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Abstract: Brushless synchronous homopolar machines (SHM) have long been used as highly reliable
motors and generators with an excitation winding on the stator. However, a significant disadvantage
that limits their use in traction applications is the reduced specific torque due to the incomplete use
of the rotor surface. One possible way to improve the torque density of SHMs is to add inexpensive
ferrite magnets in the rotor slots. This paper presents the results of optimizing the performances of an
SHM with ferrite magnets for a subway train, considering the timing diagram of train movement. A
comparison of its characteristics with an SHM without permanent magnets is also presented. When
using the SHM with ferrite magnets, a significant reduction in the dimensions and weight of the
motor, as well as power loss, is shown.
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1. Introduction

Interior rare-earth permanent magnet synchronous motors (PMSM) are a popular
choice in electric vehicle drives of various power ratings. As they have no excitation
winding and, consequently, excitation loss, these motors have high power density and
efficiency [1,2]. However, their drawbacks are: (1) Rare-earth magnets required in the
PMSMs production are expensive and their cost can vary by several times in a year or
two because of a limited number of manufacturers; it also makes it inevitable to rely
on a limited number of magnet suppliers in the world market [3-5]; (2) The rare-earth
elements extraction is not environmentally friendly [6]; (3) Strong magnetic field and
high temperature in PMSMs with high power density can result in rare-earth magnets
demagnetization; (4) If a wide constant power speed region is required, achieving high
efficiency at speeds close to maximum is not so easy because of increased winding losses
in field weakening mode [7-9]; (5) In addition, in electric drives such as drives of subway
and railway trains, a large value of uncontrolled electromotive force (EMF) in the windings
during rotation of the PMSM creates a fire hazard in the event of an emergency short circuit.
Since trains have high inertia and cannot stop quickly in the event of an emergency short
circuit, the use of PMSM in this application should be avoided.

Wound rotor synchronous motors (WRSM) have no disadvantages such as this and
are used in traction applications by BMW (BMW iX3 crossover) and Renault (Renault Zoe
supermini electric car, Fluence sedan, Megane E-TECH small family car) (BMW [10,11],
Renault [12]). WRSMs have no magnets. Excitation current as well as demagnetizing part
of stator current can be reduced at high speed, which makes it possible to achieve high
efficiency throughout a wide constant power speed region [13,14]. However, slip rings in
the WRSM design limit the motor speed and reduce its reliability [14].
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Homopolar machines (SHM) combine the advantages of PMSMs and WRSMs: they
have no slip rings such as PMSMs. Similar to WRSMs, they have no magnets and can have
a wide constant power speed range due to controlling the excitation current. An additional
advantage of SHM over WRSMs is that the number of the excitation coils does not depend
on the number of poles, while it grows with the number of poles in WRSMs, reducing
excitation magnetomotive force (MMF).

In the SHM design considered in this paper, there is only one excitation coil. This
results in a decrease in the mass and the loss in excitation winding in SHMs compared
with those of WRSMs. Also, since there are no losses in the SHM rotor, no rotor cooling
is required. There are many applications of SHMs as high-reliable generators: in passen-
ger railway cars, in ships and aircraft [15,16], in welding units [17], and as automotive
generators [18].

Applications of SHMs as a traction motor of a mining truck are discussed in [7,19-23].
In [19], the computation method of the traction SHM, based on the set of 2D magnetostatic
was described and verified in the experiment in [19]. The control strategy for traction
SHMs was described in [20]. The examples of the optimization of the SHM for traction
applications based on Nelder-Mead algorithm and the model described in [19] are provided
in [21]. Paper [7] provide a comparison of the SHM and PMSM characteristics in the mining
truck application.

However, as shown in [23], traction SHMs have the following disadvantages compared
to WRSMs: (1) The mass and dimensions of SHMs are greater than those of WRSMs, since
each rotor tooth covers approximately one pole pitch, and about half of the pole pitches of
the SHMs is not used; (2) SHMs require a higher inverter power rating than WRSMs.

