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Abstract: Single-phase flux reversal motors (FRMs) with sintered rare-earth permanent magnets
on the stator for low-cost high-speed applications have a reliable rotor and a good specific power.
However, to reduce eddy current loss, the sintered rare-earth magnets on the stator have to be
segmented into several pieces and their cost increases with the number of magnet segments. An
alternative to the sintered magnets can be bonded magnets, in which eddy current loss is almost
absent. The remanence of bonded magnets is lower than that of sintered magnets, and they are prone
to demagnetization. However, the cost of low-power motors with bonded magnets can be lower
because of the simpler manufacturing technology and the lower material cost. This paper discusses
various aspects of the optimal design of FRM with bonded magnets, applying the Nelder-Mead
method. An objective function for optimizing an FRM with bonded magnets is designed to ensure the
required efficiency, reduce torque oscillations, and prevent the bonded magnets from demagnetizing.
As a result, it is shown that the FRM with bonded magnets has approximately the same efficiency as
the FRM with sintered magnets. In addition, the peak-to-peak torque ripple is minimized and the
minimal instantaneous torque is maximized.

Keywords: demagnetization; electric machine; flux reversal machine; high-speed electrical machine;
high-speed electrical motor; Nelder-Mead method; optimal design

1. Introduction

Single-phase variable-speed motors are widely used in low-cost applications such as
vacuum cleaners [1], blowers [2], power tools [3], pumps [4], compressors [5], and fans [6].
The main advantage of single-phase motors is the lower cost of the semiconductor inverter
that has fewer transistors than in the case of a three-phase motor.

In turbochargers, vacuum cleaners, blowers, and other high-speed applications, a
retaining ring on the rotor of such a brushless motor is used to provide strength against
centrifugal forces and to increase its reliability. However, this also increases the cost of the
rotor and its complexity. In addition, applying a retaining ring also increases the equivalent
air gap, i.e., the gap between the rotor magnets and the stator teeth. This reduces the
specific torque and efficiency [7].

Therefore, in low-cost high-speed applications, it can be preferable to use motors
with a simple and reliable toothed rotor and with magnets on the stator, such as flux
switching motors (FSMs) [8,9], flux reversal motors (FRMs) [10,11], or hybrid switched
reluctance motors (HSRMs) [12,13]. Applying a structurally simple toothed rotor made of
a steel lamination reduces the cost of rotor manufacturing in comparison with a rotor with
magnets on its surface and with a retaining ring [14] and also increases the reliability of the
motor. However, to reduce eddy current loss, the sintered rare-earth magnets on the stator
have to be segmented into several pieces [10,11,15]. The cost of the magnets increases with
the number of magnet segmentations [16,17].

An alternative to rare-earth sintered magnets can be bonded magnets, in which eddy
current loss is almost absent. The remanence of bonded magnets is lower than that of
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sintered rare-earth magnets, but the cost of low-power motors with bonded magnets
is lower compared to motors with sintered rare-earth magnets because of the simpler
manufacturing technology and also the lower material cost [18-20]. For this reason, the
use of motors with bonded magnets is also prospective in low-cost applications. Therefore,
the aim of this work is to optimize a single-phase FRM with bonded magnets to use in
low-cost high-speed applications.

The optimization of motors with bonded magnets on the rotor is considered in [21-23].
An evolutionary approach is applied in [21]. A hand-made optimization is performed
in [22]. A quasi-Newtonian technique is used in [23]. However, optimization of a single-
phase FRM with bonded magnets has not been considered yet.

When designing electrical machines, multi-criteria optimization methods are exten-
sively used [24-26]. Such methods can create a Pareto front that includes solution points in
which no objective can be improved without degrading others. Then, from all points of
the obtained Pareto front, one point is manually selected, the characteristics of which most
satisfy the solution of a given technical problem. Typically, multi-criteria methods require
a substantial number of function calls. For example, in [24], about 3000 calls are required.

A one-criterion method can also be applied to the problem of optimization of electric
machines. In this case, the objective function is constructed with a number of multipliers,
each of which is an expression of a separate criterion. The importance of each multiplier
can be adjusted when constructing such a function. Therefore, if, in the case of the Pareto
approach, the final design is chosen among the points of a Pareto front after the optimization
process to satisfy the practical importance of each of the optimization criteria, in the case
of a one-criterion method, it is necessary to determine the importance before the start of
the optimization process. However, the use of one-criterion methods allows a significant
reduction in computational time. For example, in [10], the Nelder-Mead method was
applied and only 115 function calls were required, which is 26 times less than in [24], when
a multi-criteria method was applied.

