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Abstract: Electric machines with hybrid excitation have increased torque density while maintaining
a wide range of speed control. This article presents the results of the optimal design of a synchronous
homopolar generator (SHG) with ferrite magnets on the rotor and excitation winding on the stator
for passenger cars. The use of ferrite magnets on the rotor of a synchronous homopolar generator
makes it possible to use the stator surface more efficiently, which in turn increases energy efficiency
and reduces the dimensions of the generator. At the same time, the excitation winding on the stator
provides a reliable brushless design and the ability to control the excitation flux. The problem of
long-time calculation of the three-dimensional SHG structure, which is especially relevant when using
multi-iterative computer optimization, is solved by using the computationally efficient Nelder-Mead
method and a simplified SHG model using two-dimensional finite element analysis. It is also clear
that the low torque ripple of SHG with ferrite magnets with two stator-rotor stack combinations
(SRSC) is largely provided by the fact that the torque ripples of individual SRSCs are in antiphase.
The problem of considering the magnetic properties of magnetic core sections made of structural
low-carbon steel is discussed. It has been found that with an increase in both the saturation level of
the magnetic circuit and the magnetomotive force (MMF) of the SHG excitation winding, resistance
to irreversible demagnetization of ferrite magnets on the rotor can be increased by increasing their
height. In addition, it is shown that there is a significant increase in performance when using the
hybrid excitation, in comparison with the conventional SHG design without magnets.

Keywords: brushless; design optimization; electric machine; ferrite magnets; hybrid excitation;
Nelder-Mead method; passenger car generator; synchronous homopolar generator; synchronous
homopolar machine; wound field machines

1. Introduction
1.1. Advantages of Synchronous Machines with Electric and Hybrid Excitation without Rare
Earth Magnets

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 alternative
designs that do not contain rare earth magnets, since these magnets are expensive, and
their use makes the manufacturer dependent on a few suppliers. The price of rare earth
magnets can fluctuate greatly and change several times, depending on the state of the
international market. The extraction of raw materials for rare earth magnets is harmful
to 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 irreversibly demagnetize at temperatures
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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. Magnetomo-
tive 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 applica-
tions due to the presence of slip rings and brushes feeding the excitation winding on the
rotor, which are subject to rapid wear [5]. In addition, the excitation winding on the rotor
produces significant losses, which makes it difficult to cool the WRSG.

In a number of applications, for example, for turbo generators connected directly to the
grid and for electric aircraft, wound rotor synchronous generators with a brushless exciter
are used [6,7]. However, the use of a brushless exciter leads to an increase in the cost, size,
and weight compared to traditional generators. In addition, in railway applications, the
low resistance of the brushless exciter to shaking and shock loads, as well as the complexity
of repairing a generator with such an exciter, are critical. Another alternative with an
electrically excited brushless design is synchronous homopolar machines (SHMs).

1.2. Overview of Literature on the Design of Synchronous Homopolar Machines

On non-fully electrified rail lines, undercar generators can be used to power passenger
cars. Often, synchronous homopolar generators (SHGs) without permanent magnets with
concentrated excitation coils on the stator are used in this application, due to their relatively
high performance and highly reliable brushless design that is resistant to shaking and
shock loads and to the absence of windings on the rotor [8]. SHMs also find uses in other
applications such as traction drives, flywheel storage, wind turbines, on-board generators,
and welding generators [9-13]. In addition, the excitation current of the SHG is adjustable,
as in a conventional electrically excited generator.

The analysis of the magnetic field of the SHG and, consequently, its optimization,
is complicated by the complex three-dimensional configuration of its magnetic core. In
some parts of the machine, the flux flows in the axial direction, and in others do so in the
transverse plane (in the tangential and radial directions) and changes its direction to an
axial one when moving from the laminated parts to the solid stator housing or magnetic
sleeve on the rotor shaft.

