to vary the flux linkage is by demagnetising and magnetising low
coercive field magnets. Last, flux can be mechanically varied in different ways. Next, the
three motor types will be reviewed.

2.2.1. Hybrid Excitation Motors

HE motors have extra field coils (FCs) apart from the stator winding and rotor perma-
nent magnets (PMs) compared to traditional PM motors. These FCs enhance or weaken the
permanent magnet flux by applying a DC current.

A great amount of different topologies exist among the HE motors. One main separa-
tion is made in [50] according to the location of the magnets and field windings, which can
be either in the rotor or in the stator. Figure 2 shows an example of each.

Field Winding

Stator Solid Core

Stator
Laminated

|||||||

Rotor Solid
Core

(b)
Figure 2. HE motor types depending on magnet and field coil location [50]. (a) PM: rotor/FC: rotor.
(b) PM: rotor/FC: stator. (c) PM: stator/FC: stator.

Topologies with PMs and FCs in the rotor (Figure 2a) can be formed by mixing FCs
and PMs in the rotor. This way, the stator remains the same, but electric energy has to be
transmitted to the rotor, which usually requires slip rings, increasing maintenance cost and
making the system less reliable. In [51], the flux-weakening capacity was notably improved
by adding field coils in the rotor of an IPM motor. In addition, in [52], the torque density
was increased by adding permanent magnets to an electrically excited rotor. Unlike other
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alternatives, in [53], by changing the polarity of field coils, the motor could work as a 4-pole
or as a 8-pole one, which was useful to widen the speed range.

Using different flux paths for magnets and field coils, that is, using parallel magnetic
circuits for magnets and field coils, it is possible to move the field coils to the stator as
shown in Figure 2b. This way, there is no need to feed the rotor, eliminating the slip rings.
In [54], some configurations with field coils in the stator are presented. It is stated that some
of them needed extra yokes in the axial flux path, making the motor heavier, as the example
in Figure 2b. The motor in [55], additionally, needed an extra stator yoke for the circulation
of field coil flux, and part of the rotor was not used. Therefore, HE motors having the field
coil in the stator do also have some drawbacks.

Another option is to put the magnets as well as the FCs in the stator. Among these
motors, the flux switching [56,57] and flux reversal [58] topologies can be adopted, as they
have PMs in the stator. By adding FCs in the stator, permanent magnet flux can be enhanced
or weakened the same way it is accomplished with the other alternatives. Additionally,
in [59], a hybrid claw pole motor was adopted, but the PM location was changed from the
rotor to the motor front and back covers, to generate axial flux. This allowed it to avoid
problems in the magnets due to the centrifugal force in high-speed motors, but increased
the reluctance of the magnetic circuit of the field coil, as it was arranged in series with
the PMs.

To sum up, HE motors obtain a better flux-weakening capability than IPM motors
but need extra elements such as field coils, power supply, and flux paths, making the
manufacturing process more complex, increasing the mass of the motor, and making it
more expensive. These are the main limiting points for not adopting them in market EVs.

2.2.2. Variable Flux Memory Motors

Variable flux memory motors (VFMMs) make use of low-coercivity magnets (LCMs)
together with high-coercivity magnets (HCMs) to adjust the PM flux. HCMs remain
magnetised in the whole working range the same as in traditional permanent magnet
motors, whereas LCMs are demagnetised and magnetised by applying d-axis current
pulses to manipulate the magnetisation state (MS), in this way extending the operating
range and efficiency of the motor [60]. The main advantage of these motors is that they do
not need any extra elements such as field coils, which is beneficial from manufacturing
point of view.

With the magnetisation state manipulation, higher efficiencies are achieved. Yang et
al. observed a maximum of 17% of efficiency improvement at high speed and low torque
compared to the Nissan Leaf IPM motor. Athavale et al. evaluated motors between 120 kW
and 275 kW at different drive cycles, and achieved power loss reductions between 14% and
28%. Additionally, the survey paper by Jayarajan et al. [61] demonstrates the possibility to
extend the maximum torque-speed envelope of the motor.

