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Abstract: Synchronous homopolar machines (SHM) with excitation winding on the stator have attracted the
attention of researchers for many decades due to their high reliability. They are used in a variety of applications
such as aircraft and railway generators and traction motors. At the same time, the three-dimensional structure
of their magnetic circuit makes the problem of their analysis and optimization challenging. This problem
becomes even more complicated when considering an SHM with hybrid excitation, with ferrite magnets in the
rotor slots. The article proposes a mathematical procedure for optimizing a synchronous homopolar generator
with hybrid excitation based on the single-criterion Nelder-Mead method and two-dimensional finite element
analysis (FEA). The use of the Nelder-Mead method compared to multicriteria methods and 2D FEA compared
to 3D FEA makes possible to significantly reduce the computational burden. As a result of optimization, the
power loss and torque ripples of the generator are significantly reduced. The article also compares the
characteristics of synchronous homopolar generators with and without ferrite magnets.
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1. Introduction

Generators with rare-earth permanent magnets are widely used when operating with a
controlled rectifier [1]. At the same time, many researchers are looking for alternatives without rare
earth magnets, since rare earth magnets are expensive, and their use makes the manufacturer
dependent on a limited number of suppliers. The price of rare earth magnets can show strong
fluctuations and changes several times, depending on the situation on the world market. Mining of
rare earth elements harms the environment [2].

In addition, electric machines with rare earth magnets have disadvantages in operation. Nd-Fe-
B rare earth magnets are not well suited for high temperature applications due to their tendency to
permanently demagnetize at temperatures above 120°C and strong demagnetizing fields. While more
temperature resistant Sm-Co magnets are available, due to the high cost and difficulty in machining,
they are typically only used in aerospace systems [3].

The electrical conductivity of rare earth magnets is relatively high, therefore, at a high operating
frequency, large eddy currents are induced in rare earth magnets, which leads to their high heating
and complicates their use in high-speed applications. Magnetomotive force (MMF) from permanent
magnets is uncontrollable and cannot be turned off in emergency situations, which complicates the
use of the machines with rare earth magnets in many applications [4]. An alternative is wound rotor
electrically excited synchronous generators (WRSG). However, their conventional designs cannot be
used in many applications due to the presence of slip rings and brushes feeding the excitation
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winding on the rotor, which are subject to rapid wear [5]. It is also a problem to ensure the cooling of
the WRSG rotor, which has significant electrical losses.

WRSGs with a brushless exciter are used in a number of applications such as aircraft generators
and high power generators [6,7]. The disadvantages of WRSGs with a brushless exciter, compared
with brushed WRSGs, include an increase in the cost, dimensions, and weight of the machine due to
the presence of a brushless exciter. Also in this case, there are problems of reliability and repair of the
brushless exciter assembly.

Brushless synchronous homopolar machines (SHMs) with axial excitation flux and stator-fixed
concentric coils of the excitation winding are known for their high reliability, due to which they find
use in flywheel energy storage, traction motors, as well as welding, automotive and aircraft
generators [8,9,10]. They can be used at high temperatures and in hazardous environments as drives
[11] and as high-power wind generators [12]. The main benefit of SHMSs, in comparison with
conventional generators with electrical excitation of the rotor, is high reliability due to the simple
rotor without windings and because there are no sliding contact and reliable concentric excitation
winding coils located on the stator. At the same time, SHMs retain the ability to control the excitation
current, as in a conventional electrically excited generator.

SHM has a complex configuration of the magnetic system, which is challenging for calculation
and optimization, since the magnetic flux propagates in all three dimensions. In some parts of the
machine, the flux flows in the axial direction, and in others do in the transverse plane (in the
tangential and radial directions) and changes its direction to axial one when moving from the
laminated parts to the solid stator housing or magnetic sleeve on the rotor shaft. The complex three-
dimensional design of the magnetic circuit causes difficulties when using conventional two-
dimensional models based on the finite element analysis (FEA) to evaluate the characteristics of SHM.
For this reason, a number of original calculation methods have been proposed for SHM, including
three-dimensional FEA models [13,14], two-dimensional FEA models [15,16], one-dimensional
magnetic circuits, and their various combinations [17,18]. In [16], a simplified SHM modeling
technique was proposed, in which the features of the magnetic field are taken into account within the
framework of a two-dimensional model by introducing an additional term into the equations of the
vector magnetic potential, and jointly solving them with the one-dimensional equation of the axial
magnetic circuit of the excitation flux. An experimental verification of this technique is carried out.

In [8,14,15,19-21], the analysis of SHM characteristics for various generator applications is
considered. In [20], the modeling and tuning of the control system of a high-speed synchronous
homopolar generator (SHG) is considered. In [14], the analytical expressions for designing and the
results of 3D FEA of a high-speed SHG with a power of 10 kW and a rotation speed of 24 krpm are
described. In [17], the simulation of a low-power SHG with a speed of 3000 rpm at idle is considered
using a 2D FEA with virtual excitation windings. In [8], a theoretical evaluation of the characteristics
of a 500 kW SHG with a superconducting excitation winding is presented. In [21], manual
optimization of SHG performance at no-load is considered and an experimental verification is carried
out.

