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Abstract: This work introduces a 2D model that calculates power losses in coaxial magnetic gears
(CMGs). The eddy current losses of the magnets are computed analytically, whereas the core losses
of the ferromagnetic segments are computed using an analytical-finite element hybrid model. The
results were within 1.51% and 3.18% of those obtained from an FEA for the eddy current and core
losses in the CMG for an indicative inner rotor speed of 2500 rpm. In addition, the significance of
the circumferential magnet segmentation is demonstrated in the CMGs. Furthermore, a parametric
investigation of the efficiency of the system for different applied external loads is carried out. Finally,
a mesh sensitivity analysis is performed, along with the computation of the average power losses
throughout one full period, resulting in an at least 80% reduction in computational costs with a
negligible effect on accuracy. The developed model could be a valuable tool for the minimization of
power losses in CMGs since it combines high accuracy with a low computational cost.

Keywords: coaxial magnetic gear; eddy current losses; core losses; power losses; analytical model

1. Introduction

Mechanical gears have been one of the main machine elements used for power trans-
mission and speed and torque conversion since the Industrial Revolution. Teeth geometry
and the materials used have been researched extensively in order to achieve both a high
torque density and high efficiency. However, they are still prone to problems, such as
surface and bending fatigue, wear, noise, and the need for lubrication and maintenance [1].
However, magnetic gears that utilize permanent magnets (PMs) are characterized by a
high reliability due to the lack of contact and friction between their rotating parts. It has
also been shown that they can achieve high efficiency and a high torque density, while
being compact and producing essentially zero torque ripple [2]. However, their efficiency
diminishes at high rotational speeds.

Coaxial magnetic gears (CMGs) were first introduced two decades ago by Atallah et al. [3],
and since then there has been a growing interest in their use in different applications,
including power generation [4,5] and aerospace [6]. The analytical solutions of the scalar
magnetic potential of CMGs and the subsequent magnetic flux densities and induced
torques in the two rotors were computed analytically by Tzouganakis et al. [7]. However,
significant issues regarding the torque density, the slippage, and power losses due to eddy
currents are present in CMGs, which limit their wider application in the industry [7]. In
particular, eddy current losses have been a significant issue in CMGs, especially at higher
rotational speeds [1]. Therefore, it is essential to investigate this phenomenon during the
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design of CMG drives, since excess eddy current losses could lead to increases in the
temperature and deterioration of the PMs in the rotors, which could gradually lead to
degradation of the system as a whole.

In general, the calculation of the eddy current and core losses is a strenuous pro-
cess that requires complex transient electromagnetic phenomena. Desvaux et al. [8] and
Wang et al. [9] computed the eddy current losses of PMs by first calculating the square of
the current density throughout the PMs, multiplying this by the resistivity, performing
a volume integration, and finally integrating this with respect to time and dividing it by
the period of the system to obtain the average value of the eddy current losses. They also
performed circumferential magnet segmentation to decrease the eddy current losses by
performing a volume integration on each segment separately. Filippini [10] performed
both circumferential and axial magnet segmentation and correlated the eddy current losses
and the number of segments to a rational function. Regarding core losses, Filippini [10]
starts with the computation of the flux density throughout the ferromagnetic segments,
with a simple finite-difference model that utilizes the boundary scalar magnetic potential
conditions and the Laplace equation using cylindrical coordinates. Core losses, according
to Deng [11], require using the rate of change in the flux density to calculate hysteresis,
the eddy current, and excess losses. Deng introduced a formula to calculate these losses
while including the harmonic effect. Desvaux et al. [8] used this formula to perform core
loss calculations. Hein et al. [12] reviewed different approaches to the Steinmetz equation,
which calculates hysteresis losses. Lee et al. [13] and Li et al. [14] proposed that, for the
same magnitude of flux density, the rotational core losses are almost double the alternating
core losses. Mateev and Marinova [15] calculated the eddy current losses of a CMG at
different rotational speeds and showed that high rotational speeds result in non-negligible
losses as a percentage of the total transmitted power.