One of the main drawbacks is the high demagnetising and magnetising currents
required to change the MS of the LCMs. In fact, Badahdah and El-Refaie state that it is the
biggest challenge to obtain competitive VFEMMs [62]. The inverter must be oversized to
provide these currents, which are typically several times the working current [63]. Han
et al. report that 2.5 p.u. and 6.5 p.u. currents are needed to demagnetise and magnetise
LCF magnets, respectively [64]. Similarly, the work [65] states that 800 A and 1600 A are
required for a 325 A motor. Reducing these currents limits the range of manipulation of
the MS, and a compromise must be made according to [66]. Moreover, decreasing the
demagnetising current can lead to unwanted demagnetisation.

To balance the magnetising and remagnetising currents, the rotor topology and the
magnet arrangement are the key points according to Yang et al. [67]. They state that
the magnetising current is very high in the parallel configuration, and it can suffer from
unwanted demagnetisation due to the low demagnetising current (confirmed in [64]).
Meanwhile, the demagnetising current is increased higher in the series one, avoiding
unwanted demagnetisation, but requiring larger currents for MS manipulation (confirmed
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in [68]). Therefore, Yang et al. propose a hybrid configurations to balance both currents.
Figure 3, based on [67], shows three possible magnet configurations, series, parallel, and
hybrid, together with the load curves of the LCMs.

Parallel Hybrid Series
A3

| =HCM =1CM |
Series Parallel Hybrid

=D Ree=t> Re=f

(a) (b)
Figure 3. Series, parallel and hybrid magnetic configurations in VFMM rotor. Based on [67]. (a) Mag-
net arrangements. (b) LCM load curves.

To address the unwanted demagnetisation problem, some of the authors opt for flux-
intensifying configurations. The idea is that, in these motors, the MTPA curve is located
in the first quadrant of the [;-I; plane as L; > L, thus operating with positive d-axis
current and avoiding the risk of demagnetisation in normal operation. In [69], the motor
can operate until 90% of full load condition without unwanted demagnetisation, and the
MS control current needed is 4 p.u.

Allin all, the VFMM is a potential candidate for electric vehicles as they substantially
improve the efficiency, especially at high speeds. However, the problem of large MS control
currents has to be solved as the oversizing of the inverter is too high in all cases.

2.2.3. Mechanically Flux-Varying Motors

Adjusting the flux linkage mechanically is the remaining option to obtain a variable
flux motor. One way is to use externally controlled mechanical actuators, and the other
is to take advantage of the centrifugal force at high speed to somehow change the flux.
Different flux-weakening mechanisms are proposed in the literature.

Mechanisms that use the centrifugal force of the rotor as actuator normally use springs
to activate the flux-weakening mode. The motors of [70-73] use springs in the end-plates of
the rotor to rotate the magnets in the rotor and in this way vary the linked flux. In [74], the
magnetic circuit of a spoke-type motor is short-circuited in the inner part of the rotor thanks
to a clutch that is activated at a given speed. When it comes to [75], a flux-weakening
mechanism is presented for a double-rotor axial flux motor. An actuator with springs in
one of the rotors allows it to shift the angle with respect the other rotor, which is equivalent
to skewing a rotor, which allows it to obtain the flux-weakening effect. Although additional
mechanisms are needed in all the configurations, their main advantage is that no external
input is needed to activate the actuators.

The mechanisms that use the centrifugal force to activate the flux-weakening mode
are located in the rotor, as this is the moving part. When it comes to externally activated
actuators, they can be located in the stator, in the rotor, or even in the airgap.

Liu et al. suggested in [76] a novel flux-switching motor where the magnets are located
in an iron ring in the airgap. When this permanent magnet iron ring is rotated, the flux
linkage can be adjusted. In [77], a similar iron ring mechanism is used for a spoke-type
motor. By aligning the magnetic conducting parts of the ring with the stator teeth, the
maximum flux linkage is obtained, and vice versa.