Despite the SHM advantages, the losses in SHM with the same dimensions are significantly
higher than in conventional WRSG due to less efficient use of the rotor surface [5]. Further
improvement of the characteristics of SHGs is possible by adding ferrite magnets in their design.
Ferrite magnets are several times cheaper than rare-earth ones and the extraction of raw materials for
their production, as well as their production, exist in many countries of the world. Ferrite magnets
are also well suited for use in high-temperature applications and have very low electrical
conductivity, which makes them suitable for high-speed applications [23].

An SHG with ferrite magnets is presented in [22,23] as an undercar generator for railway
passenger cars. It is shown that the use of SHGs with ferrite magnets have the following main
advantages compared to SHGs without magnets: 1) The reduction of the weight and dimensions of
the machine; 2) Power loss reduction. In [22], the calculation of the electromotive force (EMF) of SHG
with ferrite magnets at idle is carried out, however, the calculation of the performances under load


https://doi.org/10.20944/preprints202301.0410.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 doi:10.20944/preprints202301.0410.v1

and the analysis of irreversible demagnetization were not carried out. In [23], a design of SHG with
ferrite magnets is described in more detail.

Therefore, the review of the literature shows that the performance optimization of SHG with
ferrite magnets under load has never been presented.

The novelty of this article lies in the development of a technique for optimizing the on-load
performance of SHG with ferrite magnets as a railway undercar generator. The cost function is
constructed, and a relevant example of the optimized design is obtained. The optimization of the
SHG with ferrites minimizes losses, semiconductor rectifier current, torque ripple, and the volume of
irreversibly demagnetized permanent magnets. A comparison between the SHG with ferrite magnets
and the SHG without magnets in the target application is also presented. The characteristics of the
SHG without magnets for the comparison are adopted from our previous study [24].

2. General Description of the SHG Design

As Error! Reference source not found. shows, the SHG has two laminated steel stator-rotor stack
combinations (SRSCs). In the axial direction, the excitation magnetic flux is transmitted through the
non-laminated stator housing, in which the stator laminated stacks are installed, and through the
rotor sleeve, on which the laminated rotor stacks are installed. The stator winding has 12 poles and
54 slots with the number of slots per pole and per phase g = 54/(12-3) = 1.5. The excitation winding is
located in an axial gap between the two generator SRSCs. The rotor is salient-pole and without any
windings. Each rotor stack has 6 teeth. The rotor stacks of neighboring SRSCs have a relative tooth
shift of 30 mechanical degrees.

Magnets are installed in the rotor slots between the rotor teeth. It is assumed that the generator
produces power to the DC link through a controlled rectifier with transistor switches, as shown in
the diagram in Error! Reference source not found.. An excitation winding is located between the
SRSCs and is attached to the supporting non-magnetic core. The rotor has no windings. Each rotor
stack has six teeth, and the teeth of the rotor stacks are shifted by 30 mechanical degrees with respect
to each other.

Error! Reference source not found. shows the rectifier circuit layout for the considered
generator. The required DC voltage (close to the maximum amplitude of the line-to-line voltage of
the electric machine) should not exceed 116 V.

Stator laminated cores

Ferrite
magnet

Rotor laminated
cores

Shaft
Excitation

winding
Housing

Rotor sleeve

Supporting
non-magnetc core

(b)

Figure 1. SHG approximate geometry: (a) Cross-section and stator armature winding configuration
(1/4 of the generator cross-section is shown, the other parts are symmetrical); (b) General view.
1/2 stator cutout is shown. Rotor is shown without cutout. The armature winding placed in the stator
slots is not shown.
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Figure 2. Schematics of the three-phase controlled rectifier with a DC-chopper to supply the excitation
winding.

At the preliminary calculations, it was established that without parallel branches, each layer of
the armature winding should contain 1 turn. This leads to large eddy losses. Therefore, the number
of parallel branches is chosen equal to the number of pairs of poles i.e. 6.

3. SHG Mathematical Model

An SHG without ferrite magnets consists of two or more SRCSs connected to each other in the
axial direction by ferromagnetic structural elements. The excitation current is provided by the
excitation winding located on the stator. The magnetic flux of the excitation winding is closed
through the SRCSs by means of the stator housing and the sleeve on the rotor shaft [21,25]. This
magnetic flux is modulated by the rotor teeth, which allows it to interact with the poles of the stator
winding. In this case, half of the poles are involved. The addition of ferrite magnets to the SHG makes
it possible to use all poles of the stator winding.

The developed mathematical model consists of a set of ¢ boundary 2D magnetostatic problems
for a magnetic field in the cross section of an SRCS and a magnetic circuit equation with lumped
parameters in the axial direction. The range of considered rotor position angles is chosen taking into
account the symmetry with respect to a shift by a third of the electric period and cyclic phase
permutation and is equal to a third of the electric period. One third of the electric period is divided
into g sections and boundary value problems are considered for the beginning of each section. In this
study, g = 24.

