
mathematics

Article

Design Optimization of a Traction Synchronous
Homopolar Motor

Vladimir Dmitrievskii 1 , Vladimir Prakht 1 , Alecksey Anuchin 2,* and Vadim Kazakbaev 1

����������
�������

Citation: Dmitrievskii, V.; Prakht, V.;

Anuchin, A.; Kazakbaev, V. Design

Optimization of a Traction

Synchronous Homopolar Motor.

Mathematics 2021, 9, 1352. https://

doi.org/10.3390/math9121352

Academic Editor: Nicu Bizon

Received: 2 May 2021

Accepted: 9 June 2021

Published: 11 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electrical Engineering, Ural Federal University, 620002 Yekaterinburg, Russia;
vladimir.dmitrievsky@urfu.ru (V.D.); va.prakht@urfu.ru (V.P.); vadim.kazakbaev@urfu.ru (V.K.)

2 Department of Electric Drives, Moscow Power Engineering Institute, 111250 Moscow, Russia
* Correspondence: anuchinas@mpei.ru; Tel.: +7-905-538-19-10

Abstract: Synchronous homopolar motors (SHMs) have been attracting the attention of researchers
for many decades. They are used in a variety of equipment such as aircraft and train generators, weld-
ing inverters, and as traction motors. Various mathematical models of SHMs have been proposed
to deal with their complicated magnetic circuit. However, mathematical techniques for optimizing
SHMs have not yet been proposed. This paper discusses various aspects of the optimal design of trac-
tion SHMs, applying the one-criterion unconstrained Nelder–Mead method. The considered motor is
intended for use in a mining dump truck with a carrying capacity of 90 tons. The objective function
for the SHM optimization was designed to reduce/improve the following main characteristics: total
motor power loss, maximum winding current, and torque ripple. One of the difficulties in optimizing
SHMs is the three-dimensional structure of their magnetic core, which usually requires the use of a
three-dimensional finite element model. However, in this study, an original two-dimensional finite
element model of a SHM was used; it allowed the drastic reduction in the computational burden,
enabling objective optimization. As a result of optimization, the total losses in the motor decreased
by up to 1.16 times and the torque ripple decreased by up to 1.34 times; the maximum armature
winding current in the motor mode decreased by 8%.

Keywords: optimal design; Nelder–Mead method; synchronous homopolar machine; synchronous
homopolar motor; traction drives; traction motor

1. Introduction

Hybrid electric powertrains are widely used in mining trucks; a combustion engine
rotates a wound rotor synchronous generator, producing AC voltage, which is then recti-
fied. This electric energy supplies traction to the electric motors mounted in the wheels of
a truck. Nowadays, both DC and AC motors are utilized as traction drives of these mining
trucks. The significant drawback of DC motors is well known: an unreliable brush-collector
unit. The rapid development of power semiconducting devices has led to the creation of
reliable frequency converters and the feasibility of using brushless AC traction motors in
truck powertrains. Currently, the induction AC motor is the most widespread solution
for mining trucks [1], and DC motor powertrains have been discontinued. The usage of
traction induction motors significantly increases the reliability of traction electric drives
in comparison with the brushed DC motor and reduces the operating costs associated
with the maintenance and replacement of brushes. However, induction traction motors
in mining trucks have the following main disadvantages: reduced reliability due to the
high risk of failure of the welded rotor winding [2], increased overheating due to high
losses in the rotor [3], reduced speed control range in comparison with synchronous ma-
chines [4], impossibility of reliable sensorless control over the entire speed range due to the
inapplicability of the self-sensing position estimation methods [3,5], and limitations in the
use of pure electric brakes during a standstill due to the thermocycling of semiconducting
devices.
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To eliminate the above-described disadvantages of powertrains with induction electric
motors, a traction synchronous homopolar motor (SHM) with the rated power of 320 kW
was developed for the BELAZ 75570 mining truck (manufacturer is Belarusian Automobile
Plant) with a carrying capacity of 90 tons. Two traction SHMs are installed in the two rear
wheels of the mining truck. In [4,5], the inverter was described and the development of
sensorless control algorithms for the traction SHM was highlighted.

The SHM has a complex magnetic core layout, which requires the calculation of a
three-dimensional magnetic field, which makes its magnetic analysis challenging. The
magnetic flux flows axially in the rotor sleeve and in the stator yoke; however, it changes
its direction to transverse in the stator and rotor laminated cores.