An example of a flux-varying motor with the actuator in the stator is presented
in [78,79]. The same as in some other cases, the basis of the mechanism consists of short-
circuiting the magnet flux to reduce the flux linkage. In this case, a flux-switching motor is
presented, where the magnets are located in the stator, and so is the actuator. By placing
a yoke at the top of the magnets, the magnet flux is deviated, and less flux is linked.
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Moreover, the number of flux-weakened magnets can be controlled to obtain different
magnetisation levels.

The remaining possibility to mechanically vary the flux is to act in the rotor. In [80,81],
an actuator is used to control the skew in a two-segment rotor, which can obtain a total
magnetisation manipulation range from 0% to 100%. When it comes to [82], an iron plate is
placed in the rotor end-plates, deviating the flux through it and achieving the desired result.

In summary, the main drawback of mechanically flux-varying motors is the com-
plexity of the manufacturing process, the associated costs, and the maintenance of the
mechanical parts.

3. Analysis of Performance of VF and MP Motors

In this section, different electric motors designs implementing multiphase and variable
flux technologies are compared by using FEM simulations. The considered motor designs
are the following:

e Three-phase motor.

*  Multiphase motor: dual three-phase motor (DTP).

*  Variable flux (VF) motor: variable flux memory motor (VFMM).

e Multiphase VF motor: combination of DTP winding and VEMM rotor.

On the one hand, the DTP motor was selected among the MP motors, as it has the
benefits of multiphase and three-phase motors and it is a potential candidate for EVs, as
mentioned in the literature review. On the other hand, the VFMM was selected as VF
motor, as it is the most similar to a conventional permanent magnet motor and is easier to
make a fair comparison between them. However, the problem of large magnetising and
demagnetising currents is not covered in this article.

To calculate the current amplitude and angle that corresponds to each working point,
the motor flux map was built for each motor in the MotorCAD software. The model was
built with 7 current amplitude values (0:50:300 Arms), 19 current angle values (0:5:90°), and
180 rotor positions each electric cycle to calculate iron and magnet losses for the efficiency
maps accurately.

To perform the comparison between the four motors, the following key performance
indicators were evaluated:

e Maximum torque capability: following the MTPA curve of the motors, the maximum
torque capability of each motor was calculated at 5000 rpm.

*  Maximum power at maximum speed: considering the voltage and current limits, the
maximum power at maximum speed of 15,000 rpm was computed.

¢ Torque ripple: the peak-to-peak torque ripple amplitude with respect to the average
torque value was computed in percentages. The torque ripple was computed in
4 characteristic working points over the maximum envelope, which are listed below.

»  Efficiency and power losses: efficiency maps were compared in the entire working
region. In addition, the power loss distribution was calculated in the four selected
working points.

As mentioned above, four characteristic working points were selected to compare the
torque ripple and losses of the motor (illustrated in Figure 4):

¢ WPI1: 5000 rpm and 300 Nm. High torque in the MTPA region.
e WP2: 5000 rpm and 90 Nm. Low torque in the MTPA region.

e WP3: 15,000 rpm and 100 Nm. High torque in the FW region.
e WP4: 15,000 rpm and 30 Nm. Low torque in the FW region.
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Speed
Figure 4. Selected working points for performance comparison.

3.1. Reference Motor

As the reference motor to work with, the automotive three-phase motor in Figure 5
provided by Ansys MotorCAD software was chosen. The meshed FEM simulation model
is shown in Figure 5c, which was used to evaluate the motor. It consisted of a distributed
winding stator and a rotor with two v-shaped magnet layers. The main characteristics of
the motor and the chosen inverter ratings are given in Table 1.

afl

I
\ a) (0

Figure 5. Analysed 3-phase motor. (a) Single pole. (b) Single slot. (¢) Meshed FEM model.

A%

Table 1. Parameters of the analysed 3-phase motor.