As in conventional electric machines, the magnetic field in a good approximation can be
assumed to be uniform along the axis and lying in the transverse plane. Therefore, the equations
traditional for 2D problems of magnetostatics are solved [16]:

OB
o8, 0B, _,
ox oy
1
o, aH, _, v
ox Oy 7

where J: is the z-component of the current density, which is not equal to zero only in the stator slots
filled with a winding; Bx and By are the components of the magnetic flux density; Hx and Hy are the
components of the magnetic field.

A distinctive feature of SHM is the presence of a magnetic monopole, i.e. excitation flux flowing
in on the inner boundary of the rotor and flowing out of the outer boundary of the stator (or vice
versa). Then the general solution of the Gauss law for magnetism (1) can be expressed as follows:
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where A: is the z-component of the vector potential, ¢ is the linear density of the magnetic charge.
The first components on the right side of these equations are common for a magnetostatic problem.
The magnetic vector potential A is chosen so that only the A:-component is non-zero. The second
term in these equations introduces the linear flux density of the magnetic monopole, which models
the excitation flux. This flux passes through the rotor sleeve and stator housing, and through the
SRCSs of length a/2, and is determined as follows:

D = paf2. 3)

The same computational domain shown in Error! Reference source not found. is used for
magnetostatic problems with different rotor positions. The computational area is a sector equal to
one electrical period (360°/p, where p is the number of poles). The computational domain is divided
into two subdomains by an arc lying in the center of the air gap between the stator and rotor. The
boundary condition connecting the magnetic vector potential on the common boundary of the
subdomains ensures the continuity of the vector potential on both sides of the arc. The
correspondence of points on both sides of the arc depends on the angular position of the rotor.
Periodic boundary conditions (Pr and Pn) ensure the equality of the magnetic vector potential at the
boundaries that limit the sector of the computational domain by one electrical period.

/\Air gap

Boundary joining
_Stator and Rotor areas
N

Ferrite magnet

Laminated
rotor core Laminated

\_-stator core
-

\\ Stator slots

Rotor area Stator area

Figure 3. Computational domain.

The equations of magnetostatics are complemented by constitutive equations. For the rotor and
stator stacks, the magnetization curve H(B) is set. For magnets, the residual magnetic flux density
and the magnetic permeability are set. For the areas of the armature winding, the current density is
set, and the flux coupled to the winding is calculated, which is necessary to calculate the voltage in
the armature winding.

The rotor rotates together with the rotating field, and there are practically no eddy currents in
its stack and sleeve. Since the rotor sleeve is ferromagnetic, the normal derivative of Az is equal to
zero at the inner boundary of the rotor package (the Neumann boundary condition).

On the contrary, the magnetic flux is frozen into the stator housing, and the normal component
of the magnetic flux density at the outer boundary of the stator stack is represented only by the
monopole field. Thus, for the outer boundary of the stator stack, the Dirichlet boundary condition A-:
=0 is accepted.

Due to the fact that the field is frozen into the stator housing, we will assume that the magnetic
charge does not change in time, and when calculating the MMF drop on a pair of rotor and stator
stacks, we will use the average value for all boundary value problems. MMF can be calculated as a
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curvilinear integral of magnetic field along any trajectory from the inner boundary of the rotor stack
to the outer boundary of the stator stack. Radial segments can be chosen as such trajectories.
However, due to the discreteness of the finite element method, such integrals will have a small
accuracy. Therefore, it is better to average over the azimuthal angle the values of these integrals.
Therefore, the MMF drop on one pair of rotor and stator stacks is determined by the formula:

p g-1 Hxi.x—i_Hyi.y
=— ds
2ng ,Z:‘) '” x* —|—y2 ’ @)

where the double integral [f is taken over the entire computational domain.
The magnetic circuit equation in the axial direction has the form [16]:

N-lx=2-F+ Fhousing + Fsleeve, (5)

where L is the excitation winding current; N is the number of turns of the excitation winding; F is
the drop in MMF on one SRCS; Fiousing = A * Hhousing (®/Shousing) is the MMF drop on the stator housing;
Fsteeve = A + Hsteeve (®/Ssteeve) is the MMEF drop on the rotor sleeve; Hiousing and Hsteewe are the dependences of
the magnetic field on the magnetic flux density in the stator housing and in the rotor sleeve,
respectively; Shousing and Sseere are the cross-sectional areas of the housing and sleeve; A is the axial
distance between the SRCSs.

