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Modern electric vehicles typically exploit synchronous
motors with magnetoelectric excitation as traction engines.
While possessing a series of undeniable advantages, the
synchronous motor has one significant drawback — the high
cost predetermined by the high price of permanent magnets.
In addition, the impossibility to disable a magnetic field in
case of engine malfunction can lead to an emergency on the
road. Given this, there is a need to design new structures of
electrical machines with electromagnetic excitation.

The structure of a D Ctraction motorwith electromagnetic
excitation involving the rotor or stator segmentation makes
it possible to considerably weaken the field of the armature
transverse reaction by decreasing magnetic conductivity of
the magnetic circuit in the transverse direction. Therefore,
such a structure lacks commutating poles and a compensation
winding. There are no permanent magnets in the structure,
all windings are stationary, an electronic switch is used
instead of a collector, and a windingless low-inertia rotor
does not require additional measures to remove heat. That
all has made it possible to significantly reduce the cost of
active materials for the traction engine and improve its
reliability.

To test the performance of the new design, a full-size
model of the engine and a working experimental prototype
were fabricated. Applying a synchronous jet engine with
magnetization for the BMUW i3 electric car as an analog, the
engine calculations were performed and its simulation was
carried out. The results of the analysis show that the mass of
the new engine is 35 % greater than the mass of the analog
but the cost of active materials is less than that of the analog
by 63 %. The results testify to the possibility of implementing
a given structure industrially

Keywords: DC motor, armature transverse reaction,
number of pole pairs, switch

u] =,

Received date 19.05.2021
Accepted date 17.07.2021
Published date 31.08.2021

1. Introduction

In more than a century of their history, electric cars
have experienced two ups and one downturn. The serial
passenger electric vehicles were first produced in
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pacity, wide possibilities for adjusting excitation (parallel,
serial, mixed), DCM most fully corresponds to the tasks of
the traction electric drive. Its characteristics are still largely
the benchmark for any solutions in this area.

1907; for several decades, they became leaders of
the automotive industry. However, by 1935, electric
cars were completely displaced from the market by
vehicles with an internal combustion engine. In
50 years, interest in electric cars has revived again,
and the beginning of the 215 century witnessed a
new rise.

Throughout the 20t century, the main traction
engine for electric vehicles was a direct current
motor (DCM) but, as power electronics developed,
it began to lose its position. Fig. 1 shows the per-
centage of the use of three types of electric motors
in 44 models of electric vehicles whose global sales
began in the period from 2005 to 2012 [1].

The diagram demonstrates that by 2008 DC mo-
tors were completely displaced from the automotive
drive market.

Due to its advantages such as ensuring a constant
torque over a wide range of speeds, high overload ca-
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Fig. 1. The dynamics of application of different types of

electric motors




However, its shortcomings, namely the presence of an
unreliable collector unit, high cost, and large mass do not
allow it to take its rightful place among modern high-tech
electric vehicles. Therefore, it is a very relevant task to
design new DCM structures in which the shortcomings of
classical DC machines are minimized.

2. Literature review and problem statement

The review reported in [1] shows that 60 % of all traction
motors installed in electric vehicles are synchronous (Fig. 1).
According to the type of excitation, synchronous motors can
be divided into three main groups:

— motors with electromagnetic excitation;

— motors with surface-placed permanent magnets;

— motors with incorporated permanent magnets.

According to [2], the most popular in the market of
traction drives of electric vehicles are synchronous motors
with incorporated permanent magnets. This conclusion
is confirmed by the review of traction engines from the
world’s largest manufacturers of electric vehicles (Nis-
san, Tesla, Honda, Toyota, Chevrolet, BMW), given in [3].

However, in 2020, a new trend emerged
in the traction drive market: the transition M [Nm]

the state program “Development of Magnetic Materials for
High-Efficiency Motors” was launched in 2014 [12].

One way to resolve the issue of the increasing cost of
permanent magnets is to abandon their use and return to
electromagnetic excitation in electric vehicle traction mo-
tors. However, this requires that electromagnetically excited
motors should provide for efficiency comparable to that of
magnetoelectric excitation motors.