The applicability of the traditional two-dimensional finite element model is limited,
due to the three-dimensional nature of the magnetic field of the SHG. Researchers have
developed a number of models that take into account the three-dimensional structure of
the SHG magnetic field using one-dimensional magnetic circuits [14,15], models based
on the two-dimensional finite element method (FEM) [16,17], and three-dimensional FEM
models [18,19]. In [17], a technique for modeling the SGM was presented, which considers
the three-dimensional structure of the magnetic field 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 [8,9,14,16,19-22], SHM performance analysis for generators and flywheel energy
storage applications is carried out. Due to the complexity of the configuration of the
magnetic system, many different methods for calculating the performance of SHG have
been proposed. In [8], an SHG design using the 2D FEA mode was considered in order
to improve the performance properties of a mass-produced undercar generator. Manual
optimization of the number of rotor teeth, as well as the parameters of the rotor and stator
teeth, was applied. Through experimental verification it is shown that the optimized design
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has a higher no-load EMF value. In [9], modeling of the transient process in a low-power
train-lighting alternator based on SHM is considered, taking into account the eccentricity
of the rotor. In [19], the analysis of a low-power high-speed SHM with an external rotor
is considered, the design of which is carried out using analytical expressions. The SHM
performance at idle and at rated load is calculated using 3D FEA. In [14,16], an equivalent
2D finite element SHM model with virtual excitation on the rotor is presented, which is
verified using 3D FEA and an experimental study. In [20], the design of a high-speed high-
power motor/generator based on SHM is considered. The layout of a superconducting
excitation winding, and a water-cooled armature winding made of Litz wire is described.
For performance analysis, an approximate SHM model is used in which the magnetic
field is analyzed using a 2D finite element analysis in a plane containing the axis of
rotation of the machine. In [18], analysis using 3D FEM and manual optimization of
the no-load electromotive force (EMF) for a three-phase SHG with a speed control range
of 500-7000 rpm are presented. Characteristics of the SHM are evaluated with different
combinations of stator and rotor teeth: 9/6, 15/10 and 18/12. An experimental verification
was provided. In [23], the optimization of the mass and dimensions of an SHG using a
genetic method and a lumped parameter model is presented. It is noted that the use of 3D
FEA in SHM optimization is complicated by a large calculation time. In [24,25], methods for
analyzing transient processes in SHGs using ordinary differential equations are proposed.
In [26,27], methods for analyzing the thermal state of an SHG are proposed. In [28], the
features of SHG modeling with a superconducting excitation winding are discussed.

Despite the SHM advantages, the losses in SHM with the same dimensions are signifi-
cantly higher than in conventional WRSG due to less efficient use of the rotor surface [5].
Since ferrite magnets are much cheaper than rare earth magnets, have a wider range of
suppliers and are environmentally friendly, it is attractive to improve the performance of
the SHG by adding ferrite magnets. Ferrite magnets are also well suited for use in high-
temperature applications and have extremely low electrical conductivity, which makes
them suitable for high-speed applications [22].

In [21,22], a design of an SHG with ferrite magnets for powering passenger cars is
presented. It is shown that the addition of ferrite magnets makes it possible to increase
the efficiency and reduce the mass and dimensions of the SHG. In [21], 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 and the analysis of irreversible demagneti-
zation were not carried out. In [22], a design of SHG with ferrite magnets is described in
more detail.

1.3. The Problem and Aim of the Study

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

The purpose of the study is to increase the performance and reduce the weight and
dimensions of synchronous homopolar generators for passenger cars operated on non-
electrified and partially electrified railways. The novelty of this article lies in the develop-
ment 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 de-
magnetized permanent magnets. In addition, a comparative analysis of the characteristics
of the optimized SHG with ferrite magnets and an SHG without permanent magnets, the
optimized characteristics of which were obtained in [29], is presented.

2. Main Features of the Considered Design of the SHG with Ferrite Magnets

As Figure 1 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
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through the rotor sleeve, on which the laminated rotor stacks are installed. The three-phase
armature winding is placed in 54 stator slots and has 12 poles with the number of slots per
pole and per phase g = 54/(12-3) = 1.5.

Stator laminated cores

Ferrite
magnet

Rotor laminated
cores

. Shaft
Excitation

Rotor sleeve

Supporting

non-m agnetc 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. One
half of a stator cutout is shown. Rotor is shown without cutout. The armature winding placed in the
stator slots is not shown.

The excitation winding is placed in an axial gap between the two generator SRSCs. The
laminated rotor stacks are of salient pole design. The rotor has no windings and has low-
energy ferrite magnets in the slots of the rotor stacks. Each rotor lamination has six teeth.
The tooth shift of the two rotor laminations relative to each other is 30 mechanical degrees.

Figure 2 shows the scheme for rectifying the output current of the generator to the
network of the car. The generator feeds the network of the car, and also recharges the
battery. The rectifier uses controlled transistor switches that provide vector control of the
generator armature winding current. The concentric coil of the excitation winding is located
between the pairs of rotor and stator stacks and is fixed on the supporting non-magnetic
core. The DC-link voltage (close to the maximum amplitude of the line-to-line voltage
of the generator) must not exceed 116 V. The semiconductor converter also includes a
single-phase breaker for powering the excitation winding of the generator.

