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Abstract—This is Part II of a two-part paper on the extension 

of a previously developed parameterized linear 2D magnetic 

equivalent circuit (MEC) for radial flux magnetic gears with 

surface permanent magnets to a 3D model.  Part I explains the 

implementation of the 3D MEC.  This section, Part II, evaluates 

the 3D MEC model’s accuracy relative to 2D and 3D nonlinear 

finite element analysis (FEA) models.  First, analysis of three base 

designs illustrates the impacts of the axial discretization 

parameters and stack length.  This leads to the development of 

guidelines for selecting the axial discretization parameters.  

Additionally, the MEC is shown to accurately match 3D FEA in 

predicting the axial variation of flux densities.  Finally, 3D MEC, 

2D FEA, and 3D FEA models are deployed for a 144,000 case 

parametric study.  The 2D FEA model significantly overpredicts 

the torques of designs with short stack lengths.  However, the 3D 

MEC provides a much better agreement with 3D FEA, with less 

than 1% average absolute discrepancy.  Additionally, the 3D 

MEC model is much faster than the 3D FEA model, with average 

3D MEC model evaluation speeds ranging from about 100 times 

to 300 times faster than the 3D FEA for the base designs. 

 
Index Terms--end effects, finite element analysis, magnetic 

equivalent circuit, magnetic gear, optimization, permeance 

network, radial flux, reluctance network, torque density. 

I.  INTRODUCTION 

AGNETIC gears, like mechanical gears, transform 

mechanical power between high-speed, low-torque 

rotation and low-speed, high-torque rotation.  However, the 

noncontact operation of magnetic gears provides many 

potential advantages over mechanical gears, including inherent 

overload protection, reduced acoustic noise, reduced 

maintenance requirements, improved reliability, and physical 
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isolation between shafts.  Nonetheless, for magnetic gears to 

achieve parity with mechanical gears in size and weight, fast 

and accurate analysis tools must be available for application 

specific optimizations. 

One challenge for the optimization of magnetic gears is that 

end effects are often more significant than in conventional 

machines.  Thus, 3D simulations and prototypes often yield 

significantly lower slip torques than the values predicted by 

2D evaluations [1]-[6].  In some cases, end effects can alter 

the optimal values of design parameters such as outer radius, 

pole counts, and magnet thicknesses [7].  However, many 

analytical field solutions do not account for end effects, and, 

while 3D finite element analysis (FEA) can be very accurate, 

it is generally relatively slow.  Thus, a 3D magnetic equivalent 

circuit (MEC) based approach may yield a beneficial 

compromise between evaluation speed and accuracy. 

Part I of this two-part paper explains the implementation of 

a 3D extension of the 2D MEC previously presented by the 

authors in [8] and [9].  The MEC evaluated in this study 

assumes that the back irons and modulators behave linearly 

with a constant permeability, as in [9].  Nonetheless, this 

approach could be extended to model nonlinear materials.  

This section, Part II, provides a detailed evaluation of the 

linear 3D MEC model’s performance in comparison to 

nonlinear 3D FEA and nonlinear 2D FEA models.  Three base 

designs are used to develop parameters to control the model’s 

discretization.  These parameters are then employed in a 

144,000 case optimization study to illustrate the extent of the 

3D MEC model’s accuracy. 

II.  IMPACT OF AXIAL DISCRETIZATION 

The 3D MEC radial flux magnetic gear model developed in 

Part I of this two-part paper extends the 2D MEC radial flux 

magnetic gear model implemented in [8] and evaluated in [9] 

to account for axial flux paths.  In order to accomplish this, the 

3D MEC implementation introduced 2 new discretization 

parameters, the number of axial layers in the gear, NLIG, and 

the number of axial layers outside of the gear, NLOG.  Because 

there is more axial leakage flux in the space near the axial 

ends of the gear than there is in the axial middle of the gear or 

the out-of-gear regions further removed from the gear, the 

axial ends of the gear and the portions of the out-of-gear 

region just beyond the axial ends of the gear require the most 

axial resolution.  In light of this consideration, rather than 
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simply using uniform height axial layers throughout the active 

gear stack and the out-of-gear region, this analysis develops 

and employs the axial layer height distributions described by  

 hIG,m =
(𝑁𝐿𝐼𝐺−(𝑚−1))

𝑘𝑧,𝐼𝐺

∑ 𝑚𝑘𝑧,𝐼𝐺𝑁𝐿𝐼𝐺
𝑚=1

 (1) 

 ℎ𝐼𝐺,𝑚 = h
IG,m

ℎ𝐼𝐺. (2) 