It is known that the traction characteristic of the au-
tomobile drive has two characteristic regions: a constant
torque in the range n=0+n,, and constant power in the
range n=mnyq;~MNmax-

Typically, in modern traction engines, 7,,=5,000 rpm,
Nmax=12,000 rpm. A high rated speed of the traction engine
is necessary to reduce its dimensions and improve efficiency.
However, it is impossible to maintain high efficiency over the
entire speed range, which is why, when analyzing the modes
of operation of the engine in various driving cycles such as
urban, suburban, highway, designers opt for a compromise
option. At the initial design stage, with a fixed value of the
outer diameter, an engine is optimized by selecting the num-
ber of pole pairs. In modern traction engines, this parameter
is within p=4+6 [13].

from magnetoelectric excitation to elec- 150 -

tromagnetic excitation. L
Thus, the BMW i3 model of 2016 is 130

equipped with a hybrid synchronous mo-

tor with permanent magnets [4]. However,
for the next model of the iX3 2020, BMW 90
designers installed a traction synchronous

motor with electromagnetic excitation [5]. 70 1
Bentley is also developing in the same di-
rection; in August 2020, it announced its 50
participation in the OCTOPUS program 30
to build a new electric car power unit
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and Zoe brands only with synchronous
engines with electromagnetic excitation.

The main reason for such activities
is the ever-increasing cost of high-cost
neodymium magnets. According to experts, it currently
accounts for 30+60 % of the total cost of active materials
for the electric motor [7, 8]. According to forecasts[9],
given a growing demand, there may be a shortage of per-
manent magnets in 2030 and a significant increase in their
cost. The issue of abandoning the use of the expensive rare
earth metals neodymium and dysprosium for permanent
magnets is given great attention by the state structures
in the largest industrialized countries. The U.S. Depart-
ment of Energy’s Advanced Research Agency launched the
REACT (Rare Earth Alternatives in Critical Technologies)
program in 2011 [10]. The program was attended by 14 uni-
versities and national laboratories in the United States,
as well as 27 universities and corporations as partners of
the program. Work on the creation of permanent magnets
without rare earth elements is carried out not only in the
United States but also in the European Union where there is
a program “EURARE” (European Rare Earth Project) [11].
Work in the same direction is underway in Japan where

Fig. 2. Traction characteristics

Paper [14] reports data on the influence of the number
of pole pairs on the efficiency of the traction motor (Fig. 2).

Analysis of the efficiency fields constructed according
to [14] reveals that modern traction motors are optimized to
work with maximum efficiency either in the zone of constant
torque p=5+6, or in the middle zone p=4. According to [13],
the rotor outer diameter in engines for the Toyota Prius (Ja-
pan), Nissan Leaf (Japan), and BMW i3 (Germany) models
is within D,,=130+180 mm.

Due to the large size of the excitation windings, it is im-
possible to arrange 12 pronounced poles within such a small
volume, a maximum of 4 or 6 (Fig. 3, 4) [15, 16]. However, if
one uses permanent magnets, 5 mm high, instead of a copper
winding, this would not cause any difficulties (Fig. 5) [17].

Based on these considerations, we can conclude that
automotive engines with electromagnetic excitation are
well optimized for operation at high speeds but inferior in
efficiency to motors with magnetoelectric excitation at low
speeds.



For motors with electromagnetic excitation, this disad-
vantage can be eliminated. The issue related to small pole
division has been known for a long time; it was solved in the
middle of the 19t century with the advent of the structure of
a synchronous inductor machine (IM).

As one knows, the rotor of the homopolar IM is made
in the form of a gear wheel, in which the teeth play the role
of windingless poles. The simplest homopolar IM has only
one excitation winding, located together with the armature
winding in a fixed stator. In this case, the engine with elec-
tromagnetic excitation may have the same number of poles as
that of a motor with magnetoelectric excitation.

In addition, the engine with electromagnetic excitation
is devoid of the main drawback inherent in all engines with
magnetoelectric excitation — the impossibility of adjusting
the magnetic flux and the impossibility of disabling it under
the emergency modes of engine operation.

In modern traction motors with magnetoelectric exci-
tation, this disadvantage is almost eliminated. However, this
issue was solved by complicating the structure of the engine
and inverter, which, in turn, leads to an increase in the cost
of the entire electric drive.

3. The aim and objectives of the study

The aim of this study is to design a DC traction motor
with an inductor-type magnetic system for driving an elec-

tric car, which would improve the efficiency and economic
attractiveness of this type of electric machines.

To accomplish the aim, the following tasks have been set:

— to fabricate a prototype of the DC motor with a wind-
ingless rotor (DCMWR) and test it;

— to design a traction DCMWR for the drive of an elec-
tric vehicle, to simulate the distribution of magnetic induc-
tion in the working air gap, to analyze the stationary thermal
field, to perform weight-size and cost analyses.