A4

Cenerator
excitation
winding

N Battery

Passenger
car network

load

\|+
]

Qutput DC voltage

Generator phase
windings -

O -t

Figure 2. Scheme of rectifying the output current of the generator to the car network. Capital letters
denote the phases A, B, C of the generator.

At the preliminary calculations, it was established that without parallel paths, each
layer of the armature winding should contain one turn. However, this led to large eddy
current losses in the armature winding, so the number of parallel paths was chosen to be
six, that is, equal to the number of pole pairs.
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3. SHG Mathematical Model

The SHG magnetic core has two SRSCs linked to each other in the axial direction by the
stator housing and the rotor sleeve made of non-laminated low-carbon steel. The excitation
winding fixed on the stator induces the excitation flux, which passes through the SRSCs, the
stator sleeve on the rotor shaft, and the stator housing [8,30] (see Figure 3). The modulation
of the magnetic field by the teeth of the rotor allows this magnetic flux to interact with the
poles of the armature winding on the stator. In the absence of magnets, only half of the
poles would be involved in the torque production. The addition of permanent magnets
between the teeth of the rotor makes all poles of the armature winding to usable [31,32].

Housing

Flux path

Rotor sleeve

Excitation
winding

Figure 3. Excitation winding flux path through the stator housing, the SRCSs, and the rotor sleeve.

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 [17]:

9B 9By _ .
o Ty = U 1
8Hy oH ( )

ox ayx =/

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

_ 04, b x .
Be = * anpary @)
B — 7aAz + ¢y
vy ox 27 (x24y2) "

where A, is the z-component of the vector magnetic potential; ¢ is the linear density of
the magnetic charge. Only the component of the vector magnetic potential A along the
z-axis is different from zero. In these equations, the first terms on the right side of these
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equations are common for a magnetostatic problem. The second terms determine the linear
flux density of the magnetic monopole, which is set based on the following relation:

D= (b : Lstutar/z- (3)

where Lgqtor is the total stator laminated stack length.

The calculation area is one sector corresponding to the pole pitch of the generator,
with periodic boundary conditions P; and Pj; on the boundaries of this sector, as shown in
Figure 4. The change in the rotor angular position is modeled not by changing the geometry
of the calculation area, but by changing the connecting boundary condition on a circular
line lying in the middle of the air gap between the rotor and stator.

‘ Air gap

Boundary joining
- Stator and Rotor areas

Ferrite magnet

\/AZ =0
Laminated
rotor core ., Laminated
Yy ‘ \@ /stator core

Rotor area  Stator area

Figure 4. 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 deriva-
tive of A, 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 repre-
sented 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 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:

X+ Hyy

F = an jj x2+y ds, )

where the double integral [ [ is taken over the entire computational domain.
The magnetic circuit equation in the axial direction has the form [17]:
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N:Ipxe=2-F+ Fhousing + Fsleever ©)

where I, is the excitation winding current; N is the number of turns of the excitation
winding; F is the drop in MMF on one SRCS; Fyusing = A - Hpousing (P/ Shousing) is the MMF
drop on the stator housing; Fgjeepe = A+ Hsjeeve (P/ Ssieeve) is the MMEF drop on the rotor
sleeve; Hypusing and Hgjeepe are the dependences of the magnetic field on the magnetic flux
density in the stator housing and in the rotor sleeve, respectively; Syousing and Sgjeeqe 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 [17]. 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 loss is a key component of the total loss. Therefore, it is also evaluated for each
intermediate design obtained during the optimization, i.e., at each step of optimization
(each call of the objective function) based on the solution of g boundary problems. A
conventional algorithm for calculating iron losses is used [33].

4. Selection of the Objective Function and Optimization Parameters

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 along 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 [34]. In order to simplify the optimization procedure, it
was assumed that the mechanical power of the generator does not change and is equal to
Pax =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
n1 = 3450 rpm at the torque of Ty - 12/n7 = 111 N-m and the speed 1, = 750 rpm at the
torque of Tyeyx = 510 N-m (Figure 5).

T, P

mech

Figure 5. The required torque and mechanical power of the generator as a function of speed.

Manufacturers of passenger car generators [34] have been requested to increase their
energy efficiency, and it is necessary to limit the reactive current and torque ripple. In
addition, in order to avoid the failure of the generator, it is necessary to prevent irreversible
demagnetization of the permanent magnets on the rotor.