It can be concluded that although the Nelder-Mead method does not provide con-
fidence in finding the global optimums according to the Pareto criterion, it significantly
reduces the computational time and can provide good practical results.

In this work, a multi-criteria product-type optimization function was built and the
one-criterion Nelder-Mead method was applied to reduce the calculation time.

The Nelder-Mead method has previously been successfully applied to optimize vari-
ous types of electrical machines using various objective functions [10,11,14,27,28]. In each
of these works, a special objective function was constructed which depends on the specifics
of an electrical machine and application. In [28], optimization of a synchronous reluctance
motor was considered by applying this method. A motor efficiency much higher than the
IE5 level (“ultra premium efficiency”) according to the IEC (International Electrotechnical
Commission) 60034-30-2 standard was reached. Torque ripple and underload efficiency
also were improved. In [11], optimization of a single-phase high-speed FRM with sintered
rare-earth magnets was carried out to reduce torque oscillations and power loss when
operating with a fan load profile.

However, the optimization criterion developed for an FRM with sintered rare-earth
magnets [11] cannot be applied to an FRM with bonded magnets, since in this case, there
is a risk of demagnetization of bonded magnets. This paper discusses various aspects of
the optimal design of FRMs with bonded magnets applying the Nelder-Mead method.
An objective function for optimizing the FRM with bonded magnets is designed to en-
sure at least 84% efficiency, reduce torque oscillations, and prevent the bonded magnets
from demagnetizing.

2. Construction of an Objective Function for Single-Phase Flux Reversal Motor with
Bonded Permanent Magnet

In [11], the optimization of a 754-W, 18-krpm single-phase FRM with segmented
sintered rare-earth magnets (NdFeB) is considered for fan load (the torque is proportional
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to the square of the rotational speed). Table 1 determines 2 considered loading modes of
the motor range.

Table 1. Loading points of the flux reversal motor (FRM).

Rotational Rotational Mechanical
Mode Number Torque, N-m Speed, rpm Speed, % Power, W
1 0.256 14,400 80 386
2 0.4 18,000 100 754

Considering that the portion of time taken by a particular loading mode is supposed
to be approximately inversely proportional to active (real) power, the arithmetic average
efficiency in the two modes (<n>) was chosen in [11] as one of the optimization objectives
of the FRM with sintered rare-earth magnets. The efficiency of the FRM with sintered
rare-earth magnets is 85.7% in mode 1 and 84.5% in mode 2. The average efficiency is
<n> = 85.1% in this case.

In addition to the efficiency, other objectives for optimizing the FRM with sintered
rare-earth magnets described in [11] are:

1.  Maximizing the minimum instantaneous value of the torque waveform and making
it positive if it is possible.
2. Reducing the peak-to-peak value of torque ripple (PPTR).

To achieve both of these objectives using the Nelder-Mead method, the optimization
criterion was formulated as A = <PPTR + 2-AMinTD>, where AMinTD is the average to
minimum torque difference; “< >” is the sign of the arithmetic mean over both loading
modes considered. Therefore, the following optimization function was applied in [11] to
the FRM with sintered rare-earth magnets:

F=A---B=<PPTR + 2-AMinTD > (1-<n >), @D

Modern sintered rare-earth magnets not only have high remanence but are also highly
coercive magnets. In Gaussian units, the coercivity of such magnets can be 2 or more times
higher than their remanence. For this reason, the risk of demagnetization was not taken
into account in the objective function when optimizing the FRM with sintered rare-earth
magnets in [11]. The modern bonded magnets have significantly lower remanence than
sintered rare-earth magnets, which leads to an increase in the required magnetomotive
force of the winding (MMF) and, therefore, to the risk of demagnetization. In addition,
the coercivity of bonded magnets is much lower than that of sintered rare-earth magnets.
Therefore, when designing FRMs with bonded magnets, it is necessary to consider the risk
of demagnetization. Bonded magnets of 3210 grade (B, = 7 kG, H.; = 9.5 kOe) [29] were
chosen for the FRM.

The main objective in this study was also to minimize the torque oscillations (term A
in [1]) of the FRM with bonded magnets. In addition, the average efficiency of the motor must
be at least 84% (i.e., approximately the same value as in [11]) and the risk of demagnetizing
the bonded magnets must be avoided. It was assumed that the demagnetizing magnetic field
must not exceed the coercivity by more than 0.3% of the total volume of the magnets.