Three kinds of models were proposed for the evaluation of the characteristics of
the SHMs: the first is the 3D finite element method (FEM) [6,7]; the second is the 2D
FEM [8,9], where the axial and radial fluxes are evaluated using a magnetic circuit; and
the third is the 1D [6,10] lumped parameters-equivalent circuit. The 3D FEM provides
the most accurate field calculation; however, the use of any method of mathematical
optimization together with it is barely possible due to the very long time required by one
calculation. Two-dimensional FEM models of SHMs described in [8,9] have a much shorter
computation time, but they are not as accurate, due to the introduction of virtual windings
into the computational area, imitating the axial excitation flux due to the substitution
of the SHM with a salient-pole synchronous machine, which causes an additional error.
One-dimensional-equivalent circuits provide the shortest calculation time, but they do not
take into account the details of the machine geometry, and they give the largest error.

The article [11] described a new method of the mathematical modeling of SHMs,
which is based on the 2D FEM. In contrast to the mathematical models of SHMs based
on the 3D FEM [7,8], this method requires less computation time and is less demanding
on the available computing resources. The calculation results obtained using this model
were in good agreement with the experimental results. However, the traction SHM was
developed without using any optimal design methods such as the genetic algorithm or the
Nelder–Mead method. Therefore, the characteristics of the traction SHM described in [11]
can be improved.

Synchronous homopolar machines have been known for a long time and are used in
various equipment such as generators in aircrafts and trains [12], welding inverters [13], and
flywheel energy storage systems [14]. Moreover, in [4,5,11,15,16], SHMs were presented as
traction motors. In [17], the design of an SHM for a flywheel energy storage was considered
with the use of ‘manual’ optimization of the SHM parameters based on a lumped model to
obtain a higher efficiency of the machine. However, no mathematical methods of optimal
design have been adopted for traction SHMs yet.

This paper discusses various aspects of the optimal design of traction SHM, applying
the Nelder–Mead method. The objective function for the SHM optimization was designed
to reduce/improve the following main characteristics: total motor power loss, maximum
winding current, and torque ripple.

2. SHM Design Features

Figure 1a shows a sketch of the SHM with the number of stator and rotor stack
combinations (SRSCs) equal to 3. The rotor stacks are mounted on the sleeve pressed onto
the motor shaft. The stator stacks are pressed into the housing (back iron). The excitation
coils are located in the gaps between SRSCs. A single stator winding is placed in the slots
of all stator stacks. Each rotor core has 6 teeth, which corresponds to the number of pole
pairs p = 6 of the stator armature winding. The motor electric frequency can be expressed
through rotational speed n given in revolutions per minute by the formula: f = p × n/60.
The mechanical and electrical angular frequencies are defined as Ω = 2 × π × n/60 and ω
= 2 × π × f, respectively. The stator has Zs = 54 slots. The electromagnetic analysis was
carried out for 2 poles and Zs/p = 9 stator slots.
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Figure 1. (a) Sketch of the SHM design. Armature winding is not shown to avoid cluttering; (b) sketch of the SHM
cross-section.

To reduce the maximum current in the semiconductor switches and reduce the cost of
the traction inverter, a nine-phase armature winding whose phases are indicated by the
numbers 0–8 in Figure 1b was used, which consists of three separate three-phase windings,
each of which has its own neutral point. The currents in the adjacent phases are shifted
by 360◦/9 = 40 electrical degrees. The distributed double-layer winding has a coil pitch of
four stator slots. The analysis assumes that the phase currents are sinusoidal.

The SHM has two sets of SRSCs with the same mutual orientation of the stator and
rotor cores. In the considered case, the first set consists of only the central SRSC, and the
second set consists of two lateral SRSCs. The angular position of the lateral rotor stacks is
displaced relative to the position of the central rotor stack by 30 mechanical degrees (which
is 30 * p = 180 electrical degrees) so that SRSCs produce unidirectional electromotive forces
(EMF) in the armature winding. The total stack length of one set must be approximately
equal to the total stack length of the other set. For this reason, the length of the central
SRSC must be twice those of the lateral SRSCs, as the flux of both field coils flows through
it, and the flux of only one of the field coils flows through the lateral SRSCs.