Thus, the goals of optimization in descending order of importance are to minimize the
following quantities:

1.  Average losses <Pj,5> which are estimates as the average losses in the modes with
the speeds of 750 rpm and 3450 rpm;
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5 300
F = < Pyss > max(Iorm )0'7max(TRsym)O'025max(TR)O'Olf((f“) )f((ssdem) );

) = {

x,x>1
1, otherwise

Upper limit of the phase armature current I;;;

Symmetrized torque ripple max(TRsym) in the entire operating speed range;
Non-symmetrized torque ripple max(TR) in the entire operating speed range;
Volume of irreversibly demagnetized magnets at maximum current at a speed of
750 rpm.

ISR

Structural steel 1010 (non-laminated steel used for the manufacture of machine parts)
is the material of non-laminated parts of the magnetic circuit. Since the exact magnetization
curve and saturation knee point of this steel are not exactly known and are not specified by
the manufacturer to ensure that the drop in the magnetomotive force on the stator housing
and rotor sleeve is small compared to the drops on the SRSCs, the flux density in these
parts is limited to 1.6 T.

In this study, the single-criterion unconditional Nelder-Mead method is used to op-
timize the SHG design, which is well known [35] and is included in the basic MATLAB
software package (“fminsearch” function).

Since the Nelder-Mead method is a single-criteria method, in order to achieve the
set of optimization goals, the objective function is set as the product of individual goals
raised to a certain power, reflecting their significance. Since the Nelder-Mead method
is an unrestricted method, the constraints are also given as separate multipliers of the
objective function. To avoid reducing the size of the simplex too quickly and slowing down
or stalling the optimization process as a result, the corresponding multipliers increase
rapidly rather than discretely, unless constraint conditions (“soft constraints”) are met. The
objective function used is:

mag

(6)

where <Pj,,> is the average total loss (arithmetic mean of total losses Pj,s at the two
considered operating points);

max(lgy) 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; B}, is magnetic
flux density in the stator housing and rotor sleeve at the 2nd operating point; Syeqq is the
area of the demagnetized magnets; Sy, is the total area of the magnets. Furthermore, for
greater clarity, the natural logarithm (6) is used.

In Equation (6), constants/weights 1, 0.7, 0.025 and 0.01 determine the importance of
certain objectives. These values just reflect the approximate relative priority of each of the
optimization goals, based on the experience of the authors in designing similar machines.
The most important target has a weight of one. The most important optimization objective
is to reduce the average loss, so the corresponding <Pj,ss> multiplier is 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 core 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 these
parts 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.

In order to simplify the optimization procedure, as well as the possibility of using
the results for different types of winding wires with different standard sizes (for example
as specified in [36]), it is assumed that the number of turns in the layer of the armature
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winding, as well as the width and height of the wire are arbitrary positive real numbers.
The number of turns is selected so as to fit with the amplitude value of the line voltage
V3450 in the 40 kW; 3450 rpm (maximum voltage) operating point is equal to 113 V [5]. The
number of parallel branches is assumed to be equal to six. The parameters that define the
design of the generator are illustrated in Figure 6.

(@)

| Wedge

stator

h

Elementary conductor

Layer insulation

=) Conductor insulation
ol 1 === Turn

Slot insulation

w
[ — P

Rslmff

(©) (d)

Figure 6. Parameters of the SHG geometry. (a) Stator core parameters; (b) Rotor core parameters;
(c) Armature winding parameters; (d) Parameters in the axial plane.

The main unchangeable parameters of the generator are shown in Table 1. Table 2
shows the values of the parameters of the SHG varied during the optimization for the initial
design, as well as the design obtained as a result of optimization. Because the Nelder-Mead
method is an unconstrained optimization method, ranges of optimization parameters are
not provided.

Since the Nelder-Mead method is a local search method, the initial design is not
completely random. To obtain the initial design, a manual optimization with several
attempts was carried out. The parameters varied manually to achieve better performance,
to mitigate the saturation or the violation of the constraints. Some principles used are
as follows:

- To mitigate the saturation, the thickness of the most saturated parts of the magnetic
core must be increased. For example, to decrease saturation, the most saturated parts
of the magnetic core should be thickened;

- To decrease the total loss, it is useful to inspect the losses in individual parts of the
machine;

- To decrease the loss in the armature winding or in the excitation one, we can try to
increase their cross-section area, etc.