The unconstrainted one-criterion Nelder-Mead method is applied in this study to op-
timize the FRM design. The Nelder-Mead method belongs to unconstrained optimization
methods. Therefore, there is no need to set the permissible range of parameters before
the optimization. It is necessary to determine only the initial design and the objective
function. The noise of the objective functions is caused, firstly, by rounding errors of the
finite element method and, secondly, by differences in the mesh that is rebuilt with each
different call of the objective function.

It is possible to compose an objective function that takes the value A if <n> is more
than 84% and the volume of the demagnetized magnets is less than 0.3% and goes to
infinity otherwise. However, first, the initial set of design parameters may not satisfy the
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formulated constraints, and the optimization direction cannot be determined. Second,
whenever these conditions are not satisfied, the size of the simplex constructed by the
Nelder-Mead algorithm decreases, and this will slow down the search for the optimum.

In this work, instead of processing the constraints precisely, an objective function with
soft constraints is adopted; that is, penalty factors increasing rapidly if the constrained
characteristics of the machine go beyond the specified limits are added to the optimization
function [30]. In the considered case, the second factor will increase exponentially if the
average efficiency becomes less than 0.84, and the third factor will increase exponentially if
the volume of demagnetized magnets becomes greater than 0.3%:

L — A(l +e51(0.84—<n>))(1 +e§z(max(5)70.003)) @)

where 1 is the motor efficiency; S is the volume part of the demagnetized magnets; max is
the maximum value among the loading modes considered. In addition to the first factor A,
expression (2) contains two other factors. The second factor grows rapidly at <n> <0.84
and rapidly tends to unity at <n>> 0.84. The third factor grows rapidly at max(S) >0.003
and rapidly tends to unity at max(S) <0.003. Multipliers é; = 200 and J, = 3000 set the
slope of F. Both exponents equal to 1 at <n> = 0.84 and max(S) = 0.003. The exponent in
the first multiplier becomes equal to e when <n> increases by 0.5%. The exponent in the

second multiplier becomes equal to ¢ when max(S) increases by 0.00033, which is 11% of its
reference value 0.003.

3. Initial Design and Parameters Varied During Optimization

Figure 1 demonstrates the main geometric parameters of the FRM with bonded
magnets. As in the case of the FRM with sintered magnets, there are two poles on the
surface of each stator tooth; there is the same direction of magnetization of adjacent
magnetic poles on adjacent stator teeth. In contrast to sintered magnets, the segmentation
of the magnets is not required in the case of bonded magnets. Therefore, the pole pair
placed on each tooth can be formed by, for example, one two-pole magnet, which simplifies
the production of the rotor assembly and reduces the cost. Here, 35PN440 electrical steel

with a thickness of 0.35 mm [31] was selected to determine the properties of the stator and
rotor laminations.

—— 3310 138 d

(@) | (b)

Figure 1. Design parameters of the FRM: (a) stator; (b) rotor.

Table 2 shows the design parameters varied during the optimization of the FRM
with bonded magnets: the number of turns per phase; outer stator radius Rstat inner; Stator
slot dimensions Rstat juners Rstat pottom and Witator1; rotor dimensions oot, w/wy, w' /wp, and
shifting angle of the supply voltage. Furthermore, Rt yidgae = 0.5 - - (Rstat sior + Rstat inner)-
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Table 2. Parameters that changed during the optimization.

Parameter Before After
Number of turns per phase 80-10 111
RStﬂt,innert mm 18+1 19.2
RStat,slot/ mm 22 +1 23.8
RStﬂf,bottOM/ mm 26 +1 28.3
Witator1, degrees 12.6 + 1.8 12.5
Qrot, degrees 27-4.5 229
w/wy 1.5-0.2 1.78
W' /wq 0.8+0.2 0.72
Voltage shift, electrical radians 0.015 + 0.01 0.033

In the beginning, the Nelder-Mead algorithm constructs the initial simplex and
calculates the value of the objective function in each point of this simplex. In the MATLAB
function “fminseach”, to define points of the simplex, each parameter of the initial design,
in turn, increases by 5%. Such an approach has some disadvantages. First, changing some
parameters by 5% can lead to a very significant change in the objective function, but not for
others. Changing various parameters by 5% can affect the change in the objective function
to a very different extent.

Table 3 shows the parameters that did not vary during the optimization.