4. The study materials and methods

Work on the design and research of DC motors with
a windingless rotor with a magnetic system of inductor
type [18] has been carried out at the Odesa National Poly-
technic University (Ukraine) since 2006.

In DCMWR, similarly to the inductor machine, the
value of magnetic induction in the working gap varies only
in magnitude, remaining unchanged by the sign. The con-
version of energy in DCMW R occurs due to a change in the
mutual inductance between the fixed armature windings
and excitation when moving the poles of the rotor relative to
the stator teeth (Fig. 6).
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Fig. 6. Flux linkage change

Similar to the inductor machine, only half of the active
stator surface is involved in the conversion of energy in
DCMWR (Fig. 7), which leads to the need to increase the
active length of the section.

However, the copper consumption increases slightly since
it is possible to increase the number of pairs of poles in
DCMWR from p=3 to p=6, as a result of which the length of
the frontal parts (and, accordingly, the total mass of the wind-
ing) decreases.



Fig. 7. Prototype sections

To test the operability of the structure, a full-size pro-
totype of DCMWR, end version, was fabricated (Fig. 8, 9).
Its rated data are P, =5 kW, U,y =220V, 1,4,=1,500 rpm
(0 =157 Y, 1,,;=2578 A, M,,; =72Nm, p=3, Z1=6,
J=0.0405 kg-m?, m=80 kg, the magnetic system was made of
structural steel, grade St3, instead of electrical steel.

The DCMWR prototype (Fig. 9-11) is a two-stator end
electric machine of the axial type whose distinctive feature
is the absence of a common yoke.

Fig. 8. General view of the prototype

Fig. 9. Inside view of the prototype

The DCMWR magnetic system consists of a series of
magnetically uncoupled steel segments of the U-shaped
type 1, fixed in non-magnetic (aluminum) end shields 5,

between which there are the windingless poles of rotor 2.
In the grooves between the segments of each stator are the
sections of armature winding 3. All segments of each stator
are covered by a common exciting winding 4.

In such a structure, all stator grooves are open on both
sides (Fig. 8, 10), which makes it possible to significantly
weaken the field of the armature transverse reaction @, by
reducing the magnetic conductivity of the magnetic circuit
in the transverse direction. Therefore, in a given structure
there is no need to install commutating poles and a compen-
sation winding.

Fig. 10. Prototype axonometry
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Fig. 11. Prototype cross-section

The structural scheme with a segmented stator and
a one-piece rotor (Fig.10) is used in DCMWR with a
maximum rotational speed of 1,000-1,500 rpm. To limit
the response of the armature in high-speed machines, a
structural scheme with a one-piece stator and a segmented
rotor is preferable (Fig. 12). Common to the two structural
schemes are the ways of limiting the armature reaction,
shown below by using the structure with a common stator
as an example.
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Fig. 12. Stator with wide grooves and a small working air gap

The first technique involves the presence of a stator with
wide open grooves. In this case, the magnetic resistance of
the air gap increases due to the lack of closure along the
crowns of the teeth, its value can be chosen as minimal-



ly technologically possible (Fig. 12, left B(T)

side).

The segmented pole, whose area
is equal to the area of the non-seg-
mented pole, further weakens the re-
action field of the armature (Fig. 12,
right side).

An attempt to use this approach
in a stator with narrow semi-closed
grooves and a small air gap, where the
closure of the armature field proceeds
along the crowns of the teeth, is guar-
anteed to lead to the overturning of the
field (Fig. 13, left side).

Therefore, with a small width of the
groove, it is necessary to increase the
value of the working air gap (Fig. 13,
right side). This approach is general-
ly accepted for DC machines; thus,
an industrially produced DCM with a
power of P=200 kW has an air gap of
=3 mm.
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Fig.13. Stator with narrow grooves and a large working air gap

5. The results of studying a DC motor with a
windingless rotor

5. 1. The prototype of a DC motor with a winding ro-
tor of end design

Since the magnetic system of the prototype is made
of structural steel, grade St3, the DCMWR tests were
carried out in a limited manner. The tests included check-
ing the operability of the structure and the technique
for limiting the reaction of the armature; the acquisition
of the waveform of start and reverse, the acquisition of
the traction characteristic; thermal tests, checking the
operation with the reversed collector and an electronic
switch.

Based on the results of the tests, the following conclu-
sions were drawn.