The torque created by one SRCS and the EMF induced in the armature winding of one SRCS are
called nonsymmetrized. The torque and EMF of the whole machine are equal to the sum of the torque
and the EMF of each SRCS. To find the torque and EMF of the whole machine, there is no need to
calculate them for each SRCS. It is assumed that the torque of the second SRCS is equal to that of the
first SRCS, and the EMF is equal to that of the first SRCS with a sign ‘—* when the rotor is shifted by
half the electric period [16]. Further the torque ripple of the whole machine is referred to as
symmetrized torque ripple. The torque ripple as a single SRVS is referred to as nonsymmetrized
torque ripple. The iron losses in the stator and rotor cores are evaluated in postprocessing based on
the flux density waveforms in each finite element obtained after solving ¢ boundary value problems.

4. Operating Points of the Undercar Generator, Variable Geometric Parameters,
Objective Function

Like traction motors, an undercar generator is an electrical machine, operating over a wide range
of speeds at a constant required output power. However, in the case of a generator, a constant
electrical output is required. The rotational speed of an undercar generator increases together with
the velocity of the train. The operating speed range of the considered undercar generator is from 750
to 3450 rpm. The generator must produce about 35 kW in this speed range [26]. In order to simplify
the optimization procedure, it was assumed that the mechanical power of the generator does not
change and is equal to Pmax =40 kW > 35 kW in the entire considered speed range, roughly taking into
account the generator loss. Two boundary points are considered in the optimization: the speed n: =
3450 rpm at the torque of Twmax - n2/n1 =111 N'm and the speed 72 =750 rpm at the torque of T =510
N-m (Error! Reference source not found.).

T, P

mech

Figure 4. The dependence of the mechanical power on the generator shaft on the rotational speed.
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During the optimization, it is necessary to minimize the following characteristics of the generator
(the most important characteristics are listed first):

1. Minimization of average losses < Piss > which is estimates as the average losses in the modes
with the speeds of 750 rpm and 3450 rpm;

Minimization of the maximum value of the stator current (reached at 750 rpm mode);
Minimization of the maximum symmetrized torque ripple max(TRsym) in both modes;
Minimization of the maximum nonsymmetrized torque max(TR) in both modes;

Minimization of the volume of irreversibly demagnetized magnets at maximum current at a
speed of 750 rpm.

When optimizing, both the torque ripple TR of a separate SRSC and the torque ripple TRsym
resulting from the addition of the torque waveforms of all SRSCs of the SHG are considered [16].

The material for the housing and the sleeve is solid steel 1010. Since the magnetic properties of
structural steel (a non-laminated steel used for making construction materials) are not reported and
are not guaranteed by the manufacturer, in order to guarantee that the drop of the magnetomotive
force on the axial magnetic cores will be small compared to the drop on the SRSC, in the course of
optimization, the flux density in the stator housing and in the rotor sleeve is limited to 1.6 T.

In this study, the single-criterion unconditional Nelder-Mead method is used to optimize the
SHG design, which is well known [27] and is included in the basic MATLAB software package
(“fminsearch” function). Therefore, the objective function is given as a product of individual
characteristics raised to a certain power, reflecting the importance of the characteristic. Optimization
constraints cannot be set by assigning an infinite value to the optimization function if these conditions
are not met, as this would lead to a rapid decrease in the volume of the simplex, and convergence to
an undesirable local minimum. Therefore, the maximum flux density constraint and the maximum
demagnetization area are set as a soft constraint, that is, the corresponding multipliers increase
rapidly if their constraints are not complied. In view of the above, the objective function is defined as

A

follows:
B 5 S 300
F=<P, >max(l,, )" max(TRsym)** max(TR)"" f|| =L | |f|| === | |;
1.6 S
1) x,x>1
x)= ,
1, otherwise

where < Puss > are the average losses (arithmetic mean of losses at operating points at 750 and 3450
rpm); max(lem) is the maximum armature current that occurs at the 2nd operating point (the
maximum torque; 750 rpm); max(TRsym) is the maximum value of the symmetrized torque ripple;
max(TR) is the maximum value of the nonsymmetrized torque ripple; Bx is magnetic flux density in
the stator housing and rotor sleeve at the 2nd operating point; Siemag is the area of the demagnetized
magnets; Smqg is the total area of the magnets.

The constants 1, 0.7, 0.025 and 0.01 in (6) determine the importance of certain objectives. The
most important optimization objective is to reduce the average loss, so the corresponding < Pioss >
multiplier raised to the highest power. The constant 0.7 means that a 1% reduction in the current at
750 rpm is considered as valuable as a 0.7% reduction in the average loss. The objectives of reducing
symmetrized and unsymmetrized torque ripples are substantially less important. The constants 0.025
and 0.01 mean that other things being equal, designs with lower torque ripples are preferable.