Motor Parameters Value Winding Parameters Value
Slots/Pole pairs 48/4 Phase number 3
Maximum motor speed 15,000 rpm Conductors per slot 6
Maximum DC bus voltage 720V Parallel paths 2
Maximum current 300 Arms Turns per phase 24

The winding layout of the 3-phase motor is illustrated in Figure 6 together with the
corresponding star of slots. The winding characteristics are also gathered in Table 1.

(@) (b)
Figure 6. Winding layout and star of slots of the 3-phase motor. (a) Winding layout. (b) Star of slots.

To calculate the winding factor, starting from the star of slots in Figure 6b, the sum of the
phase vectors was performed and a value of 0.965 was obtained (Ky, = cos(15°) = 0.9659). This
means that 96.59% of the flux is linked in the stator winding.

3.2. Multiphase Winding Configuration

To achieve a comparable MP motor, the DTP stator winding configuration was chosen,
as regarding the literature analysis, it seemed to be one of the best choices considering the
advantages and challenges of MP motors. Starting from the reference three-phase motor, to
change the number of phases from 3 to 6, the winding pattern in Figure 6 was changed to
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the one in Figure 7. Unlike the winding factor in the three-phase motor, which has a value
of 0.9659, the one in the DTP winding is one (K, = 1). This permits linking all the flux.

(a) (b)
Figure 7. Winding layout and star of slots of the DTP motor. (a) Winding layout. (b) Star of slots.

When it comes to the neutral points of the DTP motor, the two-neutral-point configu-
ration was selected. The independent neutral points allowed for maximising the DC bus
voltage utilisation to the same extent of the three-phase motor. Additionally, the inverter
current was adjusted to half of the three-phase motor. This way, with the voltage rating the
same and the phase number double, the overall power is preserved.

3.3. Variable Flux Rotor

To achieve a variable flux motor, the VFMM was selected as it permits one to obtain
a VF motor without adding any extra elements such as coils. The rotor was modified as
in Figure 8: the inner magnets were considered as constant flux magnets, whereas the
outer magnets were considered as low-coercivity variable flux magnets. These last were
considered as fully magnetised (remnant flux density of 1.31 T) in Flux-Enhanced Magneti-
sation State (FE-MS), and half magnetised (0.655 T) in Flux-Weakened Magnetisation State
(FW-MS). Note that the magnetisation and demagnetisation processes are not covered in
this paper.

—— -

Variable flux magnets

Constant flux magnets

Figure 8. Single pole of the VF motor with the different magnet types.

To define the magnetisation state (MS) of the VF motors in all the working range,
the efficiency maps of the FE-MS and FW-MS motors were compared. In each working
point, the selected magnetisation state is the one that achieves the highest efficiency. In this
section, the 3-phase VF motor is taken as example.

The efficiency maps of the 3-phase VF motor in FE-MS and FW-MS are shown in
Figure 9a and 9b, respectively. By comparing both maps and choosing the most efficient
MS in each working point, the MS map in Figure 9c was obtained. The FE-MS is more
efficient, especially in the low-speed area (except at low loads), as with a higher magnet
flux, less current is needed to achieve the required torque, this way decreasing the copper
losses. At very low loads, the higher magnetic losses limit the efficiency of the FE-MS. At
high speed, a flux-weakening current component needs to be applied to operate inside the
voltage limit. This current is higher in the FE-MS, which makes it more efficient to operate
in the FW-MS in this region. The overall efficiency map of the 3-phase VF motor is shown
in Figure 9d. The same methodology to define the MS was followed in the DTP VF motor.
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(b) (0) (d)
Figure 9. Efficiency maps of the 3-phase VF motor at different magnetisation states and overall
efficiency map. (a) FE-MS. (b) FW-MS. (c¢) Chosen MS. (d) Combination.