The DCMWR structure is fully operational. The segment-
ed stator makes it possible to significantly weaken the field of
the transverse reaction of the armature, thereby increasing the
overload capacity of the engine for current (Fig. 14).

The nature of the DCMWR dynamic processes fully
corresponds to the similar characteristics of the classical
DC machine (Fig. 15).
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Fig. 14. Distribution of the magnetic induction of the armature field in the

working air gap over ©

At the same time, one should note the complete coinci-
dence between the values of the electromechanical constant
Ty, determined from the following equation:

D 0040578 2015 (1)
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and the value of T, derived from the waveform, where the
start-up time is £,=0.32 s, and

t, 028
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The traction characteristic M=f(I') (Fig. 16) was acquired
with the rotor braked, which was fixed in the predefined posi-
tion, then, as the armature current changed at the rated exci-
tation current, the counting involved the dynamometer scale.

The analysis of the characteristic demonstrates that the
experimental curve is lower than the estimated one, which
relates to the rapid saturation of the elements of the magnetic
circuit of the engine made of structural steel, St3. However,
even in this version, the possibility of a 2+2.5-multiple current
overload is provided. With a much smaller mass of rotating
parts than that in a typical analog, this ensures the increased
performance and energy savings under dynamic modes.

Based on the results of DCMWR thermal tests and
modeling its stationary thermal field, the excess tempera-
ture of the exciting winding T,,=50 °C and the armature
winding T,,=62 °C above the ambient temperature 7,=21 °C
were determined. The comparative analysis [19] reveals that
DCMWR with natural cooling removes heat more efficient-
ly than an analog with self-ventilation.

Initially, the DCMWR prototype tests were carried out
with a reversed collector, in which the brush assembly, fixed on
the shaft, rotated relative to the fixed collector fixed on the end
panel. The obvious advantage of this approach is the ability to
work from an alternating current network with a cheap control
circuit based on a thyristor rectifier. Subsequently, the collector
was replaced with an electronic switch. Fig. 17 shows a diagram
of the twelve-section winding of the DCMWR prototype,
where IGBT transistors are used as power keys.
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Fig. 15. Oscillograms of the prototype start and reverse

The scheme works as follows. Let the position of the
poles be such that the rotor position sensor (RPS) opens
the VT1 and VT14 keys. Then the current would pass
along the following path: the plus terminal of a power
supply, the VT1 key, sections C1-C6 (the first parallel
branch), as well as parallel C12—-C7 (the second parallel

branch), the VT14 key, the minus terminal of a power
supply. In this case, the rotor would turn and RPS would
close the keys VT1, VT14, and turn on the keys VT3,
VT16 (or VT23, VT12 when moving the rotor in the other
direction). When one turns on the keys VT3, VT16, the
direction of current in sections C1 and C7 would change
to the opposite. With further rotation of the rotor, the
signals from RPS would enable the next pairs of transis-
tor keys and, when moving the engine at 21, a full cycle of
switching electronic keys would occur.

After analyzing the results obtained, the next stage
began, namely, the design and manufacture of a full-fledged
experimental sample of a low-speed DC generator with a
one-piece windingless rotor and a segmented stator. A given
generator, Py, =1 kW, Uy, =300 V, 1., =600 rpm, is designed
to work as part of a wind power plant: the diameter of the
internal boring of the stator D,=140 mm, the number of pole
pairs p=6 (Fig. 18-20) [20].

To design the generator, we devised a procedure for
calculating low-speed electric machines of this type and
determined the optimal values of electromagnetic loads and
geometric ratios.

The full cycle of tests has confirmed the correctness
of the calculation procedure and the match between the
estimated and experimental data.
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Fig. 16. The prototype torque (traction) characteristic
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Fig. 17. The prototype switch diagram



are the rotor poles 5. Only the stator 4 package is made of
electrical steel, in which the armature winding 3 is laid. The
stator package has a relatively small mass (due to the low
height of the yoke) and is assembled from sheets of electrical
steel of the powercore 020-130Y320 grade with a thickness
of 0.02 mm. Exciting winding 2 is located inside the body
and is stationary. Such a structural solution is classic for the
homopolar inductor machines.
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Fig. 20. Rotor D,=140 mm, p=6

5. 2. A high-speed DC motor with a windingless rotor

The experience gained in designing a prototype, as well
as taking into consideration the identified shortcomings,
have allowed us to proceed to the next stage of DCMWR
research — the development of a high-speed engine to work
as part of an electric car drive.