The expression in (1) gives the normalized height of the mth 

in-gear axial layer, hIG,m, as a function of the total number of 

in-gear axial layers, NLIG, and the in-gear axial layer 

distribution factor, kz,IG.  Since this analysis uses a 

symmetrical half stack gear model, the first in-gear axial layer 

(m = 1) corresponds to the bottom of the half stack model, 

which is axially adjacent to the middle of the full gear.  Layer 

index m = NLIG corresponds to the in-gear axial layer at the 

end of the gear stack, which is axially adjacent to the out-of-

gear region.  The normalized height of the mth in-gear axial 

layer, hIG,m, indicates the fraction of the MEC model’s total in-

gear region axial height, hIG, that corresponds to the mth in-

gear axial layer.  As this analysis uses a half stack model, the 

total in-gear region axial height, hIG, is only half of the actual 

full magnetic gear stack height.  The actual height of the mth 

in-gear axial layer, hIG,m, is then given by (2).  Thus, the in-

gear axial layer distribution is controlled by 2 scalar 

parameters, NLIG and kz,IG.  Setting, kz,IG.= 0 yields a uniform 

axial layer height distribution, with each axial layer having the 

same axial height.  Setting kz,IG > 0 results in a non-uniform 

distribution, with the first in-gear axial layer having the largest 

axial layer height (the coarsest axial resolution) and the last in-

gear axial layer having the smallest axial layer height (the 

finest axial resolution).  Increasing the value of kz,IG produces 

an increasingly aggressive and imbalanced in-gear axial layer 

distribution with finer resolution at the gear’s axial end and 

coarser resolution in the gear’s axial middle. 

The analogous expressions in 

 hOG,n =
𝑛𝑘𝑧,𝑂𝐺

∑ 𝑛
𝑘𝑧,𝑂𝐺𝑁𝐿𝐼𝐺

𝑚=1

 (3) 

 ℎ𝑂𝐺,𝑛 = h
OG,n

ℎ𝑂𝐺  (4) 

define the normalized axial height of the nth out-of-gear axial 

layer, hOG,n, as a function of the total number of out-of-gear 

axial layers, NLOG, and the out-of-gear axial layer distribution 

factor, kz,OG.  For all MEC and FEA models used in this study, 

the total axial height of the out-of-gear region, hOG, was set 

equal to double the full stack magnetic gear axial height.  It is 

worth noting that this is an overly simplified approach to 

scaling the axial height of the out-of-gear region, and a more 

efficient tactic would likely involve determining this height as 

a function of relevant gear geometry parameters, such as the 

high speed rotor (HSR) and low speed rotor (LSR) permanent 

magnet pole arcs and the effective air gap sizes.  The first out-

of-gear axial layer (n = 1) corresponds to the portion of the 

out-of-gear region immediately adjacent to the end of the 

active gear stack.  Out-of-gear axial layer index n = NLOG 

corresponds to the out-of-gear axial layer furthest away from 

the gear stack.  The normalized height of the nth out-of-gear 

axial layer, hOG,n, denotes the fraction of the total out-of-gear 

region axial height, hOG, that corresponds to the nth out-of-gear 

axial layer.  The actual height of the nth out-of-gear axial layer, 

hOG,n, is then given by (4).  Thus, much like the in-gear axial 

layer distribution, the out-of-gear axial layer distribution is 

also controlled by 2 scalar parameters, NLOG and kz,OG.  Setting, 

kz,OG = 0 yields a uniform axial layer height distribution, with 

each out-of-gear axial layer having the same axial height.  

Setting kz,OG > 0 results in a non-uniform distribution, with the 

first out-of-gear axial layer having the smallest axial height 

(finest axial resolution) and the last out-of-gear axial layer 

having the largest axial layer height (coarsest axial resolution).  

Increasing kz,OG produces a more aggressive and imbalanced 

out-of-gear axial layer distribution with finer axial resolution 

at the end of the out-of-gear region closest to the end of the 

gear stack and coarser axial resolution at the end of the out-of-

gear region furthest away from the gear stack. 