4. Results and Discussion
4.1. Torque—Speed Envelope

When evaluating motor performance, maximum torque and constant power are
important factors. The maximum torque-speed envelopes of the motors are shown in
Figure 10 and summarised in Table 2. The results are discussed taking as reference the
conventional three-phase motor.

| 3ph DTP 3ph VF = — —=DTP VF|
g 300} 4o § I\ ~ §2oo fs
200 =
2 | 360 *~. 510 240
g 100 g 230
& Ble—= ~ 0 220
0 5 10 15 0 5 10 15
Speed [krpm] Speed [krpm]

Figure 10. Maximum torque— and power—speed envelopes.

Table 2. Maximum torque and power at maximum speed in the analysed motors.

3-Phase DTP 3-Phase VF DTP VF

Maximum torque [Nm] 353.6 (100%) 368.8 (+4.3%) 353.6 (+0%) 368.8 (+4.3%)
Maximum speed power [kW] 228.8 (100%) 226.1 (—1.2%)  245.1 (+7.1%) 245.5 (+7.3%)

According to Table 2, the maximum torque capability of both DTP motors was in-
creased by 4.3% compared to the 3-phase ones, which was thanks to the higher winding
factor. The VF rotor had no effect on this characteristic, as the VF motors are fully mag-
netised in this region. When it comes to the constant power region, the DTP motor had
a slightly lower power capability at maximum speed compared to the 3-phase one due
to the need of a higher FW current. In addition, both VF motors obtained a significant
improvement in this region. Once these motors start operating in FW-MS mode, the need
for FW current reduces, which allows it to increase the torque-producing current. The
power capability increased over 7% in both VF motors at maximum speed.

4.2. Torque Ripple

The torque ripple was calculated in the aforementioned working points, considering
low speed, high speed, low torque, and high torque. The torque ripple waveforms are
shown in Figure 11, while the numeric values are collected in Table 3. The percentage
values refer to the peak-to-peak amplitude with respect to the average value.
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Figure 11. Torque ripple at different working points in 1/6 of the electrical period. (a) WP1. (b) WP2.
(c) WP3. (d) WP4.

Table 3. Torque ripple values at different motors and working points.

3-Phase DTP 3-Phase VF DTP VF
WP1 3.4% 1.7% 3.4% 1.7%
WP2 7.1% 2.8% 71% 2.8%
WP3 16.5% 9.9% 12.4% 4.6%
WP4 37.3% 18.2% 21.4% 11.8%

Regarding Table 3, the DTP motors had the smallest torque ripples in all the working
points. The 6th order was the first torque ripple harmonic in the 3-phase motors, and
the 12th in DTP ones. Eliminating the 6th order harmonic was the main reason why
DTP motors had lower torque ripples. With regard to the VF motors, they also showed a
reduction in torque ripple in the FW-MS. The reason for this could be the smaller PM field
and stator current.

4.3. Power Losses and Efficiency

As well as torque ripple, power losses were calculated at the four working points,
where the copper, stator iron, rotor iron, and magnet losses were distinguished. Other
losses, such as mechanical ones, were not analysed as they were equal for all motors. The
losses are represented in Figure 12 and Table 4.

In WP1, where the torque level is high and the speed is 1/3 of its maximum value,
the copper losses were dominant due to the high current. As mentioned in Section 4.1, the
DTP motor has more torque capability and needs less current to generate a certain torque
level. Thus, the copper losses of the DTP motors were reduced by 7.66% compared to the
3-phase ones. The stator iron losses exhibited minimal variation across the different motor
topologies and were the second-highest losses. The rotor iron and magnet losses constituted
less than 1% of the total losses in all motors. Notably, the DTP motor demonstrated lower
rotor iron and magnet losses compared to the 3-phase motors, which can be attributed to
the reduced harmonic content in its airgap field.

In WP2, copper losses had relatively small values due to the low torque at this point,
and the stator iron losses were greater than them. When comparing the losses in different
motors, they behaved as in WP1: copper, rotor iron, and magnet losses were smaller in
the DTP motors for the same reason, whereas there was practically no change in stator
iron losses.
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Figure 12. Power loss distribution at different working points. (a) WP1. (b) WP2. (c) WP3. (d) WP4.