The last two multipliers of function (6) set the soft constraints of flux density in non-laminated
parts of the magnetic circuit and the area of irreversibly demagnetized ferrite magnets. The constants
5 and 300 control the steepness of the constraints. Too small values of these constants can lead to
constraint violations, i.e. to an unacceptable design. Calculations show that the optimized design
satisfies the constraints (flux density in the housing and in the sleeve is no more than 1.6 T,
demagnetizing force is 3.9 kOe). Too large values cause fast reduction of the volume of the simplex,
which slows down optimization.
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To simplify the optimization algorithm, optimization is carried out under the assumption that
the number of turns in the armature winding layer N is a real number and may take non-integer
values. Also, the height and width of the winding wire can be arbitrary real numbers, without taking
into account the limitations of the standard assortment [28]. The number of turns is selected so as to
the amplitude value of the line voltage V3so in the 40 kW, 3450 rpm (maximum voltage) operating
point is equal to 113 V [5]. Number of parallel branches is assumed to be equal to 6. Error! Reference
source not found. shows the geometric parameters of the SHG.
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Figure 5. Parameters of the SHG geometry. (a) Stator slot; (b) Rotor core; (c) Stator winding; (d) Other

dimensions.

Error! Reference source not found. shows some of the key SHG parameters that are not changed
during optimization. Error! Reference source not found. shows the SHG parameters that are varied
during optimization. Because the Nelder-Mead method is an unconstrained optimization method,
ranges of optimization parameters are not provided. It is assumed that the shaft does not conduct
any flux. The cross sections of the stator housing and the rotor sleeve conducting the same axial
excitation flux are taken equal, therefore, a change in the thickness of the stator housing also causes
a change in the outer diameter of the rotor sleeve. When the thickness of the stator housing changes,
the outer diameter of the stator lamination also changes.

The width and height of the rectangular armature winding wire wx and wy, necessary to
determine the DC and AC (eddy current) losses in the armature winding, are determined based on
the dependencies [5]:

bp=ZUx+£lx} hp=2’(ZUy+AZU) * Nsec + ay, (7)

where 4 = 1.51 mm, ay = 1.8 mm, Aw = 0.31 mm are determined by thicknesses of the conductor
insulation and slot insulation.

The net copper fill factor of the excitation winding area is used to calculate the losses in this
winding and is assumed to be 0.8. Only DC losses in the excitation winding are taken into account.
As Error! Reference source not found. shows, when optimizing, the electrical angle between the
middle of the rotor tooth and the stator current vector ("current angle") at a speed of 3450 rpm varies.
That angle at operating point of 750 rpm is assumed to be 40.1 electrical radians. Since the housing
and the rotor sleeve carry out the same flux, the areas of their cross-sections are assumed to be equal.
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Table 1. Some of the SHG parameters that do not change during optimization.

Parameter Value
Machine length without end winding parts L, mm 150
Stator housing outer diameter, mm 370
Axial clearance between excitation winding and rotor, Aa, mm 15
Radial clearance between field winding and rotor Ar, mm 12
Shaft diameter, mm 40
Stator lamination yoke Hitator yoke, mm 12
Rotor lamination yoke Hrotor yoke, mm 9
Stator wedge thickness, €2, mm 1
Stator unfilled area thickness, €1, mm 1
Angle of field weakening at 750 rpm, electrical radian 0.1
Laminated steel grade 2412
Laminated steel thickness, mm 0.35

Table 2. Initial and optimized vectors of the variable optimization parameters.

Parameter Initial design, x0 Optimized design, x

Housing thickness 1, mm 15 11.07
Total stator stacks length Lstator, mm 130 128.3
Stator slot depth hy, mm 20 27.9
Stator slot width by, mm 5 6.37
Airgap width , mm 2 091

Rotor slot thickness, a1 0.5-t:* 0.481-t.*

Rotor slot thickness, a2 0.6-t:* 0.689-t.*

Angle of field weakening at 3450 rpm,

electrical radian 06 093
Current ratio** @750rpm 8 14.54
Current ratio** @3450rpm 8 9.76

Notes: * the rotor tooth pitch t- = 360°/6 = 60 mechanical degrees; ** the current ratio is the ratio of the current in
the armature winding layer to the current in the excitation winding.

Error! Reference source not found. shows a flowchart of the calculation of the output of the
objective function (6). To find the optimized value of the vector of variable parameters x, the
fminsearch(F, x0) MATLAB procedure is launched, where F is the objective function, according to
Error! Reference source not found.; x0 is the initial vector of variable optimization parameters (see
Error! Reference source not found.). The details of the optimization function ‘fminsearch’, which
implements the simplex gradientless Nelder-Mead method [27], are well known and described in the
documentation of the MATLAB software [29].


https://doi.org/10.20944/preprints202301.0410.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 doi:10.20944/preprints202301.0410.v1

10

I

I .
[nput parameters varied Solving the set of boundary
euring optimization (see Table 2/) value problems for T
Calculating P, , I, TR,
Building the SHG geometry
TRsym, Bh, S ,Sde atn,, T
E Wg mg Z max
Solving the set of boundary value Calculating <P, > max(I_ ),
problems for T - /n torque max(TR), max(TRsym)
Calculating P, I, TR, 4 Calculating value of
TRsym atn,, T _-n,/n, 9 objective function (6)

Figure 6. Objective function flowchart.