In order to examine the impact of these axial discretization 

parameters, the same three base designs used in the evaluation 

of the 2D MEC model [9] and summarized in Table I were 

analyzed at axial stack lengths of 30 mm, 100 mm, and 300 

mm with both the 3D MEC model and a 3D FEA model.  Both 

models use NdFeB N42 permanent magnets (PMs).  For the 

MEC, the back irons and modulators are assumed to have a 

relative permeability of µr = 3000, as in [9].  The FEA model 

employs the nonlinear B-H curve for M47 electrical steel for 

the back irons and modulators.  For all 3D MEC evaluations, 

the cross-sectional MEC discretization parameters were fixed 

at the values indicated in Table II, which correspond to the 

coarse mesh settings in [9].  As in [9], the primary metric used 

to compare the models is the torque on the outer permanent 

magnet LSR.  First, the effects of the in-gear axial 

discretization parameters, NLIG and kz,IG, were characterized by 

sweeping these variables through the 77 combinations of 

values specified in the first column of Table III for each of the 

three base designs at each of the three previously listed axial 

stack lengths.  As indicated in Table III, the out-of-gear 

discretization parameters, NLOG and kz,OG, were fixed at values 

of 4 and 0, respectively, for these simulations.  The effects of 

the out-of-gear axial discretization parameters, NLOG and kz,OG, 

were also independently characterized by sweeping these 

variables through the 77 combinations of values specified in 

the second column of Table III for each of the three base 

designs at each of the three previously mentioned axial stack 

lengths.  As indicated in Table III, the in-gear discretization 

parameters, NLIG and kz,IG, were fixed at values of 4 and 0, 

respectively, for these simulations. 

The graphs in Figs. 1 and 2 illustrate the results of the in-

gear and out-of-gear axial layer discretization parameter 

sweeps for the 30 mm, 100 mm, and 300 mm stack length 

designs.  Note the vertical axis scaling when analyzing these 

graphs, as the limited impact of certain discretization 

parameters results in some very narrow vertical axis ranges for 

maximum resolution.  These graphs indicate that the out-of-

gear axial layers distribution plays a more important role in 

the model’s accuracy than the in-gear axial layers distribution.  
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This behavior is likely a result of the nature of the axial 

leakage flux paths.  The in-gear axial leakage flux primarily 

travels through the highly permeable modulators and back 

irons, so these portions of the axial leakage flux paths 

constitute relatively small parts of the overall axial leakage 

flux path reluctances.  Thus, the in-gear axial resolution has a 

smaller impact on the overall characterization of the axial 

leakage flux.  However, the out-of-gear axial leakage flux 

paths travel entirely through nonmagnetic material, so these 

 
TABLE I 

Magnetic Gear Base Designs for MEC Model Evaluation 

 

Parameter Description 
Base 

Design 1 

Base 

Design 2 

Base 

Design 3 
Units 

PHS HSR pole pairs 11 4 6  

PLS LSR pole pairs 45 34 98  

QMods Number of modulators 56 38 104  

ROut Gear active outer radius 150 175 200 mm 

THSBI HSR back iron thickness 20 35 40 mm 

THSPM HSR magnet thickness 9 5 13 mm 

THSAG HSR air gap thickness 0.5 2 1 mm 

TMods Modulator thickness 11 17 14 mm 

TLSAG LSR air gap thickness 0.5 2 1 mm 

TLSPM LSR magnet thickness 7 5 7 mm 

TLSBI LSR back iron thickness 20 30 25 mm 

TABLE II 

Cross-Sectional MEC Discretization Settings  

 

Parameter Description Value 

ALM Angular layers multiplier 10 

NRL,HSBI Number of radial layers in the HSR back iron 3 

RLMHSPM HSR magnets radial layers multiplier 10 

RLMHSAG HSR air gap radial layers multiplier 10 

RLMMods Modulators radial layers multiplier 10 

RLMLSAG LSR air gap radial layers multiplier 10 

RLMLSPM LSR magnets radial layers multiplier 10 

NRL,LSBI Number of radial layers in the LSR back iron 3 

NRL,HSPM,min Minimum number of radial layers in the HSR magnets 3 

NRL,HSAG,min Minimum number of radial layers in the HSR air gap 3 

NRL,Mods,min Minimum number of radial layers in the modulators 3 

NRL,LSAG,min Minimum number of radial layers in the LSR air gap 3 

NRL,LSPM,min Minimum number of radial layers in the LSR magnets 3 

 
TABLE III 

Axial Layer Discretization Parameter Sweep Definitions 

 

Parameter 
In-Gear Axial Layer 

Discretization Sweep Values 

Out-Of-Gear Axial Layer 

Discretization Sweep Values 

NLIG 2, 3, 4, … 12 4 

kz,IG 0, 0.5, 1, … 3 0 

NLOG 4 2, 3, 4, … 12 

kz,OG 0 0, 0.5, 1, … 3 

 

 
              (a) 

 
               (b) 

 
                (c) 

 

 
               (d) 

 
               (e) 

 
                 (f) 

 
               (g) 

 
                (h) 