The calculation of the power losses is a computationally high process, as it requires
the calculation of the magnetic flux density at different angles of rotation of the rotors
of the CMG. FE models, despite having high accuracy, require significant computational
time. As a consequence, an optimization process in order to minimize the power losses
could potentially be a time-consuming procedure. Therefore, a model which utilizes
analytical solutions of the magnetic flux density in the CMG could significantly reduce
the computational cost and facilitate optimization processes and could become a valuable
design tool.

This work focuses on the computation of PM and ferromagnetic segment losses. The
analytical solutions of the scalar magnetic potential, which are derived from Maxwell’s
equations, are used to calculate the current density and thus the eddy current losses of the
PMs. Circumferential segmentation is also performed to investigate its impact regarding
loss reduction. Core losses are determined using a hybrid analytical-finite element model
that utilizes the boundary scalar magnetic potential conditions. The resulting PMs and core
losses were in excellent coherence with the FEA results, while circumferential segmentation
greatly improved the PMs’ efficiency. In addition, an investigation on the effect of different
applied external loads on the PMs’ efficiency is conducted. Finally, a study on the average
power losses throughout one full period is conducted, along with a mesh sensitivity analysis
in order to reduce the computational time without losing accuracy in the obtained results.
From the conducted analysis, it was demonstrated that the computational time can be
reduced up to 80%. The mesh sensitivity analysis showed that mesh resolution is crucial for
accurate core loss calculation, as meshes that are too coarse result in inaccurately high core
losses while meshes that are too fine result in high computational costs. These two analyses
are of great importance, as they ensure high accuracy and relatively low computational
costs simultaneously, facilitating optimization efforts.
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2. Mathematical Modeling
2.1. Principles of CMGs

To couple the rotors, it is necessary for the number of ferromagnetic segments, Q, in the
flux-modulator ring to be equal to the sum of pole pairs of PMs, as shown in Equation (1).

Pin + Pout = Q (1)

In the case discussed in the paper, where the flux-modulator ring is fixed, the gear
ratio Gy is calculated as in Equation (2) [2,8].

Gy = — L @
Pin
A typical CMG is presented in Figure 1. The CMG consists of two concentric iron
yokes (rotors) with PMs (permanent magnets) mounted on them, as well as a fixed flux-
modulator ring between the yokes. The north and south poles of the PMs are colored in
red and blue, respectively.

outer rotor

inner rotor

modulator ring

Figure 1. Coaxial magnetic gear (CMG).

The main parts are the inner and outer rotor and the modulator ring. As shown in
Figure 1, r1,12,¥3, 74,75, 76, and 1o, are the radii of the inner iron yoke, the inner perma-
nent magnets, the inner modulator ring’s side, the outer modulator ring’s side, the outer
permanent magnets, the outer iron yoke and the outer side of the coaxial magnetic gear,
respectively. In addition, J is the angle of each ferromagnetic segment.

2.2. Computation of Eddy Current Losses of PMs Using a 2D Analytical Model

For the calculation of the PM losses, the vector magnetic potential A throughout the
PMs is required. The vector magnetic potential can be easily determined after the scalar
magnetic potential ¢ calculation. The scalar magnetic potential is computed by dividing
the CMG into regions, calculating the ¢ produced by each rotor PM to all regions, and
superimposing them [7]. In Figure 2, the model that refers to the effect of the inner PMs is
illustrated. Region I represents the inner rotor PMs, Region II represents the airgap between
the inner rotor and the modulator ring, and Region III represents the space between the
modulator ring and the outer diameter of the outer PMs. The same approach is used for
the model that refers to the effects of the outer rotor [7].
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Figure 2. Regions of the analytical model used for calculating inner PM effects [7].

The scalar magnetic potential in each region is calculated using partial differential
Equations (3) and (5) derived from Maxwell’s equations (Gauss and Ampere Law). It is
noted that the assumption of infinite permeability of the iron yokes and the ferromagnetic

segments (gof ) is considered [7].