In the case of sinusoidal armature currents, the two sets of SRSC under consideration
make the same contribution to the active and reactive power, as well as to the torque.
However, their instantaneous values of EMF and torque are not exactly the same. For this
reason, the calculation method of SHM performances includes two steps. In the first step,
it is assumed that the SHM has only one SRSC, the length of which is equal to the sum of
the lengths of all SRSCs. The dependences of torque, voltage, etc. on the rotor position
are calculated using a set of two-dimensional problems of magnetostatics. In the second
step, symmetrization is applied to take into account that the torque ripple and the total
harmonic distortion of the voltage wave produced by single SRSCs partially extinguish
each other, and these parameters of the total machine are much less than those obtained in
the first step. These magnetostatic problems are similar to those usually used in modeling
radial motors, except that the excitation field is modeled by a magnetic monopole. Then,
the symmetrization procedure is applied to spread the results to the real SHM. A detailed
description of the mathematical model of SHM is given in [11].

Figure 2 shows the inverter circuit diagram for the traction SHM. The considered
nine-phase inverter consists of 3 separate three-phase inverters, and it also has a one-phase
chopper for powering the field winding.
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3. Construction of an Objective Function for Nine-Phase Traction Synchronous
Homopolar Motors

Figure 3 shows the traction characteristic of the electric drive of the BELAZ 75570
mining truck [3], limited by the maximum rotational speed and the maximum torque.
The constant power speed ranges from 400 to 4000 rpm (10:1). The maximum mechanical
power of the machine in the motor mode is 370 kW.
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When optimizing the motor, three operating points were considered: the points with
speeds of 400 rpm (maximum torque) and 4000 rpm (maximum speed), as well as the point
with the geometric averages of speed and torque. These operating points are shown in
Table 1.

Table 1. Operating points of the traction SHM considered during the optimization.

Mode Number Torque, N·m Rotational Speed, rpm Mechanical Power, W

1 883 4000 370

2 2793 1265 370

3 8833 400 370

It is assumed that the SHM can operate with equal probability in the subranges 1–2
and 2–3. It is assumed that the average losses in the subranges are equal to the arithmetic
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mean of the losses at their boundaries (points 1 and 2 and points 2 and 3, respectively).
Therefore, as the first optimization objective, the weighted average loss is chosen:

<Plosses> = (Plosses1 + 2 × Plosses2 + Plosses3)/4. (1)

The other two optimization objectives are maximum symmetrized and nonsym-
metrized torque ripples: max(TR) and max(TRsym), respectively. A nonsymmetrized
torque ripple is produced by single SRSCs. A symmetrized torque ripple is produced by a
SHM as a whole. Details of TR and TRsym are given in [11].

The remaining optimization objective is the maximum stator armature winding current
I3 (it is achieved in operating point 3). Therefore, the objective function for the traction
SHM optimization is:

F0 = ln(<Plosses>) + 0.7 ln(I3) + 0.05 × ln[max(TRsym)] + 0.025 × ln[max(TR)]. (2)

This expression indicates that <Plosses> is considered as the most valuable objective. I3
is also a valuable objective. Decreasing I3 by 1% is as valuable as decreasing <Plosses> by
0.7%. max(TRsym) and max(TR) are much less valuable objectives. Decreasing max(TRsym)
and max(TR) by 1% is as valuable as decreasing <Plosses> by 0.05% and 0.025%, respectively.

In addition, the following constraints were adopted during the optimization:

UDC1 < 1000 V; B3 < 1.65 T, (3)

where UDC1 is the maximum voltage that is reached at operating point 1 and B3 is the
maximum flux density in the nonlaminated sections of the magnetic core (the rotor sleeve
or the housing).

The one-criterion Nelder–Mead method is applied in this study to optimize the SHM
design. The Nelder–Mead method belongs to unconstrained optimization methods. The
optimization constraints could be specified simply by assigning infinite values to the
objective function when the constraint conditions are not met. However, this would lead
to a rapid decrease in the volume of the simplex. For this reason, objective function (2) is
modified by using the ‘soft constraints’ with the penalty growing rapidly in the forbidden
area:

F = F0 + k1 × f 1(UDC1/1000[V] − 1) + k2 × f 1(B3/1.65[T] − 1), (4)

where f1(x) =
{

x, x > 0
0

.

Thus, during the optimization process, the constraint conditions can be violated,
which prevents a rapid decrease in the simplex. At the same time, if k1 and k2 are large
enough—they exceed the corresponding Lagrange multipliers—the optimized design will
satisfy the constraints. In this study, it was assumed that k1 = k2 = 1.5, and it turned out
that the optimized design satisfied constraints (3).