The rotor shaft is made of non-magnetic material. Since the same magnetic flux flows
through the stator housing and the rotor sleeve, their cross sections are assumed to be
equal. For this reason, a change in the thickness of the stator housing also leads not only to
a change in the outer diameter of the stator lamination, but also to a change in the outer
diameter of the rotor sleeve.
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Table 1. Main unchangeable parameters of the generator.
Characteristics Values
Length of all laminat.ed stast plu.s th.e axia.l clearances between them for 150
installing excitation coils L, mm
Outer diameter of the stator housing, mm 370
Axial clearance between excitation coils and a rotor stack A,, mm 15
Radial clearance between excitation coils and the rotor sleeve A;, mm 12
Diameter of the rotor shaft, mm 40
Back iron width of stator lamination Hggyor yoke, TITL 12
Back iron width of rotor lamination H,yyor yoke, L 9
Thickness of the stator wedge, e, mm 1
Stator tooth tip height €1, mm 1
Current angle at 750 rpm, electrical radian 0.1
Grade of electrical steel 2412
Thickness of electrical steel, mm 0.35
Table 2. Initial and optimized vectors of the variable optimization parameters.
Characteristics Initial Design, x0 Optimized Design, x
Housing thickness &, mm 15 11.07
Total stator stacks length Lsto,, mm 130 128.3
Stator slot depth hp, mm 20 279
Stator slot width by, mm 5 6.37
Airgap width 6, mm 2 0.91
Rotor slot thickness, o 0.5-t; * 0.481-t, *
Rotor slot thickness, xy 0.6-t; * 0.689-t, *
Angle of field W(?akenin.g at 3450 rpm, 0.6 0.93
electrical radian
Current ratio ** @ 750 rpm 8 14.54
Current ratio ** @ 3450 rpm 8 9.76

Notes: * t, = 360/6 = 60° (mechanical) is the rotor tooth pitch; ** the current ratio is the ratio between the current
in a layer of the armature winding and the excitation current.

The net fill factor of the armature slot with copper is assumed to be 0.8. The width w,
and the height wy of the rectangular wire of the armature winding, which are taken into
account when estimating its DC losses and eddy current losses, include the thicknesses of
conductors and insulation [5]:

by = wy + ay; hy =2 - (wy + Aw) - Nsec + ay, (7)

where a; = 1.51 mm, a, = 1.8 mm, Aw = 0.31 mm take into account the thicknesses of the
rectangular busbar insulation and the thickness of the slot insulation.

When calculating losses in the excitation winding, eddy current losses are not taken
into account. At the maximum torque, the angle between the center of the rotor tooth and
the stator current vector (“current angle”) is taken unchanged and equal to 0.1 electric
radians as shown in Table 1. The current angle at maximum speed is also an optimization
parameter as shown in Table 2.

Figure 7 illustrates the order of calculations when calling the objective function F (6).
The optimization procedure ‘fminsearch’of MATLAB software, which implements the
simplex gradientless Nelder-Mead method [35], is well known, and its details are described
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in [37].The optimization procedure fminsearch(F, x0) is launched to find the vector x of
optimized values of the generator parameters, where x0 is a vector with initial values of
the generator parameters (see Table 2).

v

™ .
Input parameters varied Solving the set of boundary
during optimization value problems for 11

; - !
Calculating P, , I, TR,
TRsym,B,,S_ .S atm,, T

ig 4 d(’mu:\' max

! v

L

Building the SHG geometry

Solving the set of boundary value Calculating <P, > max( ),
problems for T -n, /n, torque max(TR), max(TRsym)
Calculating P, I,,,. TR, Calculating value of
TRsymatn,, T -n,/n, % objective function

Figure 7. Order of the SHM performance calculation during one step of the optimization. The
objective function is defined by Equation (6). The input parameters are shown in Table 2.

5. Optimization Progress and Comparative Analysis of the Generator Performances
before and after Optimization

As a result of optimization, the value of the objective function (6) converges to a mini-
mum (Figure 8). 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 optimal solution found was used as the initial approximation.
The linear dimensions of the simplex at the restart were reduced by four times compared to
the initial simplex. One function call takes approximately 20 min using a laptop with two
cores, 2.70 GHz processor and 16 GB of RAM.

15.8 T T T T T T T T

156 b

154 4

148+ 4

146F 4

Natural logarithm of objective function

144F B

142F i

0 20 40 60 80 100 120 140 160 180 200
Function call

Figure 8. Progress of the objective function (6) during optimization.