Vz(pl(r, 9) _ divM

in Region I 3)

r
V2! (r,0) = 0 in Regions II, 111 4)
V2¢5(r,0) = 0 in the slots (5)

where M is the magnetization vector of the PMs. The vector magnetic potential A can be
determined, using Equations (6) and (7).

0 1 0AK

B’,‘(r,@) —Ho 8(6’ =70 (6)
0 oAk

BS(V/Q) —Ho aq; =" (7)

where B and B’QC are the radial and tangential flux density of a point of the inner and outer
rotor (k:in or out), r and 0 refer to the polar coordinates, and y is the vacuum permeability.
The eddy current losses for each PM are computed using Equations (8)—(10) [8,9].

@ 1 k
Phygy = o / /S k ( i rdrd@)d@o 8)
J*(r.6,06) = ka?;;: +Ck(6k) ©
0
ck (6f) = b / LT (10)
S]I(’M S a6, k

where J¥ is the eddy current density, C* is a term used to guarantee that the net current
flowing in each PM arc segment is zero at any moment, S’{, u is the area of a PM, and ¢ is
the conductivity of the PMs. In addition, 9’5 and w* refer to the angle of rotation and the
rotational speed of each rotor, while @’; is the angle that each rotor rotates in a complete
period of the system.

For the calculation of @’;,, the greatest common divisor of the pole pairs p;;, and pout
is found, and then the pole pairs are divided by it. The result of this simple operation is
the number of revolutions the outer and inner rotor complete in a period, respectively. For
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example, if p;; = 4 and pou+ = 10, this means that the inner rotor completes 5 revolutions
and the outer rotor completes 2 revolutions in a period, resulting in @é,” = 107 rad and
@) = 47t rad.

The computations are performed for the case of a full load, which refers to the case
of the torque transmitted being equal to the stall torque. This is ensured by choosing the
appropriate initial position of the two rotors, according to Equations (11) and (12) [7].

My = Mta11,inSin (Pinbin + PoutBout) (11)

Moyt = _]\/Istall,outs.ln (Pingin + Poutgout) (12)

where 6;, and 6, are the positions of the two rotors and M, i, and Mgy, o, are their
stall torque, which are calculated analytically in [7]. In this study, in order to achieve stall
torque, 6, is initialized as zero, and 8;, is calculated to be equal to 225,

2.3. Circumferential Segmentation of PMs

Eddy currents losses in PMs can be reduced with axial or circumferential segmentation.
The present work focuses on circumferential segmentation. Incorporating circumferential
segmentation into the analytical model requires dividing the angle by the number of total
segments (Kj,,, Kout), as shown in Equation (13) [9] for each rotor.

7 1 7 1
0 € |6,6 +},96[9,9+ } 13
{ 070 Pin Kin 0-70 Pout Kout (13

An example of circumferential segmentation is presented in Figure 3.

Figure 3. Illustration of magnet segmentation (Kj,; = 2 and Koyt = 3).

2.4. Computation of Core Losses of the Ferromagnetic Segments Using a Hybrid Model

In a special case of sinusoidal variation in the magnetic fields, core losses are calculated
using Equation (14) [8].

Pcore,sinusoidal =hn (khystfa Bil131 + keddyszrzn + kexcf1'5B%1'5> (14)

where f and By, are the frequency and peak value of the flux density, respectively, and
o, B, khysr keddy, and k., are constants that depend on the material and are provided by
the manufacturer. Rotational fields result in core losses that are double those produced
from alternating fields [13,14]. This is denoted in Equation (14) with the variable n, which
has a value of 1 when referring to alternating fields and 2 when referring to rotating fields,
as in this case.
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In general, fields in CMGs do not appear with a strict sinusoidal variation, so a general-
ized equation is used to calculate the core losses, as shown in Equations (15) and (16) [8,11,12].