Table 4. Power losses at different motors and working points.

3-Phase DTP 3-Phase VF DTP VF

Copper 3.83k 3.53 k 3.83k 3.53 k
Stator iron 808 802 808 802
WP Losses Wl g tor iron 65.3 494 65.3 49.4
Magnets 21 10.4 21 10.4
Copper 420 393 420 393
Stator iron 560 559 560 559
WP2 Losses Wl ¢ tor iron 30.7 224 30.7 24
Magnets 3.05 1.61 3.05 1.61

Copper 5.04 k 521k 3.67 k 3.73k

Stator iron 1.85k 1.79 k 1.81k 1.78 k
WP3 Losses Wl g tor iron 427 309 349 260
Magnets 293.6 302.5 60.4 40.7

Copper 291k 313k 144 k 1.56 k

Stator iron 1.6k 158k 145k 145k
WP4 Losses Wl ¢ tor iron 295 222 177 145
Magnets 162 180 7.09 5.97

In WP3, characterised by high torque and speed, copper losses remained predomi-
nant. However, there was a notable increase in stator iron, rotor iron, and magnet losses,
particularly in the stator iron losses. This increase is attributed to the higher frequency,
which elevates iron losses and magnet eddy currents. Compared to the 3-phase motor,
the DTP motor exhibited higher copper losses due to the increased current required in the
flux-weakening region. Conversely, both VF motors experienced a significant reduction in
copper losses (over 25%) because the flux-weakening current requirement is diminished in
the FW-MS. Stator iron losses were similar again, but rotor iron and magnet losses were
different in the four motors. On the one hand, losses were lower in the DTP topologies due
to the more sinusoidal airgap field. On the other hand, as a lower current was required in
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the VF topologies, the stator magnetic field was reduced, which lowered the losses in the
rotor elements.

Last, in the WP4, torque level is low and the speed is high. The high speed requires
a high current to work in the flux-weakening region. In the variable flux motors, this
flux-weakening current requirement was lower than in the constant flux motors, reducing
copper losses to around 50%. Stator iron losses did not vary significantly, although the VF
motors exhibit around 9% lower loss, probably due to the weaker magnetic fields. Rotor
iron losses were reduced in both DTP and VF configurations, and the VF modification
achieved a higher reduction. Regarding magnet losses, the DTP motor had slightly higher
losses than the 3-phase motor. Although the DTP motor produces a field with less harmonic
content, which should reduce magnet losses, it seems that the higher stator current used for
field-weakening counters this advantage, generating even more losses than in the 3-phase
motor. Additionally, it can be observed that in the VF configurations, magnet losses were
drastically reduced by more than 95%, which further justifies the pronounced effect of the
field-weakening current in these losses.

4.4. Overall Performance

To sum up, all the indicators mentioned are summarised in Figure 13.

Maximum torque [Nm)] B— 3-phase
—@— DTP
368.8
3-phase VF
—@— DTP VF
WP3 loss [kW] Constant power kW]
5.8 245.5
WP1 loss [kW] Torque ripple [%)]

4.4 5.2

Figure 13. Overall summary of motor performances.

Figure 13 shows that the 3-phase motor had the worst overall performance while the
DTP VF motor was the one with the best performance. The maximum torque capability
was superior in both DTP motors, while the constant power was enhanced in the VF ones.

When giving the torque ripple values, the average torque ripple of all working points
was calculated. The average torque ripple was the best in the DTP VF motor, followed
by the DTP and the VE which also showed improvement compared to the 3-phase one.
Regarding losses, only WP1 (low speed) and WP3 (high speed) were represented, as the
loss difference between the motors was mainly dependent on speed. The DTP motors
showed better performance at low speed (WP1), whereas the VF motors showed better
results at high speed (WP3).