5. Optimization Results

The application of the Nelder-Mead method leads to the convergence of the objective function
(6) to a certain minimum (Error! Reference source not found.). The volume of the simplex can quickly
decrease during optimization, and further optimization slows down. Therefore, after the 180th
function call, the Nelder-Mead method was restarted. The found optimal solution was used as the
initial approximation. The linear dimensions of the simplex at the restart were reduced by 4 times
compared to the initial simplex. One function call takes approximately 20 minutes using a laptop
with 2 cores, 2.70 GHz processor and 16GB of RAM.

In the course of optimization, the SHG average loss (Error! Reference source not found.a) and
the armature current amplitude (Error! Reference source not found.b) were also reduced
significantly. The nonsymmetrized torque ripple, that has the smallest power in the objective function
(6), increased during the optimization (Error! Reference source not found.a). However, the
symmetrized torque ripple, which is the resultant one of the SHG as a whole, slightly decreased after
the optimization (Error! Reference source not found.b), which indicated that the torque waveforms
of the individual SRSCs are in opposite phase and cancel each other out. Error! Reference source not
found. and Error! Reference source not found. show the geometry and 2D flux density plot of an
SRSC before the first start of the optimization procedure and after optimization, correspondingly.
Error! Reference source not found. compares the performances of the SHG with ferrite magnets
before and after optimization.
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Figure 7. Change in the value of the objective function (6) in the course of optimization.
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Figure 10. The cross-section of the SHG initial design and its plot of flux density magnitude; areas of
extreme saturation (> 2T) are colored white: (a) at 3450 rpm; (b) at 750 rpm.
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Figure 11. The cross-section of the SHG optimized design and its plot of flux density magnitude; areas
of extreme saturation (> 2T) are colored white: (a) at 3450 rpm; (b) at 750 rpm.

(a) (b)

Figure 12. Demagnetizing force (kOe) in the area of the permanent magnet at 750 rpm: (a) Before
optimization, minimum value is -3.0 kOe; (b) After optimization, minimum value is -2.9 kOe.

Comparison of Error! Reference source not found. and Error! Reference source not found.
shows that as a result of optimization, the height and area of the stator slots has increased
significantly. The air gap has become much smaller. The thickness of the rotor teeth and the thickness
of the magnets in the rotor slots have been significantly reduced. Comparison of Error! Reference
source not found.a and Error! Reference source not found.b shows that as a result of the
optimization, the maximum demagnetizing force has been reduced from 3 kOe to about 2.9 kQOe,
while the coercive force of the magnets is greater than 3.9 kOe. It can be concluded that the proposed
design does not create a risk of demagnetization of the permanent magnets.

Error! Reference source not found. shows the torque ripple of the rotor and stator stack pairs
and the output torque ripple at the 750 rpm and 3450 rpm after optimization. It can be seen that
although the torque ripple of each pair is rather high, these torque ripples are in antiphase. As
a result, the output torque ripple is much less than ones of the individual pairs.
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Figure 13. The torque ripple of the individual SRSC and the symmetrized (output) torque ripple after
optimization: (a) at 3450 rpm; (b) at 750 rpm.
Table 3. Optimization results.
Parameter Initial design Optimized design
Operating point 1 2 1 2
Rotational speed #, rpm 3450 750 3450 750
Amplitude of the armature phase current lorm, A 390.9 957.7 392.8 720.5
Efficiency, %* 93.8 74.4 91.4 81.4
Input mechanical power Pueci, kKW 40 40 40 40
Shaft torque, N-m 111 510 111 510
Output electrical power P1, kW 37.64 30.49 36.87 33.49
Armature DC copper loss Parm pc, KW 1.51 9.07 1.77 5.95
Armature eddy-current copper loss Parm ac, W 133 56 417 143
Stator lamination loss Pironst, W 669 372 811 396
Rotor lamination loss Pironrti, W 52 11 139 22
Excitation copper loss Pex, W 127 743 290 934
Total loss Pross, KW** 2.49 10.26 3.43 7.45
Average losses, kW 6.37 5.44
Number of turns in armature winding 5.06 7.08
Required rectifier power, kW 95.6 67.5
Power factor 0.969 0.695 0.998 0.764
Line-to-line voltage amplitude Vi, V 115.3 53.5 108.2 70.2
Nonsymmetrized torque ripple, % 49.8 35.6 84.4 44.9
Symmetrized torque ripple, % 13.2 5.5 10.8 3.5
Magpnetic flux density in the housing and sleeve, T 1.00 1.88 0.86 1.60

Notes: * the generator efficiency was calculated as 1) = (P1 = Pex)/Pmech, where P1 is the active power in armature
winding; Per is the losses in the excitation winding; Pumec: is the input (mechanical) power. Mechanical losses,
namely bearing and windage losses, are neglected; ** the total loss is the sum of all individual loss components
Pioss = Parm D + Parm Ac + Piron st + Piron 1t + Px.