4. Initial Design and Parameters Varied during Optimization

Figure 4 demonstrates the main geometric parameters of the traction SHM. In the
initial design, the lengths of the stator stacks were Lstat1 = 101 mm, Lstat2 = 197 mm, and
Lstat3 = 101 mm. The total length of the stator lamination was Lstat = Lstat1 + Lstat2 + Lstat3 =
399 mm. The lengths of the rotor stacks were less than the lengths of the corresponding
stator stacks and were equal to Lrot1 = 92 mm, Lrot2 = 184 mm, and Lrot3 = 92 mm. The total
length of the rotor lamination was Lrot = Lrot1 + Lrot2 + Lrot3 = 368 mm. The parameters
changed during optimization, and some fixed parameters are shown in Tables 2 and 3, and
Figure 4. The main dimensions of the machine (outer radius of the stator housing Rhousing =
367 mm and machine length without end winding parts L = 545 mm) remained unchanged
during the optimization.
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Table 2. Some geometric parameters fixed during the optimization.

Parameter Value

Machine length without end winding parts L, mm 545

Lstat − Lrot, m 31

Axial clearance between excitation winding and rotor, ∆a, mm 25

Radial clearance between field winding and rotor ∆r, mm 20

Number of turns per stator armature coil 5

Number of parallel strands per turn of the stator armature coil 2

Rotor sleeve outer radius Rsleeve, mm 161

Rotor slot bottom radius R1, mm 183.8

Shaft radius Rshaft, mm 70

Stator lamination height hlam, mm 65

External radius of the stator housing Rhousing, mm 367

Table 3. Geometric parameters varied during the optimization.

Parameter Initial Design Optimized Design

Housing thickness h, mm 36 32

Total stator stacks length Lstator, mm 399 445

Airgap width δ, mm 2.3 3.2

Rotor slot factor frs 1 1.084

Angles of field weakening at operating points 1,2,3, electrical radians 0.61; 0.3; 0.25 0.68; 0.32; 0.22

Magnetic monopole densities at operating points 1,2,3, Wb/m 0.48; 0.63; 1.2 0.38; 0.67; 1.07

The shape of the stator yoke, stator yoke thickness, and rotor yoke thickness did not
change. As the external radius of the stator housing Rhousing was fixed, the inner radius of
the stator changed as the housing thickness h changed. The outer rotor radius was also
influenced by the air gap width δ. As the outer radius of the rotor sleeve Rsleeve and the
thickness of the rotor yoke R1 − Rsleeve were fixed, the depth of the rotor slot changed with
the change in the outer diameter of the rotor.
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The angular distances between the rotor teeth on the outer radius of the rotor and on
the inner radius of the rotor slot R1 were changed consistently by multiplying with the
coefficient frs. As the outer radius of the rotor sleeve Rsleeve and the radial clearance ∆r were
fixed, the inner radius of the field winding was also fixed. The axial length of the field
winding is Lex = (L − Lstat)/2 − ∆a and changes with the variation of Lstat. Lex = 48 mm at
the initial design. The resistance of the excitation winding was assumed to be 10.2 Ohms
at the initial design. During the optimization, this resistance changed, depending on the
length of the field winding as 10.2 Ohm·48 mm/Lex. The number of turns of the field
winding equal to 340 did not change.

The lengths of the stator stacks were slightly longer than the lengths of the rotor stacks.
As a result, the excitation field, which is constant in the rotor reference frame, coming out
of the ends of the rotor stacks, was closed on the inner surface of the laminated stator.
Therefore, additional eddy current losses due to the penetration of the magnetic field
into the end surfaces of the stator laminations did not arise. However, the use of the 2D
FEM model required the calculation of the equivalent total length of the stator lamination
Lequ [18]. In this study, it was assumed that the equivalent length increased over the total
length of the rotor stacks by 1.26 × δ at each edge of the rotor stack; therefore, Lequ = Lrot
+ 6 × 1.2 × δ. The steel filling factor of the stator and rotor laminations was assumed to
be ksteel = 0.95. The following magnetization curves were adopted for the rotor and stator
laminations:

Hstator = H0

(
B Lequ

ksteel Lstator

)
,

Hrot = H0

(
B Lequ

ksteel Lrot

)
,

(5)

where H0(B) is the catalog steel magnetization curve.

5. Traction SHM Optimization Results and Discussion

The Nelder–Mead algorithm described in [19] was used in designing the traction SHM.
The number of optimization parameters was ten (listed in Table 3). The mathematical
model described in [11] was used to evaluate the objectives included in the optimization
function F (3).