There are multi-pole SHMs with an excitation winding on the stator and rare-earth
magnets in the rotor slots [24-26]. Such SHMs with rare-earth magnets in the rotor slots
are superior to SHMs without permanent magnets due to the better use of the rotor surface,
and their weight and dimensions are close to conventional PMSM. The main advantage of
SHMs with rare earth magnets, compared to conventional PMSM in traction drives with a
wide constant power speed range (CPSR): the inverter utilization is higher, and the cost
and rated power of the inverter are lower, since due to the excitation winding, it is possible
to set the optimal excitation flux in a wide range of speeds. Thus, the excitation winding
current is an additional control signal that expands the opportunities for optimizing the
operation of the SHM with magnets. The main disadvantage of the SHM with rare earth
magnets, which limits their use, is the high cost of rare earth magnets and raw material
dependence on a limited number of suppliers of rare earth elements. In addition, the depth
of the rotor slots of the SHM with rare earth magnets is much smaller than that of the
SHM without magnets, which worsens the saliency of the rotor of the SHM with rare earth
magnets. Therefore, although the use of rare earth magnets creates a significant additional
torque, the main torque generated by the interaction of the field of the excitation winding
modulated by rotor stacks and the field of the stator winding is reduced.

Further improvement of the characteristics of SHMs with magnets is possible by
using inexpensive ferrite magnets in their design. Ferrite magnets are much cheaper than
rare-earth ones and produced in many countries throughout the world [5].

An SHM with ferrite magnets is presented in [15,27] as an undercar generator for
railway passenger cars. It is shown that the use of SHMs with ferrite magnets has the
following main advantages compared to SHMs without magnets: (1) The reduction of the
weight and dimensions of the machine; (2) Power loss reduction. However, the review
of the literature shows that traction SHMs with ferrite magnets in the rotor slots have
not been studied in detail. This article presents a novel design of the traction SHM with
ferrite magnets. An example of the optimal design of the SHM with ferrite magnets for the
subway train is provided. A comparison between the SHM with ferrite magnets and the
SHM without magnets in the target application is also presented. The characteristics of the
SHM without magnets for comparison are adopted from our previous study [28].



Mathematics 2023, 11, 589

30f17

This study provides the optimization of the SHM with ferrite magnets for subway
trains by means of the Nelder-Mead method and the mathematical model described in [19].
The Nelder-Mead method is a one-criterion, unconstrained, local optimum search method.
The optimization is based on several criteria such as the minimization of losses, and the
armature winding current. The merits of these criteria are chosen and taken into account
at building up the cost function. Using the Nelder-Mead method significantly reduces
computational efforts compared with multicriteria or global search methods [29-33].

2. Main Design Parameters of the SHM

Figure 1 illustrates the design of the traction motor in question. Its specifications are
shown in Table 1. Two stator lamination stacks with 60 teeth and a nonmagnetic supporting
core are installed in the housing made of ferromagnetic non-laminated structural steel.
Common 8-pole 3-phase armature winding is installed between the teeth of the stator stacks.
The rotor stacks are installed opposite the stator stacks, on the shaft using an intermediate
sleeve made of ferromagnetic non-laminated structural steel.

Stator laminated cores

Rotor laminated
cores
Ferrite
Magnet

Supporting
non-magnetic core

(b)

Figure 1. SHM feature representation: (a) 1/4 cross-section and stator armature winding layout;
(b) 3D cutout view. A 1/2 stator cutout is shown. The rotor is shown without cutout. The stator
winding is not shown to avoid cluttering up the figure.

Table 1. Technical specifications of the SHM.

Parameter Value
Rated power, kW 370
Peak torque, N-m 1240
CPSR (motor mode), rpm 1427-4280
CPSR (braking mode), rpm 2854-4280
Phase number 3
Pole number 8
Number of pairs of stator and rotor stacks 2
Stator slot number 60
Rotor slot number 4

A supporting core fixes an excitation winding between the stator and rotor stack
pairs. The rotor stacks are rotated with respect to each other by 180 electrical degrees
(45 mechanical degrees).