Table 3. Parameters that were fixed during the optimization.

Parameter Value
Supply voltage, V 320
Stator stack length L, mm 30
Stator outer radius, Rstat_outer, mm 32
Stator slot width Wis,3, degrees 72.9
Stator slot width Wi, degrees 36.5
A, mm 0.007
Magnet thickness, mm 2
Air gap, mm 0.5
Magnet’s remanence, T 0.65
s, mm 2
S, mm 3
Ryot pot, MM 7
R;,;, mm 3

For example, an increase in Rstat porrom by Only 5% causes a significant decrease in the
stator yoke thickness and, therefore, can lead to a significant change in saturation level,
while an increase in oot by 5% does not lead to a significant change in the performance.
Of course, it is possible to try to select the parameters in such a way so as to avoid this
problem. For example, the thickness of the yoke can be used instead of Rstat pottom- However,
it is more convenient to set the increment for each parameter separately. Second, with
an increment in a certain parameter when constructing the next point of the simplex, the
objective function may accidentally decrease. Then, having a more optimal design, it is
not reasonable to increase the next parameter of the initial design. Therefore, in this study,
augmentation of the next parameter is performed for the best design from the already
constructed points of the simplex. Thus, in this work, the simplest optimization is carried
out already at the stage of constructing a simplex. To construct a simplex, an initial design
is first calculated. Then, at each step, the best of the calculated points is selected, and the
next parameter is changed. The procedure continues until the number of points of the
simplex is one more than the number of parameters.

Therefore, the procedure of building the simplex is as follows:

1. The array x of the initial design parameters and the array d of their increments
are given.
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2. Fpin = F(x). x4 = x. Simplex = {x}.
3. Forifrom 1to n (where n is the number of parameters):

a. X = Xmin-

b. x(i) = x(@) + d(i).

C. Simplex = Simplex N {x}.

d. If F(x) < Fypin, then Xy, = X, Fpiy = f ().

After the simplex was built, the Nelder-Mead algorithm, as it is described in [32], was
applied. The reflection, expansion, and contraction coefficients are 1, 2, and %, respectively.

4. Optimization Results of FRM with Bonded Permanent Magnets and Discussion

The Nelder-Mead algorithm, described in [32], was used in designing a new FRM with
bonded magnets. The number of optimization parameters was nine. The mathematical
model described in [33] was used to evaluate the objectives <n> and max(S) included in
the optimization function (2).

Figure 2 shows the FRM designs and the flux density magnitude plots before and
after the optimization. An asymmetrical rotor was chosen for the FRM since it was shown
in [11,14] that such a rotor design provides positive values of the torque waveform during
the entire period, in contrast to a symmetrical rotor.

(a) (b)

Figure 2. Calculation area arrangement and flux density magnitude plot (T) in the FRM (a) before optimization and (b) after.

Table 2 shows the variable design parameters of the FRM before and after the opti-
mization. Next to the initial value of the variable parameter, its increment at constructing
the initial simplex is given. As seen in Table 2 and Figure 2, the maximum flux density
decreased as a result of optimization. In addition, the thickness of the yoke, which was
underutilized in the initial design, was reduced, which increased the flux density in the
yoke. It made it possible to increase the value of Rsat jnper- Figure 3 shows the dependence
of the torque on the rotor angular position before and after optimization for two loading
modes of the FRM with bonded magnets. Figures 4 and 5 demonstrate the waveforms of
the current and voltage depending on the rotor angular position before and after optimiza-
tion for two loading modes of the FRM with bonded magnets. PPTR and AMinTD changed
only slightly. This is because the initial design was obtained by scaling the design of the
optimized FRM with sintered rare-earth magnets [11].
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Figure 3. Torque waveforms versus the rotor angular position before and after the optimization: (a) mode 1; (b) mode 2.
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Figure 4. Current waveforms versus the rotor angular position before and after the optimization: (a) mode 1; (b) mode 2.

Figure 5 shows the dependence of the voltage on the rotor position. The voltage
waveform is rectangular. The discretization that leads to the non-rectangularity of this
voltage waveform on the plots is clearly visible. The motor torque is controlled by adjusting
the voltage duty cycle. The more torque (mechanical power) that is required, the longer the
duty cycle. After optimization, the duty cycle increased in both considered loading modes,
taking the optimal values. This is achieved, in particular, by increasing the number of turns.
With increasing the number of turns, the current decreased, as can be seen in Figure 4.