Figure 5 shows plots of flux density magnitude up to 2 T at the initial and optimized
designs for the most saturated operating point 3. The contours of the regions of extreme
saturation with flux density greater than 2 T were also outlined. As a result of optimization,
the overall saturation and the areas of extreme saturation decreased.
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Figure 5. SHM geometry and flux density magnitude; black contours mark the regions in which
the magnitude of the flux density vector exceeds 2 T (extreme saturation): (a) before optimization;
(b) after optimization; it can be seen that after optimization, the regions in which the flux density
exceeds 2 T have noticeably decreased.
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Table 3 (see above) shows the varied design parameters of the traction SHM before
and after the optimization. Among the varied parameters, the air gap width changed
most significantly: it increased 1.4 times. There is a trade-off when choosing the air gap
width of the SHM. On the one hand, reducing the gap makes it easier to produce the useful
excitation flux. This flux interaction with the current in the armature winding creates
the torque. On the other hand, with a small air gap, the leakage flux of the armature
winding increases; it does not create the useful torque but only saturates the magnetic core
and increases the reactive power. The synchronous homopolar machine has an effective
excitation system, in which one excitation winding with ring-shaped coils magnetizes all
the poles of the machine. Therefore, the trade-off in choosing the air gap width shifts from
increasing the excitation flux to reducing the reactive power and saturation. For this reason,
the air gap in the SHM must be increased compared to other types of electrical machines
such as induction and reluctance machines. In addition, increasing the air gap width of
the SHM increases its robustness, simplifies assembly, improves reliability, and decreases
torque ripple.

Figure 6 shows the change in the total losses <Plosses> and the maximum current of the
armature winding I3 in the SHM during optimization. Figure 7a shows the change in the
maximum symmetrized TRsym and nonsymmetrized torque ripples TR during optimization.
Figure 7b shows the change in the objective function F during optimization. Table 4 shows
the main results of the optimization of the traction SHM.
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Table 4. Optimization results.

Value Before Optimization After Optimization

Operating point 1 2 3 Brake
mode 1 2 3 Brake

mode

Speed, rpm 4000 1265 400 1100 4000 1265 400 1100

Current, A ampl 197 408 886 643 223 356 816 589

Mechanical power, kW 370 370 370 −540 370 370 370 −540

Mechanical losses, kW 17.57 0.65 0.05 0.45 17.57 0.65 0.05 0.45

Conductive winding losses, kW 1.49 6.40 30.25 15.96 1.92 4.89 25.68 13.40

Eddy-current winding losses, kW 6.58 3.15 1.39 5.59 6.89 2.42 1.24 4.47

Stator core losses, kW 13.44 6.45 2.19 8.41 8.29 4.91 2.44 6.50

Rotor core losses, kW 2.53 0.63 0.09 0.59 0.98 0.37 0.06 0.33

Excitation losses, kW 0.32 0.67 7.06 1.16 0.74 1.92 11.39 2.43

Active power, kW 412 387 404 −508 406 383 399 −512

Efficiency, % 89.8 95.4 90.0 93.8 91.0 96.1 90.1 94.5

Total losses, kW 41.93 17.95 41.04 32.15 36.40 15.15 40.86 27.57

Line voltage, V ampl 940 472 196 462 772 462 211 446

Not symmetrized torque ripple, N·m 71.94 61.53 24.13 42.09 55.18 51.91 24.61 40.43

Symmetrized torque ripple, N·m 20.97 12.44 2.81 8.43 14.42 9.38 2.01 7.44

Excitation current, A 5.6 8.1 26.3 10.7 6.3 10.1 24.6 11.4

Flux density in nonlaminated parts of the
magnetic core, T 0.59 0.77 1.46 0.77 0.59 1.04 1.65 0.98

In the motor mode, at operating points 1 and 2, the total losses reduced by 1.13 and
1.16 times, respectively. At operating point 3, only a slight reduction in the total losses was
achieved. This loss reduction was probably due to an increase in the air gap width, leading
to a weakening in the leakage flux of the armature winding and a decrease in saturation
and reactive power. An increase in the air gap width also leads to a weakening in the high
harmonics of the flux density in the air gap, which makes it possible to reduce the torque
ripple. At operating points 1 and 2 of the motor mode, the symmetrized torque ripple
reduced by 1.45 and 1.32 times, respectively. The maximum armature winding current
occurring at operating point 3 of the motor mode decreased by 8%. The flux density in the
nonlaminated parts of the magnetic core reached a maximum value of 1.65 T at operating
point 3.