As can be seen in Figure 2, the power supply circuit for the SHM consists of an ordinary
three phase invertor to supply the multiphase armature winding and a chopper to supply
the excitation winding.
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Figure 2. Diagram of a three-phase inverter with a DC breaker for the excitation winding, where

“1,2,3" are numbers of the phases of the SHM armature winding,.

3. Representation of the Train Flow Pattern in the Motor Optimization Routine

There are following stages in the motion of the subway train between stations from
one station to another, as shown in Figure 3 [34]:

1. It accelerates with the constant torque Ty = 1240 N-m, achieving speed n,,;, = 1427 rpm;

2. Continues acceleration with the constant mechanical power until the maximum speed
Nay = 4280 rpm is achieved;

3. Then it sustains the constant speed or decelerates slowly;

Brakes with the constant power to the speed ng = 2854 rpm;

5. Braking with the constant torque Ty to the stop.

-

Constant Constant Coasting Constant Constant
Power Torque
Torque | Power | n ‘ . | d
Speed-up | Speed-up _nax Braking Braking
T | |
0
| | T,
| \
| \
n T |
m
| t
| | >
0 cycle

Figure 3. Sketch of the speed (blue) and torque (red) profiles in time of the traction motor of the
subway train.

The required torque dependence on the rotational speed is shown in Figure 4. To
depict this dependence in the motor and generator modes, there are two abscissa axes. The
first abscissa axis directed to the right is for the motor mode, and the second one directed
to the left is for the generator mode. Let’s list the specific modes used in the optimization
procedure, in order of increasing torque:

Driving mode at the maximum speed #;4x;

Braking mode at the maximum speed 1y;

Braking mode joining the constant power and constant torque modes;

Zero speed mode with the maximum torque Ty;

Driving mode joining constant torque and constant power at the speed 7, = 1427 rpm.

A
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Figure 4. Demanded speed-torque curve of the subway traction drive.

According to the technical assignment for the motor, the braking mode torque is equal
to the motor torque, and ng is twice as large as ;. So, maximum (constant) power in the
generator mode is twice as large as in motor mode.

DC catenary voltage is Vpc areq = 750 V. Supercapacitors are installed in the train
invertor. They charge at braking up to the voltage Vpc 5x = 1050 V. The energy used in
supercapacitors is used for the acceleration in the next cycle. Also, during the braking,
supercapacitors provide a DC voltage higher than Vp¢ 1444, which facilitates implementing
brake modes.

4. Average Electrical Loss Calculation

The average of electrical loss over the cycle, that is over the trip from station to station,
is estimated with the following assumptions:

e The subway stations are close to each other. The cruising time is excluded from the
average loss calculation routine;

e  The train accelerates and decelerates only due to the torque produced by the motor.
Slopes, windage friction, the friction in the gearbox, etc., are neglected;

e Linear dependence of the losses on speed is assumed at each stage of the cycle.

The average electrical losses <Py o> can be calculated as the weighted average of
electrical losses Py ¢ ; in the operating points of the cycle:

< Ploss_el >~ Z wiploss_el_i (1)
i=1,2,34,5

where w; is a normalized weight coefficient defined by the cycle parameters as follows:

W
w; = 5 i ’ (2)
Y Wi
i=1
— n n —n
I’Imax(nmax nm); W, = max( max 8); W3 = Nmax; Wy = (ng + nm)/- W5 = Nmax (3)

Nm ng

The detailed derivation of (1) is given in [28]. The average of any other value can
be found in this way if a linear approximation of its dependance on stages of the cycle
is assumed.

5. Voltage Limit

The maximum allowed line-to-line voltage in i-th operation point V; is approximately
equal to the DC voltage but not exactly. Due to voltage drop in the switches, V; is slightly
higher in the generator modes and slightly lower in the other modes than DC voltage. Let’s
introduce the ratio of V; and DC voltage in catenary k; = V;/Vp¢ jateq- It is assumed that in
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modes 1,2,4,5, the DC voltage in modes is equal to that in a catenary, and k; is close to 1. In
generator mode 2, k; can be chosen greater than in motor modes 1,4,5. With some margin,
the following values are chosen ky = 0.99; ky = ks = k5 = 0.97.