F
Peddy Pcore,genemlised

ki s dBma' 2 7“ e dBma 2 i 2
(TR BT e (e
0.75
Kexe fO ((dlji’;’”f)2_‘_(d%vgin>2> dt)rdrd@
k/ _ khyst
hyst = 2B-u(27)* 1 [ 27 |cos|" dt
Keda

k:zddy = 27'[2y (16)
Koy =

exc
exc 2 7_[2)0‘75

where B;; and By,;, represent the major and minor axes of the ellipse fitted to the flux
density locus, Sy, refers to the area of a segment, and T is a complete period of the system.

Byuaj(t) and By, (t) are the components of B(t) along the axes of the ellipse, and they
are calculated using Equations (17)—(20).

Biuaj(r,0,t) = ||B(r,0,t)||cos(a(t)) (17)
Buin(r,6,t) = ||B(r,0,t)]|sin(a(t)) (18)
B, (1’ 0, tmaxHB 7,0 t)H)
&(r,0) = arctan (19)
By (f 0, tinax | B( r9t)H)
a(r,0,t) = arctan(grér z 2) é(r,0) (20)
6
where ¢ and a(t) are defined in Figure 4.
“BT Hnm/'
R
B(t)
a(t) \\Bémaj (t)
Bmin(t) E —
By

Figure 4. A sketch of the fitted ellipse, along with the parameters required for core loss calculations.

In order to calculate the core losses, the values of B, and By on the ferromagnetic
segment’s surface should be calculated. However, the analytical model developed in [7]
does not calculate the scalar magnetic potential of the segments, but it does calculate the
magnetic potential on their boundaries. Those analytically calculated values can be used
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as boundary conditions for a finite element model. This model makes use of Laplace’s
equation of the scalar magnetic potential ¢ using a cylindrical coordinate system [10].

¢ 10¢p 1%
bl Tt Tl 21
or2  radr 12 d0? 0 @)

A grid is created using the reference system shown in Figure 5. The average ra-
dius r; and angle 6; of each module are calculated as in Equations (22) and (23), where
Ar = (r4 —13)/Nand A6 = §/N, where N is the number of rows and columns of the finite
element grid.

ri =14 — (i—;)Ar (22)
0, =p— (j—;)AB (23)

Figure 5. The reference system of the finite element grid.

Using central finite differences, Laplace’s equation leads to a system of N2 equations,
presented in Equations (24) and (26).

Dyaynz Pnzer = Ry (24)

Forall (i, j) pairs wherei = 1ori = Norj = 1orj = N, the corresponding modules of
D, @, and R are assigned values according to Equation (25), where ¢(r;, 6;) is the boundary
condition. For the rest of the (i, j) pairs, Equation (26) is followed.

Diic1)N+ji—1n+ = 1 (25)
Ri_1yn+j1 = (71, 6))
D, L =2 2
(i—1)N+j,(i—1)N+j Ar21 202
D(i—1)N+j(i-1)N+j+1 e
D 1)N+j(i-1)N+j-1 = 72pg 26)
D, . o=t 1
(i—1)N+j,(i—1)N+j+N A2 zrlAr
D )N+ )N+N = &7 ~ 287
R(i—1)Ntj1 =0

Solving for ®yp,, returns the scalar magnetic potential ¢ (r;, 9]') on every module of the
grid. B, and By on the ferromagnetic segment can now be calculated using Equations (6) and (7),
and the core losses can be calculated using Equations (15)—(20).
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3. Results and Discussion
3.1. Eddy Current and Core Loss Calculation and Comparison with FEA

A case study is performed with the parameters described in Table 1. The rotational
speed of the inner rotor is assumed to be 2500 rpm. The time step used is equal to the time
it takes for the inner rotor to rotate by 2° or, equivalently, for the outer rotor to rotate by
0.8°. This time step allows for high-accuracy computations and simultaneously limits the
amount of time steps in one period. The computations are performed for the case of a full
load. An algorithm based on the developed model is constructed in MATLAB. The results
were compared to those obtained from the FE transient analysis performed in the Ansys
Maxwell 2023 R1 software.

Table 1. Parameters of the CMG example used for the calculations.