As one knows, the maximum speed of rotation of an
electric machine is limited by two factors: the mechanical
strength of the rotor and the increasing losses in steel. The
stator of a high-speed electric machine must withstand sig-
nificant tangential forces and have a relatively small mass to
reduce losses in steel.

The structure of the segmented stator of the low-speed
DCMWR (Fig. 18) does not meet these requirements. For
high-speed machines, a structural scheme with a one-piece
stator and a segmented rotor is preferable (Fig. 21,22). In
both cases, the weakening of the field of the transverse re-
action of the armature is achieved. However, in the second
case, the consumption of electrical steel is less.

The DCMWR body 1 is part of the magnetic system and
is made of massive conventional structural steel. Massive

HHHHHHH““”‘ “”MHHHHHHHHH ’

Fig. 22. High-speed engine: front view

The DCMWR segmented rotor is structurally similar
to the collector-type prefabricated rotor with prismatic
permanent magnets (CRPPM) [21]. CRPPM is used in
the high-speed electric machines for aircraft with speeds
of 30-10%+-60-103 rpm. The DCMWR rotor consists of a
non-magnetic body 6, fixed on shaft 8, in the grooves of
which the segments of poles 5 are laid. To counter centrifu-
gal forces, the DCMWR rotor, like the CRPPM rotor, has
a bandage shell made of composite material, shaped in the
form of a solid non-magnetic sleeve, 2 mm thick, and an ad-
ditional composite end bandage 7.

As an analog for DCMWR, a synchronous jet engine
with magnetization installed in the 2016 BMW i3 electric
car was chosen. The choice of a given analog is due to the
fact that its characteristics are well known [3, 4], in partic-
ular from open reports by Tim Burress from the Oak Ridge
National Laboratory, USA [17, 22].



Based on the data given in those sources, the following
parameters were adopted for the DCMWR calculation: the
inner diameter of the stator D;=180 mm, the number of pole
pairs p=6, the number of stator grooves Z=72; an indirect
liquid cooling.

The values for the linear current density A=11-10* A/m
and current density j=12 A/mm? with indirect liquid cool-
ing are adopted on the basis of the recommendations given
in [23] where modern methods of cooling electric machines
are considered.

As one knows, losses in steel increase dramatically with
increasing frequency. Based on the recommendations for
the design of inductor machines, the following flux density
values were adopted — for the air gap Bs=0.4 T, for the teeth
B=0.8T.

Since the analog has a large number of toothed divisions
into poles and narrow grooves, the transverse reaction of
the armature is restricted according to the second tech-
nique (Fig. 13, right side), which implies the presence of a
large working air gap.

In DCMWR, Bs=0.4 T, which makes it possible with
relatively low costs for weight and losses to increase the
working air gap to =4 mm (Fig. 13, right side). In addition,
the large air gap makes it easy to place a rotor bandage made
of carbon fiber.

Based on the accepted initial data, a high-speed DC mo-
tor with a windingless rotor was calculated. The comparison
of the DCMWR and analog is given in Table 1.

Table 1
Comparative data on the DCMWR and analog
Parameter | unit |BMWi3 |DCMWR| %
Maximal values
Power Py« kw 125 121.5 -
Torque Mipax Nm 250 258 -
Maximal speed 7y, rpm 11.400 11.400 -
Rated values
Rated power Py, kw 75 75.3 -
Rated torque M,y Nm - 159.9 -
Rated speed 72,4 rpm 4.500 4.500 -
Voltage range \% 250-400 | 250-400 -
Rated efficiency % 97 94 -3%
Linear current density A | A/m - 11-104 -
Air gap flux density Bs T - 0.4 -
Teeth flux density B; T - 0.8 -
S Jamne]| [0 [
Stator outer diameter Dy, | mm 242 250 +3%
Stator inner diameter D | mm 180 180 -
Stator length mm 132 167 +21 %
Assemblgd engine ke 49 64 +359%
weight

The estimated data for our weight and size analysis are
given in Table 2. Prices for materials are in 2015; taken
from [24]; the price of structural steel is accepted as half the
price of electrical steel.

In addition to the calculation, the DCMWR stationary
thermal field was simulated (Fig. 23), as well as the distri-
bution of magnetic induction in the DCMWR working air
gap (Fig. 24).