On braking, supercapacitors charge, and DC voltage increases up to Vpc pay. It is
claimed in [28] that DC voltage Vpc 3 in the operation point 3 can be calculated knowing
the ratio 14 /nmax and assuming that the charging goes with constant efficiency:

2
n
— 2 2 2 g —
Vbcs = \/VDC rated T (VDC max ~ VDC mted)(l n2 ) =929V )

max

Since Vpc 3/ Vpe rated = 1.24, k3 = 1.1 is chosen with a good margin.
The parameters of the operating points including w;, calculated according to (2) and
k; are summarized in Table 2.

Table 2. Operating points of the traction motor considered during the optimization.

Operating Point, i Operating Point Name Speed, rpm Torque, N-m w; k;
1 Driving mode; maximum speed 4380 413.4 0.363 0.97
2 Braking mode; maximum speed 4380 826.9 0.091 0.99
3 Braking mode; changing from con§tant 2854 1240 0.182 11
power to constant torque operation
4 Zero speed 0 1240 0.182 0.97
5 Driving mode; changing from maximum 1427 1240 0.182 0.97

torque to constant power operation modes

6. Objectives and Parameters of the Optimization
To use Nelder-Mead method, the cost function is constructed from four targets:

1.  Minimization of the estimated average losses < P}, > obtained as the weighted
average (1);

2. Minimization of the maximum armature winding current max (I, ;) among 5 consid-
ered operating points;

3. Minimization of the maximum symmetrized torque ripple max (TRsym;) among 5
considered operating points;

4. Minimization of the maximum nonsymmetrized torque ripple max (TR;) among 5
considered operating points.

A nonsymmetrized torque ripple is produced by a single pair of the stator and rotor
stacks. A symmetrized torque ripple is produced by all pairs of the stator and rotor stacks
that is by the SHM as a whole. The paper [19] describes the terms TR and TRsym in detail.

0.7 0.025 0.01
F = < Piyss e i > max(Ippy i) max(TRsym;) max(TR;)™, (5)

In developing an SHM the discrete nature of some parameters such as the number
of turns N, in the section of armature winding and discrete values of the rectangular
wire width and height standardized in [35] must be taken into account. In this study, the
discreteness of these values are neglected, and they can have any positive real value. It
provides a more objective picture by excluding random factors arising because of a variety
of technical assignments for developing an SHM: in one design the optimal real values
of these parameters can be closer or further than in another design. In particular, the
number of turns in the armature winding N, is selected so as to maximum value V;/k;
over 5 operation points to be equal Vp¢ rarg = max(V;/k;) [23]. Number of parallel branches
is assumed to be equal to 4.

Magnet Y30H-2 has a residual flux density of 3.95-4.15 kG and a coercive force of
3.9-4.2 kOe under rated conditions. As the temperature increases, the coercive force of
ferrite magnets increases [36].
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The Nelder-Mead method being unconstrained optimization method requirean s only

initial design to be given. The parameters fixed during the optimization and varied ones
are given in Tables 3 and 4. They uniquely specify the SHM design and electromagnetic
processes in the considered operating points together with the following relations:

The cross-sections of the stator housing and the rotor sleeve have equal areas, for the
same excitation flux is conducted through them;

The shaft is made of nonmagnetic material;

The following relationship between stator slot depth h;, and width b on one hand and
the height w, and w, width of the rectangular wire is assumed (see Figure 5b):

by = wy + ax; hy = 2-(wy + Aw)-Nsec + ay, 6)

Table 3. Motor parameters unchanged during optimization.

Parameter Value
Machine length excluding winding end parts L, mm 260
Stator housing radius, mm 267
Axial clearance between excitation winding and rotor, A;, mm 29
Radial clearance between field winding and rotor A, mm 22
Shaft radius Rgjep, mm 40
Stator lamination yoke A ok, mm 21
Rotor lamination yoke F, yoke, UM 17
Stator wedge thickness, e;, mm 2
Stator unfilled area thickness, ¢, mm 3

Table 4. Variable motor parameters.