Pin Number of inner ring pole pairs 4

Pout Number of outer ring pole pairs 10
Q Number of ferromagnetic segments 14
rq Inner radius of inner ring 53 mm
103 Outer radius of inner ring 66 mm
3 Inner radius of flux-modulator ring 69 mm
T4 Outer radius of flux-modulator ring 84 mm
15 Inner radius of outer ring 87 mm
76 Outer radius of outer ring 87 mm
L Length 100 mm
6 Ferromagnetic segment angle 15°

B, Residual flux density of magnets 147 T
Mo Vacuum magnetic permeability 4771077 Hm ™!

I I Relative permeability of the
Hr=Hr 1:)magnets ! 105

o Conductivity of the magnets 0.9 MS/m

Figure 6a shows that the eddy current losses of the PMs are proportional to the square
of the rotational speed of the rotors, while Figure 6b shows that the percentage of eddy
current losses to total transmitted power is proportional to the rotational speed of the rotors,
as expected from Equations (8)—(10).

a b
6000 . : . @ : : 10 : : ‘ _®)
Fi:ddy' analytical model gl F;"ddyfF'm‘ - analytical model
5000 - P2 - analytical model ] PO, Py - ANElYtical mode!
. ol :
B Po,-FEA WP P FEA
L — L
5 W PR -FEA T o7l W PP, -FEA
2 4000 p
] o o6f
L o
£ 3000 = 5
g g
3 3 4l
> >
g 2000 3
w w 3F
2l
B /r/-_/r/-/
l
0 . ‘ . . ‘ ‘ 0 ; ‘ ‘ . ‘ ‘ ‘ .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

w,, [rpm] w,, [rpm]

Figure 6. Comparison of results obtained from the analytical model and the 2D finite element
analysis model regarding the (a) eddy current losses and (b) percentage of eddy current losses to
total transmitted power.

It is observed that the eddy current losses on the outer rotor are higher compared
to the inner rotor, a result that is in coherence with similar studies in the literature [8,10].
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In addition, for an inner rotational speed greater than 2000 rpm, the total eddy current
losses in the PMs exceed 5% of the total transmitted power, illustrating the drawback of
CMBGs at high rotational speeds, which has also been reported in the literature [1]. The
analytical results of the developed model were verified with an FEA. The discrepancies
between the analytical model and the FEA simulations are small and of the same nature for
both rotors. For slower rotational speeds, the analytical model results in slightly less eddy
current losses, 0.01% for the inner rotor and 0.9% for the outer rotor PMs, which are less
than the FEA simulations for an inner rotational speed of 750 rpm. As rotational speeds
increase, the analytical model results in larger eddy current losses, reaching deviances of
7.8% and 3.1% for the inner and outer rotor PMs, respectively, for an inner rotational speed
of 3500 rpm. In Figure 7, the distribution of the eddy current density throughout a PM at a
random time of operation, as calculated from the FEA simulation, is presented.

J [A/mA2]
Max: 1.487E+08

1.487E+08
. 1.322E+08

1.190E+08

1.058E+08
! 5.291E+07
3.969E+07
2.648E+07
1.327E+07
5.446E+04

9.255E+07
Min:  5.446E+04

7.933E+07
6.612E+07

Figure 7. Eddy current density distribution on a PM.

Figure 8 shows the effect of magnet segmentation on the eddy current losses. The losses
decrease rapidly in the outer rotor and more slowly in the inner rotor, as circumferential
segments increase. According to Filippini [10], the eddy current losses should follow the

function Ppyay (Kx) = m, where Kj is the number of circumferential segments of every
k

PM of a rotor and a, b, ¢ are constants.

B Inner PMs losses - analytical model
B Outer PMs losses - analytical model

Eddy current losses [%]

1 2 3 4 5 6 7 8 9 10
Number of circumferential segments

Figure 8. Circumferential segmentation effects on the eddy currents losses of the PMs.
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Fitting this function results in a coefficient of determination of R> = 0.9842 and
R?% = 0.9963 for the inner and outer PM losses, while the values of a,b, and ¢ are equal
to 0.115, 0.039, and 0.016 for the inner PMs and 0.031, 0.215, and 0.280 for the outer
PMs, respectively.