 
                 (i) 

Fig. 1.  Variation of radial flux magnetic gear 3D MEC accuracy for Base Designs 1, 2, and 3 at stack lengths of 30 mm, 100 mm, and 300 mm with in-gear 

axial discretization parameters.  Note the difference in the vertical axis scaling between graphs. 
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           (a) 

 
            (b) 

 
              (c) 

 

 
            (d) 

 
             (e) 

 
            (f) 

 
             (g) 

 
             (h) 

 
            (i) 

Fig. 2.  Variation of radial flux magnetic gear 3D MEC accuracy for Base Designs 1, 2, and 3 at stack lengths of 30 mm, 100 mm, and 300 mm with out-of-gear 

axial discretization parameters.  Note the difference in the vertical axis scaling between graphs. 

 

portions of the axial leakage flux paths account for most of the 

overall path reluctances, and there is significant variation in 

the axial leakage flux along these sections of the paths.  Thus, 

the out-of-gear axial resolution has a much more dramatic 

effect on the overall characterization of the axial leakage flux. 

The results in Figs. 1 and 2 also demonstrate that increasing 

the axial resolution has a more significant effect on the MEC 

model’s accuracy for designs with shorter axial stack lengths.  

This is not surprising given that 3D effects are simply more 

impactful for magnetic gears with shorter stack lengths.  Gears 

with long stack lengths generally only experience appreciable 

axial leakage flux near the ends of the axial stacks, thus these 

3D effects have a limited impact on torque transmission 

capabilities and their accurate characterization (via increased 

axial resolution) plays a less significant role in the fidelity of 

the overall design characterization.  Consequently, gears with 

longer stack lengths generally require less axial resolution to 

accurately determine the slip torque.  This also reinforces the 

commonly accepted notion that if a gear’s axial stack length is 

large enough relative to other key geometric parameters, a 2D 

model may provide an adequate representation of the design. 

Finally, the trends in Figs. 1 and 2 illustrate that increasing 

the axial layer distribution factors notably improves the 

model’s accuracy, but with diminishing returns.  This pattern 

occurs because increasing the distribution factors produces 

smaller axial layers near the end of the active gear stack, both 

in the gear and in the out-of-gear region next to the end of the 

gear, but it also produces larger axial layers near the middle of 

the gear stack (at the bottom of the half stack model) and in 

the part of the out-of-gear region furthest away from the gear.  

Increasing the distribution factors too much can cause the lack 

of resolution in the large range of space associated with the 

axially thick layers to outweigh the high resolution in the 

limited, but important range of space associated with the 

axially thin layers.  For excessively large distribution factors, 

this can even negatively affect the model’s accuracy.  Once 

the model includes adequate axial layers, there is minimal 

variation in impact at the high end of the considered axial 

distribution factor spectrum.  The exact effects of the 

distribution factors and axial layer counts vary for the different 

base designs and stack lengths, which suggests the need for a 

future study to develop a more normalized approach to 

controlling the axial resolution, similar to the angular and 

radial layers multipliers devised during the analysis of the 2D 

MEC model [9].  However, the axial layer distribution factors 

clearly provide a simple, effective, and flexible means of 

efficiently distributing the axial layers in the 3D MEC model.  

Additionally, the accuracy of the 3D MEC model could be 

further improved by using higher resolution 2D discretization 

settings, but this moderate performance gain would come at 

the expense of slower simulation times. 
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III.  FLUX DENSITY COMPARISONS 

The previous section evaluated the MEC based on the 

accuracy of its torque predictions relative to those of a 

nonlinear 3D FEA model.  The graphs in Fig. 3 in this section  

 
    (a) 

 

 
       (b) 

Fig. 3.  RMS flux densities in the (a) inner and (b) outer air gaps according to 

3D FEA and the 3D MEC models for each base design with a 30 mm stack 
length.  The axial position is the axial distance from the middle of the gear.  

The dotted lines at 15 mm indicate the axial ends of the gears in the 

symmetrical half stack length models. 

 

provide a comparison of the linear 3D MEC and nonlinear 3D 

FEA models’ flux density predictions in the inner and outer air 

gaps at different axial positions, both within and axially 

beyond the gear.  These graphs illustrate the MEC’s ability to 

accurately capture the variations in flux density associated 

with axial position.  The MEC model general predicts slightly 

higher flux density values than the FEA model and this is 

likely a result of the fact that the MEC model does not account 

for saturation in the ferromagnetic material.  For these graphs, 

the MEC employed the cross-sectional mesh settings from 

Table II and NLIG = 12, kz,IG = 2, NLOG = 12, and kz,OG = 2.5.  