Current angles at operating points

Parameter Initial Design Optimized Design
Housing thickness &, mm 23.4 15.6
Total stator stacks length Lgtator, mm 200 219.6
Stator slot depth, i, mm 34 35.9
Stator slot width, b,, mm 7.7 9.0
Air gap width §, mm 1 44
Rotor slot thickness, o 0.4-t, % 0.423-t, *
Rotor slot thickness, o) 0.7-t; * 0.664-t, *

12 3,4 electrical radians 0.638; 0.941; 0.409; 0.311 0.943; 0.921; 0.404; 0.118
Current ratio ** 10.96 10.55

Notes: * the rotor tooth pitch , = 360° /4 = 90 mechanical degrees; ** the current ratio is the ratio of the current in
the armature winding layer to the current in the excitation winding.

The space taken by the slot and layer insulations is taken into account through the

constant a, = 1.51 mm, ay = 1.8 mm, Aw = 0.31 mm.

DC losses in the excitation colis are calculated assuming the net copper fill factor of
0.8. Eddy current losses in the excitation winding are neglected.

Only the current angles in modes 1,2,3,4 varied during the optimization.

The following assumption is made to reduce the number of variable parameters during
optimization. The current angle in operating point 5 is equal to that in operating point
4. The ratio of currents in the excitation winding section and the armature winding
layer is constant among all modes. Additionally, the ratio of the rotor slot widths
o/« (see Figure 5¢) is constant during the optimization.
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Figure 5. SHM parameters. (a) Stator; (b) Armature winding; (c) Rotor; (d) Axial plane.

Figure 5 shows sketches explaining the parameters listed in Tables 3 and 4.

Since the principle of operation of SHM is the interaction of the excitation flux and the
current of the armature winding, the width of the air gap does not directly affect the torque
as long as both the excitation flux and the armature current vector are fixed. However,
too small an air gap increases the leakage flux induced by armature winding and flowing
through the rotor teeth, which contributes to the reactive power and saturation of the
machine. An increase in the air gap results in an increase in the excitation current required
to generate the same excitation flux. Therefore, a too large or small air gap is not optimal.
During optimization, the optimal gap width was found.

7. Optimization Results

Figure 6 shows that during optimization, the cost function decreased and became
almost constant in the end. Figures 7 and 8 show some optimization targets can increase,
and less valuable ones can increase as a compromise to allow the cost function to decrease.
Figure 7 shows the change in the electrical losses and current magnitude during the
optimization stage. Figure 8 depicts the simultaneous change of the symmetrized and
nonsymmetrized torque ripple.

A comparison of Figures 9 and 10. shows that as a result of optimization, the perma-
nent magnet area between the teeth has increased significantly, and the rotor teeth have
changed shape and become thinner. As the comparison of the flux density plots for points
with the maximum torque (Figures 9c—e and 10c—e) shows, after optimization, the area of
regions with a flux density value of more than 2 T is significantly reduced. A comparison
of Figure 11a,b shows that as a result of the optimization, the maximum demagnetizing
force has been reduced from 3 kOe to about 2.5 kOe. So, no check of the demagnetization
is needed in this optimization. Table 5 shows the characteristics of the SHM with ferrite
magnets before and after optimization.
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Figure 6. Variation of the cost function value during optimization.
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Figure 7. History of change of the target performances. (a) Average electrical loss; (b) Upper limit of
the motor current.
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Figure 8. History of change of the target performances. (a) Symmetrized torque ripple; (b) Nonsym-
metrized torque ripple.
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Figure 9. The cross-section of the initial design of the motor and the plot of flux density magnitude;
white areas are the extreme saturation areas (>2 T). (a) Operating point 1; (b) Operating point 2;
(c) Operating point 3; (d) Operating point 4; (e) Operating point 5.
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Figure 10. The cross-section of the optimized design of the motor and the plot of flux density
magnitude; white areas are the extreme saturation areas (>2 T). (a) Operating point 1; (b) Operating
point 2; (c) Operating point 3; (d) Operating point 4; (e) Operating point 5.
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Figure 11. Demagnetizing force (kOe) in the area of the permanent magnet at operating point 4.
(a) Before optimization; (b) After optimization.
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Table 5. Optimization results.