Table 2
Weight and cost of active materials
Parameter | Unit | BMW i3 | DCMWR | %
Mass
Electrical steel mass kg 21.9 13.2 —40 %
stator m; kg 13.7 13.2 -4 %
rotor m, kg 8.2 - -
Structural steel mass kg - 28.6 -
DCMWR body my, kg - 8.3 -
DCMWR rotor poles m,, | kg - 20.3 -
Winding copper mass kg 7 13 +46 %
armature winding kg 7 9 +22 %
DCMWR exciting wind- ke B 4 3
NG Meyy
Permanent magnet mass | kg 2 - -
Price (*)
Electrical steel EUR| 19.71 11.88 —40 %
Structural steel EUR - 12.87 -
Winding copper EUR 49 91 +46 %
Permanent magnets EUR 240 - -
Total EUR| 308.71 11575 | -63%

Note: (*) Electrical steel=0.90 EUR/kg; structural steel=0.45 EUR /kg;
winding copper=7 EUR/kg; permanent magnets NdFeB=120 EUR/kg
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Fig. 23. Temperature distribution in a high-speed engine

Our results allow for a preliminary assessment and
identification of the strengths and weaknesses of the new
design.
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netoelectric excitation will only grow.
Our simulation of the distribution of
magnetic induction in the working air
gap demonstrated that a given structure
can withstand a 2+3x current overload
due to a significant weakening of the
field of the armature transverse reac-
tion. Fig. 24 shows the distribution of
L(mm) mMmagnetic induction in the DCMWR
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3M4O 50

60 working air gap for the rated mode of
operation. The shape of the curves fully
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Fig. 24. Distribution of magnetic induction in the working air gap of

a high-speed engine

6. Discussion of results of designing a DC motor with a
windingless rotor for use in electric vehicles

Unlike its counterpart, in DCMWR only 50 % of the
usable area of the stator is involved in energy conversion.
Provided that the dimensions of the internal diameters of
the DCMWR and analog stators were equal, it could be
expected that the length of the DCMWR stator package
would increase by 50 %; in reality, the increase was only
21 % (Table 1). This difference is because open sources lack
accurate information on the values of electromagnetic loads,
induction values, and the coefficient of pole overlap of the
analog. The increase in the values of these parameters led to
a decrease in the length of the stator.

Our analysis of the DCMWR stationary thermal field
has revealed that at the accepted values of electromagnetic
loads under the rated mode of operation, the absolute values
of the temperatures of the structural elements do not exceed
the permissible values for the insulation class H (Fig. 23).

A comparative analysis of the DCMWR and analog
(Table 1) once again confirms that the engine with magneto-
electric excitation is better than the engine with electromag-
netic excitation in terms of weight and energy indicators.
While the value of DCMWR efficiency is inferior to the
analog by only 3 %, in terms of weight it is heavier than the
analog by 35 % (Table 1).

At the same time, the comparison of the cost of active
materials for the DCMWR and analog (Table 2) shows
that the analog is more expensive than DCMWR by 63 %.
Based on the analysis of the cost of permanent magnets giv-
en above, we can conclude that soon the price gap between

N

resultant

corresponds to similar curves of a clas-
sical DC machine. As can be seen, with
an increase in the working air gap, the
pulsations of the magnetic flux due to
the toothing of the stator decrease.

The DCMWR design makes it pos-
sible to fully automate the assembly
process of a given engine and minimize
the time of its manufacture, which is an
important requirement in the manufacture of traction mo-
tors for electric vehicles. In the future, such a structure can
be produced industrially.

It should be noted that the currently existing optimized
design procedure for low-speed DCMWR does not make it
possible to optimize the structure of high-speed DCMWR.
Optimization of the design of a high-speed DC motor with a
windingless rotor is the subject of further research.

7. Conclusions

1. Our tests of the prototype have shown that DCMWR,
like any other electric machine, has its advantages and dis-
advantages. However, in comparison with the disadvantages
of a classic DC machine, the disadvantages of DCMWR are
not so significant. The absence of a collector, commutat-
ing poles, and a compensation winding, low inertia, 3-fold
overload capacity, and a rotor from which there is no need
to remove heat, neutralize its disadvantage associated with
the need to increase the length of the rotor. In comparison
with synchronous motors with electromagnetic excitation,
DCMWR is more effective than analogs under the modes
with a high torque value due to the possibility to increase the
number of pairs of windingless poles.

2. The simulation results, as well as the weight and size
and cost analyses, demonstrate that in terms of its energy
performance, DCMWR is close to an analog. Inferior to the
analog by 3 % in efficiency, DCMWR is, at the same time,
cheaper than the analog by 63 % in terms of the cost of active
materials.
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