5. Conclusions

In this paper, three different motor technologies are compared: multiphase, variable
flux, and conventional 3-phase motors. As a result, the benefits and drawbacks of each
technologies are identified. First, a literature review is conducted to identify their charac-
teristics, advantages, and drawbacks. This review is complemented by FEM simulations
of 3-phase, DTP, 3-phase VF, and DTP VF motors, which demonstrate their characteristics.
The main contribution is that both technologies have been implemented in a single motor
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to evaluate and quantify their impact together, obtaining higher torque and constant power
values, lower torque ripples, and higher efficiencies in the whole working range.

According to the literature review, MP motors have inherent advantages, such as
reduced torque ripple, higher torque capability, power segmentation, and the need of a
smaller DC-link capacitance in the inverter, increasing the power density of the whole
system. Torque levels are improved around 3% just by increasing the phase number, and
torque ripple reduces from around 20% until 60% in the mentioned articles, which is a
significant improvement. Power losses are also decreased: the copper loss decrease thanks
to higher winding factors could benefit from 3% higher efficiencies in a driving cycle,
and iron and rotor (magnet and iron) losses reduced around 25% and 50%, respectively.
Moreover, there are additional degrees of freedom when controlling the motor, which could
be used to enhance its performance even more.

Concerning VF motors, HE motors have good controllability and flux-weakening
performance, but the need for additional coils and converters makes the manufacturing
process more complex and more expensive, which is a significant drawback for EVs.
Moreover, in the cases that slip rings are used to transfer energy to the rotor, there is more
need for maintenance. VFMMs are a very interesting choice, but the high magnetising
currents require an oversized inverter, which is the major challenge to introduce this
technology to EVs. Last, among mechanically flux-varying motors, the ones that use the
centrifugal force of the rotor are identified as the most attractive, as they do not require
additional actuators. However, the complex flux-varying technologies can elevate the
manufacturing costs.

Regarding the FEM simulations, the following general conclusions are obtained. All
the comparative indicators are given with respect to the reference three-phase motor.

¢  The DTP winding improved the maximum torque capability by 4.3% thanks to the
higher winding factor. This also reduces the copper losses in the low speed region
between 6% and 8%, and magnet and rotor losses between 25% and 50%, although
they are not significant. At maximum speed, the need for higher flux-weakening
currents increased copper losses between 3% and 8%, but stator iron losses reduced
between 1% and 4%, which could be thanks to the more sinusoidal MMF. Last, rotor
losses reduced around 25% for the same reason but magnet losses increased between
1% and 3% because of the larger flux-weakening current. Regarding torque ripple, it
was reduced more than 40% at all the working points.

*  The VF rotor had the same performance at low speed, as in the FE-MS the magnets
were fully magnetised, same as in the three-phase motor. Therefore, the benefits came
at high speeds when FW-MS was used to weaken magnet flux. This improved the
maximum-speed power capability by 7.1% as less amount of current was used to
weaken magnet flux. The smaller current and magnetic fields also reduced all losses,
accounting for 23% and 38% total loss reductions in the high-speed working points,
which was a significant improvement. Furthermore, torque ripple was also reduced at
these points by 25% and 43% for the same reason.

e The DTP VF motor exhibited advantages of both DTP and VF motors, being the best
candidate among all the motors analysed. The maximum torque was increased by 4.3%
and the power at maximum speed by 7.3%. The overall losses were reduced between
3.5% and 7% in the low-speed region and between 23% and 37% in the high-speed one,
improving the efficiency in the whole working range. Torque ripple was also reduced
between 40% and 50% in the low-speed region and around 70% at high speeds, which
is a huge improvement.

The study demonstrated that the advantages of VF and MP motors can be combined
to improve the motor performance significantly in the whole operating region. However,
the magnetisation and demagnetisation currents of the VFMMs were not analysed, which
could be very high as identified in the literature references. Moreover, the coercivity of the
magnets was not considered, thus disregarding the unwanted on-load demagnetisation of
the magnets. These two aspects are the main constraints to achieve competitive VFMMs.
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Although the effectiveness of the multiphase variable flux memory motor was reported,
further work is needed considering the mentioned points.
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