The average generator loss (Figure 9a) and the upper limit of the output current
(Figure 9b) were significantly reduced through optimization. The non-symmetrized torque
ripple, which is the lowest priority optimization target, according to the objective func-
tion (6), increased its value (Figure 10a). However, the noise and vibrations caused by the
generator in the mechanism joining it with the wheels are determined by the symmetrized
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torque ripple, which was reduced (Figure 10b). A decrease in the symmetrized ripple with
an increase in the non-symmetrized one indicates that the torque waveforms of individual
pairs of rotor and stator stacks are in antiphase. In this way, the torque ripples of the

individual SRSCs cancel each other out, as seen from Figure 11.

Average total loss < Ploss >, kW
o
~

ke i)

Figure 9. Change of the generator parameters during optimization: (a) Average losses; (b) Maximum

50

100 150 200 250 300 350
Function call

(a)

magnitude of the armature winding current.

Armature current amplitude, A

1300

1200

1100 H

1000

900+

800 |

50

150 200 250
Function call

(b)

100

30

0

350

60 z
5| 201 1
18+ 1
= 501 ®
E -
s a5l T% 16 1
2 -
E' 401 :g' 14 4
3 =
& 35l g 12r 1
E =
]
E 30 E 10+ 4
Z 25 8H b
20F G 4
15 1 1 L L L L 4 1 Il 1 1 Il 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Function call Function call

Figure 10. Change of the generator parameters during optimization: (a) Nonsymmetrized torque
ripple; (b) Symmetrized (output) torque ripple.
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Figures 12 and 13 show the geometry and 2D flux density plot of an SRSC before the
first start of the optimization procedure and after optimization, correspondingly. Table 3
compares the performances of the SHG with ferrite magnets before and after optimization.

Table 3. Generator characteristics before and after optimization.

Characteristics Initial Design Optimized Design
Loading case, i 1 2 1 2
Rotational speed n, rpm 3450 750 3450 750
Armature phase current amplitude Iy, A 408 1035 375 700
Efficiency, % * 94.5 78.0 92.7 844
Mechanical power on the generator shaft P, kW 40 40 40 40
Shaft torque, N-m 111 510 111 510
Output electrical power P, kW 37.97 32.36 37.22 34.90
Armature DC copper loss P, pc, kKW 1.12 7.21 1.29 451
Armature eddy-current copper loss Py ac, W 123 46 402 157
Stator laminated steel loss Pj,;; 51, W 756 379 960 411
Rotor laminated steel loss P;,y;, ;1, W 33 9 121 24
Excitation copper loss Pey, W 187 1170 151 1123
Total loss Pjygs, kKW ** 222 8.81 2.93 6.22
Average losses <Pjys>, kKW 5.51 4.58
Turns number in the armature slot 441 6.82
Required rectifier power, kW 104.0 70.3
Power factor 0.926 0.804 0.989 0.854
Line-to-line voltage amplitude Vi, V 116.0 449 116.0 67.4
Nonsymmetrized torque ripple, % 35 28 56 41
Symmetrized torque ripple, % 9.8 4.3 8.6 4.5
Flux density in the non-laminated parts of the magnetic core, T 0.4 1.3 0.1 15

Notes: * the generator efficiency was calculated as 1 = (P1 — Pex)/Pyecn, where Py is the active power in armature
winding; P, is the losses in the excitation winding; Py, is the input (mechanical) power. The bearing loss and
the loss due to air friction are not considered when calculating the efficiency; ** The total loss is calculated as the
sum of the fOllOWing Pioss = Paym D + Parm ac + Piron st + Piron rt + Pex-

Comparison of Figures 12 and 13 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 Figure 14a,b demonstrates that after optimization, the
maximum demagnetization force has been slightly 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.

2.0

18
1.6

§11.2
1.0
0.8
0.6
0.4

0.2

(@)

Figure 12. Pole-sector geometry of the generator for the initial design. White color shows areas with
flux density more than 2 T: (a) Maximum speed; (b) Maximum torque.
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Figure 13. Pole-sector geometry of the generator for the optimized design. White color shows areas
with flux density more than 2 T: (a) Maximum speed; (b) Maximum torque.
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Figure 14. Field of the demagnetizing force (kOe) acting on the permanent magnet of the rotor at
the maximum torque (at 750 rpm): (a) Before optimization, minimum value is —3.0 kOe; (b) After
optimization, minimum value is —2.9 kOe.