For the calculation of the core losses, some additional parameters are required and are
presented in Table 2.

Table 2. Parameters used in this case study for the calculation of core losses.

ky, Hysteresis loss coefficient 1522 WsT P m—3
keq Eddy current loss coefficient 0.403 Ws2T 2 m~3
Kex Excess loss coefficient 0.1 WelST-15 ;=3
« Steinmetz coefficient 1

B Steinmetz coefficient 2

The flux density locus of a single finite element of a ferromagnetic segment and its
fitted ellipse is presented in Figure 9. The major and minor axes are calculated using
Equations (17)—(20).

0.4 T T T T T T T T
_ = flux density locus
03} — - -ﬁnetd el\i;?se
major axis
———— minor axis
0.2
0.1 .
E ol
m -
01 F -
0271
031
04 . . . . . . . . .
-04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5 0.6

B, [T]

Figure 9. The flux density locus of a finite element of a ferromagnetic segment, the fitted ellipse, and

its axes.

The resulting flux density of the proposed hybrid model on a ferromagnetic segment
at a random point in time is shown in Figure 10. For the calculation of the core losses, a
60 x 60 mesh grid is used.

Flux density is generally close to zero and smooth, except for some small areas around
the edges, and especially the corners, where it can reach values as high as 2.5T.

Figure 11a,b compare the computed results to those obtained using the FEA for various
rotational speeds.

Core losses were found to be one order of magnitude less than the inner PM losses and
two orders of magnitude less than the outer PM losses. Specifically, the core losses do not
exceed 0.2% of the total transmitted power, even at high rotational speeds. The results of
the analytical model were compared to those obtained from the FEA. Higher discrepancies
in core losses between the results from the hybrid model and the FEA software for lower
rotational speeds, that are further highlighted in Figure 11b, can be attributed to the overall
lower losses, which make slight deviations stand out. However, the discrepancies do
not surpass 10% for an inner rotational speed greater than 500 rpm, and they decrease,
percentage-wise, as the rotational speeds increase.
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Figure 10. Flux density distribution on a ferromagnetic segment.
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Figure 11. Comparison of results obtained from the hybrid model and the 2D finite element analysis
model regarding (a) core losses and (b) the percentage of core to total transmitted power.

3.2. Power Losses for Different External Loads

Different external loads result in different relative positions of the two rotors. It
would be interesting to investigate how and if the transmitted load has any effect on the
power losses of the CMG. To simplify the calculations, 8, is initialized as zero and 6;, is
assigned different values that correspond to certain percentages of stall torque, according to
Equations (11) and (12). In addition, only PM losses were taken into account, as core losses
are two orders of magnitude less than total PM losses, while having a greater computational
cost. Figure 12 illustrates how, in this case study, the efficiency peaks at about 88% load.
Total losses for the case of 88% of the stall torque are 5.5% lower than for the case of
full load.
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430
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B outer rotor - FEA
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o
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Figure 12. PM power losses as a percentage of total power transmitted vs. external load.

The analytical results were verified and found to be in excellent coherence with the
FEA. Overall, deviances between the two methods do not exceed 1.5%.

3.3. Algorithm Computational Cost vs. Accuracy

For the calculation of the eddy current losses, a full period as defined from @)';, is
required. However, the developed model requires time steps throughout one complete
period of the system. In addition, the hybrid model for the calculation of core losses requires
a meshing technique that could significantly increase the computational cost. Therefore, it
is important to investigate how the computational cost could be reduced without losing
accuracy in the obtained results.

3.3.1. Reduction in Time Steps

To reduce computational time, it is investigated whether a period is needed to com-
pute the power losses with adequate accuracy or if the losses converge sooner than that.
Therefore, in Equations (15) and (16), the time of the integration t; will be investigated.
The value of ts can range between 0 and T. It is noted that the time step used remains the
same in all cases, and it is equal to the time it takes for the inner rotor to rotate by 2° and,
equivalently, for the outer rotor to rotate by 0.8°.