Parameter Initial Design Optimized Design
Operating Point, i 1 2 3 4 5 1 2 3 4 5
Rptational speed n, rpm 4280 4280 2854 0 1427 4280 4280 2854 0 1427
Amplitude of the armature phase 53 651 676 686 694 370 541 541 529 531
current Iy, A

Efficiency, % 93.2 94.0 95.4 0 95.2 95.0 95.7 96.5 0 95.7

Output mechanical power P, KW 1853  —370.6 —370.6 0 1853 1853  —370.6 —370.6 0 185.3

Torque, N-m 4134 8269 —1240 1240 1240 4134 —8269 —1240 1240 1240

Input electrical power, kW 198.8 —3485 —353.6 54 194.6 195.0 —3548 —357.7 5.6 193.6

Mechanical loss, kW * 3.55 3.55 1.06 0 0.14 3.55 3.55 1.06 0 0.14

Armature DC copper loss, kW 0.97 3.76 4.05 4.18 427 2.20 471 4.71 4.49 453

Armature eddy-current 157 599 491 0 130 111 270 199 0 0.55
copper loss, kW

Stator lamination loss, kW 5.86 5.90 4.72 0 2.01 2.26 3.56 3.81 0 1.90

Rotor lamination loss, kW 131 1.70 1.00 0 0.26 0.04 0.09 0.07 0 0.02

Excitation copper loss, kW
Total loss, kW
Average losses according
to formula (1)
Number of turns in
armature winding
Power factor

Line-to-line voltage amplitude

arnts

Nonsymmetrized torque ripple, %
Symmetrized torque ripple, %
Magnetic flux density in the housing

and the sleeve, T

0.28 1.19 1.29 1.27 1.28 0.55 1.21 1.21 1.13 1.14
13.54  22.09 17.03 5.45 9.26 9.72 15.81 12.85 5.62 8.27

12.70 9.84
4.52 6.58
0969 —0.878 —0.999 1.0 0994 0949 —-0989 —-0963 1.0 0.906
728 716 626 7 334 640 758 797 10 467

61.2 46.9 33.0 329 32.8 16.3 15.4 13.5 13.6 13.6
10.73 11.10 7.68 7.55 7.54 2.50 2.50 242 2.61 2.61

0.62 0.99 1.17 1.20 1.20 0.30 0.71 1.04 1.15 1.15

Note: * The mechanical losses are assumed to be proportional to the speed with a maximum value of 3.55 kW
at gy

N

The following conclusions can be made from Table 5 on the optimization results:

The optimization significantly reduced losses at all operating points, except for oper-
ating point 4 at zero speed with maximum torque; it also significantly reduced the
average losses and maximum current of the armature winding;

Average losses according to (1) were reduced by 100% (12.7 — 9.84) /12.7 = 22.5%;
The maximum current magnitude before optimization was 694 A at operation point 5
at the speed 1, joining the motor modes with the constant power and the constant
torque. After optimization, the maximum current magnitude becomes at the operation
point 3 at the speed ng, joining the generator modes with the constant power and the
constant torque. Thus, the maximum inverter current magnitude was reduced by
(694 — 541)/ 694 = 22%;

In the initial design, the line-to-line voltage limit is reached at operating point 1 in
motor mode. In the optimized design, it is reached at operating point 2 in generator
mode. Both operating points are at the maximum rotational speed;

Before optimization, the maximum torque ripple occurs at operating point 2 at maxi-
mum speed in generator mode. After optimization, it occurs at operating point 4 at
zero speed at maximum torque. Thus, after optimization, the maximum torque ripple
was reduced by (11.1 — 2.61)/11.1 = 76.5%, which is because of a significant increase
in the airgap;