Comparison of the SHG parameters before and after optimization, shown in Table 3 allows us

to draw the following conclusions:

1. Average losses were reduced by 100%(6.37 — 5.44)/6.37 = 14.6%;

2. After optimization, the maximum current at the maximum speed becomes was reduced by
100%(957.7 — 720.5)/ 957.7 = 24.8%;

3. After optimization, the maximum symmetrized torque ripple (ripple at the shaft at low speed
was reduced by 100% (13.2 — 10.8)/13.1 = 18.2%;
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4. The optimized SHG with ferrite magnets is more saturated than the initial one. However, the
risk of demagnetization of ferrite magnets does not increase due to the fact that the increase in
the height of the magnet after optimization compensates for the increased MMF of the excitation
coil;

5. After optimization, due to the soft restriction introduced in function (6), the flux density in the
non-laminated parts does not exceed 1.6 T.

6. The coercive force of the Y30H-2 magnet is 3.9 kOe, which is much greater than the
demagnetizing magnetic field in the optimized design.

6. Comparison of SHG with Ferrite Magnets and SHG without Magnets

This section discusses the comparison between the SHG with ferrite magnets, which
characteristics are presented in this article, and the SHG without magnets, which characteristics were
calculated in our previous study [24]. To avoid repetition in this article, in Table 5 we present only
the final optimized characteristics of the SHG without magnets. Details of the SHG design without
magnets and its optimization can be found in [24]. Error! Reference source not found. shows a
comparison of the performances of the optimized SHG designs with ferrite magnets and without
magnets. Error! Reference source not found. shows a comparison of the dimensions, masses, and
costs of active materials for the compared generators.

Table 4. Comparison of the SHG with ferrite magnets and SHG without magnets.

Parameter SHG without SHG with ferrite magnets
magnets
Operating point number, i 1 2 1 2
Rotational speed 7, rpm 3450 750 3450 750
Amplitude of the armature phase current Iorm, A 369.5 676.2 392.8 720.5
Efficiency, % 90.4 79.8 914 81.4
Input mechanical power Puea, kKW 40 40 40 40
Shaft torque, N-m 111 510 111 510
Output electrical power P, kW 36.58 33.12 36.87 33.49
Armature DC copper loss Pampc, KW 1.90 6.37 1.77 5.95
Armature eddy-current copper loss Parmac, W 417 131 417 143
Stator lamination loss Pironst, W 961 403 811 396
Rotor lamination loss Pironrt, W 192 26 139 22
Excitation copper loss Pex, W 368 1169 290 934
Total loss Pioss, kKW 3.84 8.10 3.43 7.45
Average losses 5.97 5.44
Number of turns in armature winding 7.75 7.08
Required rectifier power, kW 67.9 67.5
Power factor 1.000 0.747 0.998 0.764
Line-to-line voltage amplitude Vi, V 116.0 75.3 108.2 70.2
Nonsymmetrized torque ripple, % 97.8 47.0 84.4 449
Symmetrized torque ripple, % 11.3 4.5 10.8 3.5
Magnetic flux density in the housing and the sleeve, T 0.84 1.60 0.86 1.60

Table 5. Comparison of masses, costs, and dimensions of parts of the SHG without magnets and with

ferrite magnets.

SHG without SHG with ferrite

Parameter
magnets magnets

Stator lamination mass, kg 34.2 28.0

Rotor lamination mass, kg 15.6 17.1



https://doi.org/10.20944/preprints202301.0410.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 doi:10.20944/preprints202301.0410.v1

15
Armature copper mass, kg 17.8 14.7
Excitation copper mass, kg 2.44 2.62
Magnets mass, kg - 7.88
Weight of the rotor sleeve and SHG housing without bearing shields, kg 53.2 29.2
Total mass of the active materials, rotor sleeve and SHG housing, kg 123.24 99.5
Stator lamination cost, USD 34.2 28.0
Rotor lamination cost, USD 15.6 17.1
Armature copper cost, USD 124.6 102.9
Excitation copper cost, USD 17.1 18.3
Magnets cost, USD - 145.5
Rotor sleeve and SHG housing cost, USD 53.2 29.2
The total cost of the active materials (electrical steel, copper, permanent magnets) ad 7 341.0

and structural steel of the rotor sleeve and SHG housing, USD*
Total length of the stator lamination, mm 152.7 128.3
Total length of the machine excluding the winding end parts (including spaces for

N . 180 150

the excitation coils), mm
Stator lamination outer diameter, mm 370 370
Air gap, mm 0.88 0.91

* Note: the following material costs are assumed: copper —USD 7/kg, laminated electrical steel —USD 1/kg; non-
laminated structural steel for the housing and rotor sleeve—USD 1/kg; Y30H-2 grade ferrite magnets —USD
18.46/kg [30].