The average PMs and core losses are calculated for various t; values. Figure 13
illustrates that the power losses converge rapidly. The computational time cost can be
reduced by a factor of 5, with a deviation of less than 2% from the results obtained for a
complete period.
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Figure 13. Average power losses versus the percentage of a complete period used to calculate them:
(a) inner PMs, (b) outer PMs, (c) ferromagnetic segments.
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3.3.2. Mesh Sensitivity Analysis

A mesh sensitivity analysis on the adopted mesh on the ferromagnetic segments is
conducted in order to find the optimal mesh resolution that provides accurate core loss
results in minimal computational time. Starting from a 10 x 10 grid and gradually reaching
a 120 x 120 grid, it is found that for a very coarse mesh, the computed value of the core
losses is significantly larger than their true value, and for finer meshes, the computed losses
decrease and converge, as shown in Figure 14.
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Figure 14. Convergence of core losses using mesh sensitivity analysis.

Grids ranging from 10 x 10 to 40 x 40 do not significantly increase the computational
time, as solving the system of N? equations requires less time than calculating the flux
density values on the boundary of the ferromagnetic segments, as obtained by [7]. However,
the finer the meshes become, the more time consuming the computations become, as it is
known that solving a system of linear equations can have a complexity of up to O(N?).

Coarse meshes lead to greater computed core losses because, as shown in Figure 10,
the largest values of flux density and the corresponding time derivatives, which define the
losses, are concentrated in small areas near the edges and corners of each ferromagnetic
segment. This means that a coarse mesh attributes a large value of di’;"’j and ‘ﬂfi—”;m toa
relatively large element, resulting in greater computed core losses. Thus, it is imperative
that areas near the edges of the ferromagnetic segments have a mesh that is fine enough to
accurately determine the flux density distribution. Future research could conduct a mesh
sensitivity analysis with a focus on utilizing finer mesh near the boundaries and gradually
transitioning to coarser mesh towards the center, where flux density is generally smoother,
to reduce a significant percentage of computational time.

4. Conclusions

In the present work, an analytical 2D model is used to calculate eddy current losses in
the PMs of a coaxial magnetic gear, as well as their minimization using magnet segmenta-
tion. A hybrid model is used to calculate the core losses in the ferromagnetic segments of
the flux-modulator ring. The model utilizes the analytically computed values of the scalar
magnetic potential on the boundaries of the segments and uses Laplace’s equation in order
to compute the magnetic flux density throughout the segments for the calculation of the
core losses. Both models are validated using a transient FEA simulation, which shows a
convergence of 1.51% and 3.18% for the eddy current and core losses, respectively, for an
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indicative inner rotor speed of 2500 rpm. It was demonstrated that as expected, the total
power losses increase as the rotational speed increases. The segmentation of the PMs was
shown to play a crucial role in reducing the eddy current losses. The method showed that
by performing just two segmentations on the outer rotor PMs, the overall losses decrease
by over one order of magnitude. In addition, an investigation of the effect of the initial
positioning of the rotors shows that peak efficiency is achieved at about 88% load in the
performed case study. Finally, an attempt to reduce computational time while keeping
the accuracy high is conducted by proving that only a small fraction of the period of the
system is needed in order to accurately calculate total losses and by performing a mesh
sensitivity analysis on the adopted grid of the ferromagnetic segments. The results of
the average power losses throughout one full period illustrate the rapid convergence of
power losses in a period, which can reduce the computational time by 80% with negligible
errors. The mesh sensitivity analysis shows that mesh resolution is crucial for accurate core
loss calculation, as meshes that are too coarse result in inaccurately high core losses and
meshes that are too fine result in very high computational costs. These two analyses are
of great importance, as they ensure high accuracy and relatively low computational costs
simultaneously, facilitating optimization efforts. The developed model could be a valuable
optimization tool for the reduction in power losses since it combines high accuracy and a
low computational cost.
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