Since the exact magnetic properties of the structural non-laminated steel are unknown,
the drop in MMF in the non-laminated parts of the magnetic circuit can only be
estimated approximately. For the error of such an estimate not to strongly affect
the results of the evaluation of the characteristics of the machine, the flux density in
these parts made of structural steel must be small. It can be seen that for the initial
design, the maximum flux density is 1.2 T, which is less significant than the acceptable
values of the magnetic flux density in laminated cores of 1.8 T and more, and for the
optimized design, this value is further reduced by 100% (1.2 — 1.15)/1.2 = 4.2%. So,
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no restriction on the magnetic flux density in non-laminated parts was needed in
the optimization.
As shown in Figure 11, in the initial design, during optimization, and in the optimized
design, the demagnetizing field does not exceed 3.2 kOe, while the coercive force of
the Y30H-2 magnet is about 4 kOe [36]. As a result of optimization, the demagnetizing
field even weakened. Thus, there is no risk of demagnetization of ferrite magnets in
all operating points, due to the well-chosen parameters of the initial design.

8. Comparison of SHM with Ferrite Magnets and SHM without Magnets

This section discusses the comparison between the SHM with ferrite magnets, which

characteristics are presented in this article, and the SHM without magnets, which charac-
teristics were calculated in our previous study [28]. To avoid repetition in this article, in
Table 6 we present only the final optimized characteristics of the SHM without magnets.
Details of the SHM design without magnets and its optimization can be found in [28].
Table 6 shows a comparison of the performances of the optimized SHM designs with ferrite
magnets and without magnets. The dimensions, masses, and costs of active materials for
the SHMs with and without ferrite magnets are compared in Table 7.

Table 6. Comparison of SHM with ferrite magnets and SHM without magnets.

Parameter SHM without Magnets SHM with Ferrite Magnets
Operating Point, i 1 2 3 4 5 1 2 3 4 5
Rotational speed 7, rpm 4280 4280 2854 0 1427 4280 4280 2854 0 1427
Amplitude of the armature 53 541 547 542 545 370 541 541 529 531
phase current Iy, A
Efficiency, % 94.8 95.0 95.6 0 94.2 95.0 95.7 96.5 0 95.7
Output g‘eczaﬁf\?l POWEr  yg53 3706 3706 0 1853 1853 —3706 3706 O 185.3
Torque, N-m 4134 —8269 —1240 1240 1240 4134 —8269 —1240 1240 1240
Input electrical power, kW~ 1954  —3522 —354.4 8.9 1968 1950 —3548 -357.7 56 193.6
Mechanical loss, kW 3.55 3.55 1.06 0 0.14 3.55 3.55 1.06 0 0.14
Armature DC
copper loss, kW 2.48 7.53 7.67 7.55 7.62 2.20 471 4.71 4.49 453
Armature eddy-current 0.59 2.25 2.16 0 0.60 1.11 2.70 1.99 0 0.55
copper loss, kW
Stator lamination loss, kW 2.87 3.39 3.64 0 1.65 2.26 3.56 3.81 0 1.90
Rotor lamination loss, kW 0.19 0.30 0.22 0 0.06 0.04 0.09 0.07 0 0.02
Excitation copper loss, kW 0.46 141 1.44 1.40 1.40 0.55 1.21 1.21 1.13 1.14
Total loss, kW _ 1014 1843  16.19 8.95 11.47 9.72 15.81 12.85 5.62 8.27
Average losses according to 12.02 984
formula (1)
Number of turns in 6.68 6.58
armature winding
~ Power factor 0.994 -1.0  —0927 1.0 0905 0949 —0989 —0.963 1.0 0.906
Line-to-line voltage 718 755 825 16 468 640 758 797 10 467
amphtude. Varm, V
NO“SY“;‘;;;?ZZS/? torque 339 259 188 190 190 163 154 135 136 136
Symmetrized torque 7.21 5.47 3.77 3.91 3.91 2.50 2.50 242 2.61 2.61

ripple, %
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Table 7. Comparison of masses, costs, and dimensions of parts of the SHM without magnets and

with ferrite magnets.