Comparing the characteristics of the SHGs without permanent magnets and with ferrite
magnets, shown in Table 5 and Table 6, the following findings can be reported:

1. Average losses for the SHG with ferrite magnets are less than for the SHG without magnets
by 1009(5.97-5.44)/5.97 = 8.9%;

2. The maximum current for the SHG with ferrite magnets is slightly higher than that for the
SHG without magnets, by 100%(720.5-676.2)/676.2 = 6.6%. This is due to the fact that the optimization
result is a compromise between the minimum losses and the minimum current, and the losses < Pioss >
in the objective function (6) have a larger weight coefficient.

3. The maximum output torque ripple of the SHG with ferrite magnets is less than that of the
SHG without magnets by 100%(11.3-10.8)/11.3 = 4.4% due to the increased air gap;

4. An SHM without magnets allows the control technique in which the current ratio is equal
throughout the entire constant mechanical power speed range (CPSR). In an SHM with (ferrite)
magnets, the magnets contribution in the machine excitation does not reduce at high speed.
Therefore, the excitation current must decrease more rapidly than armature current does with an
increase of speed. In the considered SHG with ferrite magnets, the current ratio at 3450 rms is 1.5
times less than that at 750 rpm;

5. The total length excluding the armature winding end parts, including the width of the
excitation winding, for the SHG with ferrite magnets is less than for the SHG without magnets, by
100% (180-150) / 150 = 16.7%;

6. The weight of the rotor sleeve and housing of the SHG with ferrite magnets is about two times
less than that of the SHG without magnets. This is so, firstly, because the ferrite magnets contribute
to the excitation field, and therefore the field of the excitation winding can be reduced. Secondly, the
magnetic fluxes created by the ferrite magnets and the excitation winding have opposite directions
in the non-laminated parts (the rotor sleeve and housing). Therefore, the saturation of the non-
laminated parts is reduced, and the housing of the SHG with ferrites becomes thinner than that of the
SHG without magnets.

7. The total mass of active materials including the rotor sleeve and the generator housing for the
SHG with ferrite magnets is 100% (123.24-99.5)/ 23.24 = 19.3% less than the mass of the SHG without
magnets;
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8. When the car battery is discharged, the power supply of the excitation winding of the SHG
without magnets is lost, and there is a risk that the generator cannot be started due to lack of
excitation. In the undercar SHG with ferrite magnets, even in the absence of current in the excitation
winding, some excitation is created by permanent magnets. Therefore, even with a discharged car
battery, SHG with ferrite magnets can provide the car with energy and recharge the battery.

9. The total cost of the active materials (electrical steel, copper, permanent magnets) and
structural steel of the rotor sleeve and stator housing for the SHG with ferrite magnets is 341/244.7
= 1.4 times more than that of the SHG without magnets, primarily due to the addition of the cost of
ferrite magnets.

10. In general, as a result of comparing the characteristics of the SHGs with ferrite magnets and
without magnets, it can be concluded that the use of the SHG with ferrite magnets in this application
is promising, since the efficiency of the generator has been improved significantly, the dimensions
and weight have also been significantly reduced, with a relatively small increase in cost.
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7. Conclusions

This article discusses the procedure and results of optimizing a 35 kW synchronous homopolar
generator (SHG) with ferrite magnets for railway passenger cars. The generator characteristics are
optimized taking into account the required CPSR. The single-criterion unconstrained Nelder-Mead
algorithm and the two-dimensional finite element method are used.

The following optimization objectives were selected: decreasing the average losses over the
CPSR, decreasing the installed power capacity of the solid-state rectifier, and the reduction of the
torque ripple. As a result of optimization, the characteristics of the generator have been significantly
improved. Compared to the non-optimized design, the following were reduced: average generator
loss by 14.6%, upper limit of the solid-state rectifier current by 24.8%, symmetrized (output) torque
ripple by 18.2%.

The nonsymmetrized torque ripple, that has the smallest power in the objective function (6),
increased during the optimization. However, the symmetrized torque ripple, which is the resultant
one of SHG as a whole, decreased slightly after the optimization, indicating that the torque
waveforms of the individual SRSCs are in opposite phase and cancel each other out.

Based on the results of the optimization, the characteristics obtained is compared with an SHG
without permanent magnets optimized by the same method.

The comparison of the characteristics of the SHGs with ferrite magnets and without magnets
shows that the SHG with ferrite magnets has significant advantages: average generator loss is
reduced by 8.9%, torque ripple is reduced by 4.4%, the total mass of the active materials, rotor sleeve
and generator housing is reduced by 19.3%, the overall length is reduced by 16.7%. The upper-limit
current for the SHG with ferrite magnets is slightly higher than that for the SHG without magnets,
by 6.6%. The advantage of the SHG without magnets is that the cost is 1.4 times less, since it does not
use ferrite magnets.

In general, as a result of comparing the characteristics of the SHGs with ferrite magnets and
without magnets, it can be concluded that the use of the SHG with ferrite magnets in this application
is promising, since the efficiency of the generator has been improved significantly, the dimensions
and weight have also been significantly reduced, with a relatively small increase in cost.
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