Comparison of the SHG characteristics before and after optimization presented in
Table 3 allows us to draw the following conclusions:

1.  Average losses were reduced by 100% (5.51 — 4.58)/5.51 = 16.9%;

2. The armature current at the maximum torque was reduced by 100% (957.7 — 700)/
957.7 = 26.9%;

3. Output (symmetrized) torque ripple at maximum torque at 750 rpm was reduced by
100% (9.8 — 8.6)/9.8 = 12.2%;

4. The coercive force of the applied grade of ferrite magnet (Y30H-2) is 3.9 kOe [38],
which is much greater than the demagnetizing magnetic field in the optimized design;

5. The optimized SHG with ferrite magnets is more saturated than the initial one. How-
ever, the risk of demagnetization of ferrite magnets does not increase because the
increase in the height of the magnet after optimization compensates for the increased
MMEF of the excitation coil;

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

One of the goals of the study is to evaluate the increase in the performance of SHG
with ferrite magnets by comparing its characteristics with a similar homopolar generator
without magnets, the optimization results of which are presented in [29]. Tables 4 and 5
compare the performance and design features of these two generator configurations. The
data of the SHG without magnets are given according to the final optimization results
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obtained in article [29]. The data of the SHG with ferrite magnets are in line with the
optimized design from Table 3.

Table 4. Characteristics of generators without magnets and with ferrite magnets.

Characteristics

SHG without Magnets

SHG with Ferrite Magnets

Loading case, i
Rotational speed 1, rpm
Armature phase current amplitude Iy, A
Efficiency, %
Mechanical power on the generator shaft P, kW
Shaft torque, N-m
Output electrical power P;, kW
Armature DC copper loss Py, pc, kW
Armature eddy-current copper loss Py ac, W
Stator laminated steel loss Pj,;, 51, W

Rotor laminated steel P;;, .4, W

Excitation copper loss Pox, W
Total loss Pjyss, kKW
Average losses
Turns number in the armature slot
Required rectifier power, kKW
Power factor
Line-to-line voltage amplitude V,, V
Nonsymmetrized torque ripple, %
Symmetrized torque ripple, %
Flux density in the rotor sleeve and in the stator housing, T

1
3450
369.5
90.4
40
111
36.58
1.90
417
961
192
368
3.84
5.97
7.75
67.9
1
116.0
97.8
11.3
0.84

2
750
676.2
79.8
40
510
33.12
6.37
131
403
26
1169
8.10

0.747
75.3
47.0

4.5
1.60

1
3450
375
92.7
40
111
37.22
1.29
402
960
121
151
293

0.989
116.0
56
8.6
0.1

2
750
700
84.4
40
510
34.90
4.51
157
411
24
1123
6.22
4.58
6.82
70.3
0.854
67.4
41
4.5
1.5

Table 5. Comparison of the cost and geometric characteristics of the considered configurations.

Characteristics SHG without Magnets SHG with Ferrite Magnets

Stator laminated steel weight, kg 34.2 28.0

Rotor laminated steel weight, kg 15.6 17.1

Copper weight of armature winding, kg 17.8 14.7

Copper weight of excitation winding, kg 2.44 2.62

Weight of ferrite magnets, kg - 7.88

Weight of structural steel of the rotor sleeve and stator housing, kg 53.2 29.2
Total weight of the active materials and the structural steel, kg 123.24 99.5
Stator laminated steel cost, USD 34.2 28.0

Rotor laminated steel cost, USD 15.6 17.1
Copper cost of armature winding, USD 124.6 102.9

Copper cost of excitation winding, USD 17.1 18.3
Cost of ferrite magnets, USD - 145.5
Cost of the structural steel, USD 53.2 29.2
The total cost of the active materials (perrnanf.znt magnets, copper, electrical steel) 2447 341.0
and low carbon steel of the stator housing of the rotor sleeve, USD *
Length of all stacks of the stator laminated steel, mm 152.7 128.3
Length of all laminatgd stac'ks plus. the. axial 'clearances between them for 180 150
installing excitation coils, mm
Laminated stator external diameter, mm 370 370
Air gap, mm 0.88 0.91

* Note: when calculating the cost of materials, it is assumed that the price of copper is $7 per kilogram; the price
of electrical steel and the price of the structural steel are $1 per kilogram; the price of ferrite magnets of Y30H-2

grade is $18.46 per kilogram [38].
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According to the results of comparative analysis of the characteristics of the SHG with

ferrite magnets and without magnets, shown in Tables 4 and 5, the following conclusions
can be drawn:

1.