Figure 6b shows the dependence of the objective function on the number of the
function calls. The very large values of the objective function at the beginning of the
optimization process are not shown on the plot for better visibility of small changes in the
objective function.

Figure 6a shows this dependence at the stage of constructing the simplex. The value
of the objective function corresponding to the initial design is 6.84. Already at the stage
of constructing the simplex, it was possible to find an improved design with an objective
function value of 1.77. This improvement was achieved by fulfilling the soft constraints on the
motor efficiency and the volume of the demagnetized magnets. Figure 7a shows the change
in average efficiency during optimization. Figure 7b shows the variation in the motor torque
oscillations A during optimization. Figure 8a shows the change in the volume percentage of
demagnetized magnets during optimization. Figure 8b shows the comparison of the motor
losses at two considered operating points before and after optimization. Table 4 shows the
characteristics of the FRM before and after optimization.
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Table 4. The FRM characteristics before and after optimization.
Parameter Before Optimization After Optimization
Rotational speed, rpm 14,400 18,000 14,400 18,000
Electric frequency, kHz 0.96 12 0.96 1.2
Current, A (RMS) 7.3 11 4.8 7.2
Efficiency, % 83.9 82.6 86.6 85.2
Total losses, W 72.2 156 58.2 128.5
Mechanical power, W 386 754 386 754
Electric power, W 449 895 435 868
Duty cycle 0.213 0.449 0.3 0.69
Minimal 1nstzli\?’t1illneous torque, 0.048 0.07 0.063 0.068
AMinDT, N-m 0.21 0.33 0.193 0.33
PPTR,N-m 0.510 0.729 0.479 0.718
A,N-m 1.16 1.12
PPTR, % of the average value 199 182 187 180
Magnets deterioration, % 0.056 0.21 0.059 0.15
Stator core mass, g 340 260
Rotor core mass, g 96 105
Magnets volume, cm® 5.5 59
Copper mass, g 239 295

It can be seen from Table 4 that a design that does not satisfy the optimization con-
straints can be chosen as an initial approximation; its average efficiency was only 83.2%
while the constraint was <n> > 84%. The total losses of the FRM after optimization de-
creased by 1.2 times. The average efficiency after optimization was 85.9%, and the efficiency
constraint was satisfied. In the initial design, the volume of demagnetized magnets was
unacceptably high and equal to 0.21%. After optimization, it was equal to 0.15%, while the
constraint was not more than 0.3%. Thus, the conditions for demagnetization were met
with a margin. The value of the parameter A, which describes the oscillations of the torque,
was reduced by 4%.

5. Conclusions

The cost of bonded magnets is lower compared with sintered magnets. Furthermore,
in contrast with sintered magnets, bonded magnets are dielectric. Therefore, there is no
need for segmentation of bonded magnets when using them in a motor, which leads
to a lower motor price and a simpler manufacturing technology for a high-speed motor.
However, bonded magnets have lower remanence and coercivity. In this study, the problem
of developing a flux reversal motor (FRM) with bonded magnets was considered, in which
the proposed FRM with bonded magnets has approximately the same efficiency as an FRM



Mathematics 2021, 9, 256 10 of 11

with sintered magnets [11]. In addition to this requirement, the peak-to-peak value of
torque ripple (PPTR) is minimized and the minimum instantaneous torque value in two
operating modes is maximized.

Due to the lower coercivity of bonded magnets, it is necessary to avoid their demag-
netization in the optimized design. For this purpose, a procedure has been developed for
the optimal design of a high-speed single-phase FRM with bonded magnets.

The main challenge in this work was the development of a single-phase flux reversal
motor with an asymmetrical rotor which was introduced in [11], which has low torque
ripple and no negative torque periods when applying bonded magnets, considering a new
constraint on the volume of demagnetized magnets. The constraint must be taken into
account to enable the use of bonded magnets for this motor. For this, in particular, the
optimization criterion (2) with soft constraints was composed.

The optimization criterion was constructed in such a way so as to maximize the
efficiency, reduce torque ripple, and reduce the volume of the demagnetized bonded
magnets. The one-criterion Nelder-Mead method was applied in this work to optimize
the FRM design. After the optimization, the total losses of the FRM decreased by 1.2 times.
The demagnetization constraint was met with a margin. The torque oscillations A were
reduced by 4%.

In future works, we plan to compare various optimization methods in the design of a
single-phase flux reversal motor with an asymmetrical rotor and to manufacture and test
an experimental prototype of the FRM.
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