In [20], it was reported that in in the braking (generator) mode of the considered
application, the highest torque was reached at a speed of 1100 rpm (5200 N·m, 540 kW).
For this reason, the calculation results for the braking mode are also presented in Table 4.
In the braking mode, the total losses were also significantly reduced after optimization,
although this operating point was not optimized and was not included in the objective
function (2), as a mining truck, when driving from a mountain, dissipates all the energy
into the braking resistors. As seen in Table 4, in the braking mode, the voltage and currents
were within an acceptable range.

6. Conclusions

This paper discusses various aspects of the optimal design of a traction SHM, applying
the one-criterion unconstrained Nelder–Mead method. This SHM is intended for use in a
mining dump truck with a carrying capacity of 90 tons.

The objective function for the SHM optimization was designed to reduce/improve
the following main characteristics: total motor power loss, maximum winding current, and
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torque ripple. Optimization was carried out by taking into account the characteristics of the
SHM at three loading modes. The constraints of the supplied voltage and of the maximum
magnetic flux density in the nonlaminated parts of the magnetic core were imposed.

Among the varied parameters, after the optimization, the air gap width changed most
significantly; it increased 1.4 times, which makes it possible to reduce the saturation of
the magnetic circuit, reduce the reactive power of the motor, increase the reliability of the
motor, simplify assembly, and also to reduce the torque ripple.

As a result of optimization, in the motor mode, at operating points 1 and 2, the total
losses reduced by 1.13 and 1.16 times, respectively. At operating point 3, only a slight
reduction in the total losses was achieved. At operating points 1 and 2 of the motor
mode, the symmetrized torque ripple reduced by 1.45 and 1.32 times, respectively. The
flux density in the nonlaminated parts of the magnetic core reached a maximum value of
1.65 T at operating point 3. The maximum armature winding current in the motor mode
decreased by 8%. In the braking mode, the total losses of the SHM were also significantly
reduced after optimization, although this operating point was not optimized and was not
included in the objective function.

In addition, after the optimization, the regions of the motor magnetic core with extreme
saturation noticeably decreased, which is one of the reasons for the decrease in losses and
an increase in efficiency.

In future works, the SHM will theoretically be considered in other applications, for
example, as a traction motor for a light electric vehicle and electric bus. In addition, a
theoretical comparison of the SHM with a traction induction motor will be carried out.
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Glossary

List of Abbreviations
AC Alternating current
DC Direct current
EMF Electromotive force
FEM Finite element method
SHM Synchronous homopolar motor
SRSC Stator and rotor stack combination
List of Mathematical Symbols
B Flux density, T
B3 Maximum flux density in the nonlaminated parts of the magnetic core, T
f Electric frequency, Hz



Mathematics 2021, 9, 1352 11 of 12

F Second objective function
F0 First objective function
f1 Auxiliary function
frs Rotor slot factor
h Housing thickness, mm
H0 Magnetic field strength according to the catalog magnetization curve, A/m
Hrotor Rotor magnetic field strength, A/m
Hstator Stator magnetic field strength, A/m
hlam Stator lamination height, mm
I3 Amplitude of the maximum stator armature winding current, A
k1, k2 Multipliers of terms of an objective function
ksteel Steel fill factor
L Total machine length without end winding parts, mm
Lequ Equivalent total length of the stator lamination, mm
Lex Axial length of the field winding, mm
Lrot Total length of the rotor lamination, mm
Lrot1, Lrot2, Lrot3 Lengths of individual rotor stacks, mm
Lstat Total length of the stator lamination, mm
Lstat1, Lstat2, Lstat3 Lengths of individual stator stacks, mm
n Rotational frequency, revolution per minute
p Number of pole pairs
Plosses Total power losses, kW
R1 Thickness of the rotor yoke, mm
Rhousing Outer radius of the stator housing, mm
Rsleeve Outer radius of the rotor sleeve, mm
Rshaft Shaft radius, mm
TR Torque ripple, %
TRsym Symmetrized torque ripple, %
UDC1 Maximum voltage, V
Zs Number of stator slots
δ Air gap width, mm
∆a Axial clearance between excitation winding and rotor, mm
∆r Radial clearance between field winding and rotor, mm
ω Electrical angular speed, radian per second
Ω Mechanical angular speed, radian per second
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