Parameter SHM without Magnets SHM with Ferrite Magnets
Stator lamination mass, kg 103.9 106.6
Rotor lamination mass, kg 53.5 54.5
Armature copper mass, kg 36.0 53.1
Excitation copper mass, kg 174 13.9
Magnets mass, kg - 31.2
Weight of the rotor sle.eve ar}d motor housing without 1951 103.8
bearing shields, kg
The total mass of the active m'aterlals, rotor sleeve, and 405.9 363.1
motor housing, kg
Stator lamination cost, USD 103.9 106.6
Rotor lamination cost, USD 53.5 54.5
Armature copper cost, USD 252 371.7
Excitation copper cost, USD 121.8 97.3
Magnets cost, USD - 576.0
Rotor sleeve and motor housing cost, USD 195.1 103.8
The total cost of the active materials (electrical steel,
copper, permanent magnets) and structural steel of the 762.3 1309.9
rotor sleeve and motor housing, USD *
Total length of the stator lamination, mm 228 219.6
Total length of the machine excluding the winding end 3025 260
parts (including spaces for the excitation coils), mm ’
Stator lamination outer diameter, mm 534 534
Air gap, mm 3.0 44

* Note: the following material costs are assumed: copper is 7 USD/kg; laminated electrical steel is 1 USD/kg;
non-laminated structural steel for the housing and rotor sleeve is 1 USD/kg; Y30H-2 grade ferrite magnet is
18.46 USD/kg [28,37].

Comparing the characteristics of the SHMs without permanent magnets and with

ferrite magnets, shown in Tables 6 and 7, the following findings can be reported:

1.

2.

Average losses according to (1) for the SHM with ferrite magnets are less than for the
SHM without ferrite magnets by 100% (12.02 — 9.84)/12.02 = 18.1%;

The maximum current for the SHM with ferrite magnets is slightly less than for the
SHM without ferrite magnets, by 100% (457 — 451) /457 = 1.3%;

The maximum output torque ripple of the SHM with ferrite magnets is less than that
of the SHM without ferrite magnets by 100% (3.91 — 2.61)/3.91 = 33.2% due to the
increased air gap;

The total length excluding the armature winding end parts, including the width of
the field winding, for the SHM with ferrite magnets is less than for the SHM without
ferrite magnets, by 100% (302.5 — 260)/302.5 = 14%;

The weight of the rotor sleeve and housing of the SHM with ferrite magnets is two
times less than that of the SHM 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 SHM with ferrites becomes thinner than the SHM
case without magnets.

The total mass of active materials including the rotor sleeve and the motor housing
for the SHM with ferrite magnets is 100% (405.9 — 363.1)/363.1 = 10.5% less than the
mass of the SHM without magnets;

The total cost of the active materials (electrical steel, copper, permanent magnets)
and structural steel of the rotor sleeve and motor housing for the SHM with ferrite
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magnets is 1309.9/762.3 = 1.7 times more than that of the SHM without magnets,
primarily due to the addition of the cost of ferrite magnets.

9. Conclusions

The optimization procedure based on the single-objective Nelder-Mead algorithm and
its results for a synchronous homopolar motor (SHM) with ferrite magnets with a power of
370 kW for driving subway train, taking into account the subway train moving trajectory,
namely acceleration and braking stages is described in the article. For one function call,
only 5 operating points are to be computed, which makes computational efforts tolerable
for computer-aided optimization.

The cost function is constituted from the following optimization objectives: decreasing
the average operational cycle, decreasing the upper limit of armature current, and the
reduction of the torque ripple. As a result of optimization, the following characteristics of
the traction SHM have been improved. Power loss is reduced by 22.5%. The upper limit
current of the solid-state inverter is reduced by 22%. The motor torque ripple is reduced
by 76.5%.

Based on the optimization results, the obtained characteristics of the SHM with ferrite
magnets are compared with the characteristics of the SHM without permanent magnets,
optimized by the same method. The comparison of the characteristics of the SHMs with
ferrite magnets and without magnets shows that the SHM with ferrite magnets has sig-
nificant advantages: power loss is reduced by 18.1%, inverter current is reduced by 1.3%,
torque ripple is reduced by 33.2%, the total mass of the active materials, rotor sleeve and
motor housing is reduced by 10.5%, the overall machine length is reduced by 14%. The
advantage of the SHM without magnets is that the cost is 1.7 times less, since it does not
use ferrite magnets.

In future work, the comparison between the SHM with ferrite magnets and other types
of electrical machines for subway drives and other applications will be carried out.
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