2.

The average losses for the generator with ferrite magnets have been reduced, in
comparison with the generator without magnets, by 100% (5.97 — 4.58)/5.97 = 23.4%;
The maximum armature current for the SHG with ferrite magnets is slightly higher
than that for the SHG without magnets, by 100%(700 — 676.2)/676.2 = 3.5%. This is
due to the fact that the optimization result is a compromise between the minimum
losses and the minimum current, and the losses <Pj,ss> in the objective function (6)
have a larger weight coefficient;

The output torque ripple at maximum speed for a generator with ferrite magnets is
reduced by 100% (11.3 — 8.6)/11.3 = 23.9% compared to a generator without magnets;
Due to the addition of ferrite magnets, the length of the magnetic core of the generator,
taking into account the axial clearance for installing excitation coils, can be reduced
by 100% (180 — 150)/150 = 16.7%;

Due to the contribution of the ferrite magnets to the resulting excitation flux, the MMF
of the excitation winding can be reduced; in addition, the MMF generated by the
excitation winding and the magnets in the non-laminated parts are opposite. All of
these factors make it possible to significantly reduce the cross-section of non-laminated
parts and reduce their weight by about two times;

When adding ferrite magnets, the total mass of the materials of the electromagnetic
core of the generator is reduced by 100% (123.24 — 99.5)/23.24 = 19.3%;

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;
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;

The total cost of the materials of the electromagnetic core (electrical steel, copper, ferrite
magnets, non-laminated steel) for SHG with ferrite magnets is 341/244.7 = 1.4 times
more than for SHG without magnets, because of adding the cost of 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.

7. Discussion

Based on the findings of the study, the following implications can be made regarding

the appropriate design of the SHG with ferrite magnets:

Computer-aided optimization of the SHG design with ferrite magnets, which has a
complex three-dimensional structure of the magnetic system, applying widely used
methods, such as 3D FEM and multicriteria optimization algorithms, is complicated
by very high computational costs [23]. This problem can be solved by applying the
computationally efficient Nelder-Mead method and the simplified SHG model with
ferrites presented in this article;
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e  With an increase in the level of saturation of the magnetic circuit and the magnitude
of the MMF of the excitation winding, the resistance to demagnetization of ferrite
magnets on the rotor can be increased by increasing their height;

e Itisadvisable to restrict the flux density in non-laminated sections of the magnetic core
made of structural low-carbon steel to a value low enough to ensure a small drop in
MME, despite the fact that magnetic properties of low-carbon steels are not regulated.

8. Conclusions

This article evaluates the improvement in performance of a synchronous homopolar
machine by adding ferrite magnets to the rotor in the case of a 35 kW passenger car
generator considering its operating speed range. For a fair comparison, the characteristics
of the generator configurations with ferrite magnets and without magnets are optimized
using the same method. 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 entire range of operating speeds, 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 16.9%, upper limit
of the solid-state rectifier current by 26.9%, symmetrized (output) torque ripple by 12.2%.

The non-symmetrized torque ripple, which has the lowest power in the objective
function defined by Equation (6), became higher after optimization. Despite this, the output
(symmetrized) torque ripple even decreased after optimization, indicating that the torque
waveforms of the individual stator-rotor stack combinations (SRSCs) are in opposite phases
and cancel each other out.

When comparing the SHG characteristics with and without ferrite magnets, we can
conclude that the addition of ferrite magnets significantly improves the target characteris-
tics: average generator losses are reduced by 23.4%; torque ripple is reduced by 23.9%; the
total weight of active materials, stator housing, and rotor sleeve is reduced by 19.3%; and
the length of the electromagnetic core is reduced by 16.7%. The current rating requirement
for a semiconductor rectifier for the SHG with ferrite magnets is slightly higher than that for
an SHG without magnets by 3.5%. At the same time, the cost of materials for the generator
without magnets is 1.4 times less, since ferrite magnets are not used in it.

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, and the dimensions and weight have also been significantly reduced, with a
relatively small increase in cost.

The limitation of the proposed approach is that the optimization of electromagnetic
characteristics of the SHG is carried out without taking into account thermal and hydro-
dynamic (ventilation) processes. In future work, the comparison between the SHM with
ferrite magnets and other types of electrical machines for passenger car generators and
other applications will be carried out. Also, the presented SHM model with ferrite magnets
will be supplemented by considering thermal and hydrodynamic processes.
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