The dotted lines in the graphs in Fig. 3 indicate the axial ends 

of the gears in the symmetrical half stack length models. 

IV.  AXIAL STACK LENGTH SWEEPS 

Next, to demonstrate the 3D MEC model’s ability to track 

the variation of 3D effects with different axial stack lengths, 

the three base designs were evaluated using both the 3D MEC 

model and an ANSYS Maxwell 3D FEA model at stack 

lengths in the range of 20 mm to 150 mm in 10 mm steps and 

stack lengths in the range of 175 mm to 500 mm in 25 mm 

steps.  Based on the results of the axial discretization 

parameters sweep study, the fixed axial discretization settings 

NLIG = 3, kz,IG = 2, NLOG = 10, and kz,OG = 2.5 were selected for 

use in this analysis.  Additionally, the base designs were also 

analyzed by using an ANSYS Maxwell 2D FEA model and 

scaling the results to the appropriate stack lengths for 

comparison with the 3D model torque predictions. 

Fig. 4 shows the LSR slip torque predicted by each of the 

different models for each of the different base designs at all of 

the evaluated axial stack lengths.  Fig. 5 displays the same 

information for a subset of the shorter stack lengths, where 3D 

effects are more significant, to provide a better perspective of 

the relative accuracies of the different models.  Fig. 6 provides 

the volumetric torque densities (VTDs) of the points displayed 

in Fig. 4.  These results demonstrate that the 3D MEC model 

is extremely accurate, relative to the 3D FEA model, and 

capable of tracking the change in slip torque of a given cross-

sectional design over a wide range of axial stack lengths.  

Notably, the 3D MEC model is very accurate even at short 

stack lengths, which suffer from the most significant 3D 

effects.  In contrast, Figs. 5 and 6 clearly reveal that the 2D 

FEA model significantly overestimates the gear torque ratings 

at short stack lengths.  As the stack length of a magnetic gear 

design increases, the 3D MEC model remains extremely 

accurate; however, the 2D FEA model also becomes 

increasingly accurate.  The graphs in Fig. 4-6 demonstrate that 

 

 
Fig. 4.  Base design LSR slip torque predictions by the 3D FEA, 3D MEC, 
and 2D FEA models for all evaluated stack lengths. 

 

 
Fig. 5.  Base design LSR slip torque predictions by the 3D FEA, 3D MEC, 

and 2D FEA models for a subset of shorter stack lengths. 
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Fig. 6.  Base design volumetric torque density predictions by the 3D FEA, 3D 

MEC, and 2D FEA models for all evaluated stack lengths. 

 

as the stack length of a gear increases, the 2D FEA model still 

overestimates the torque rating; however, the difference 

simply becomes less significant as the gear torque rating 

grows with the stack length. 

Although the VTDs shown in Fig. 6 effectively provide the 

same information as the results in Figs. 4 and 5, VTD provides 

an inherent scaling to better illustrate the changes in the 

relative accuracies of the different models with stack length.  

The 3D MEC model VTD predictions consistently match the 

3D FEA model predictions within a few percent across the full 

range of evaluated axial stack lengths, but the 2D FEA model 

significantly overestimates the VTD of each design by as 

much as 67% at the shorter stack lengths and gradually 

becomes more accurate as the stack length increases and the 

relative significances of the end effects diminish. 

Not only is the 3D MEC model an accurate analysis tool, as 

demonstrated by the results in Figs. 4-6, but it is also an 

extremely fast analysis tool.  The preceding axial stack length 

sweep study consisted of 28 different stack lengths for 3 

different base designs, resulting in a total of 84 different 

simulation cases.  The 3D FEA simulations of these 84 cases 

took a total of 1 day, 17 hours, 8 minutes and 9 seconds.  In 

contrast, the 3D MEC simulations of these 84 cases took a 

mere total of 7 minutes and 59 seconds, with an average 

torque prediction difference of 1.2% and an average absolute 

torque prediction discrepancy of 1.8% relative to the 

corresponding torque predictions of the nonlinear 3D FEA 

model.  Thus, for the conditions used in this study, the 3D 

MEC model was approximately 309 times faster than the 3D 

FEA model on average.  As noted in the discussion of the 2D 

MEC simulation speed [9], the simulation times required for 

the MEC and FEA models depend on a plethora of different 

considerations, including the designs evaluated, the model 

settings, and the computers used in the analysis.  This timing 

data is simply intended to provide a general indication of the 

relative speeds of the different models, rather than exact 

characterizations.  A strict convergence criterion was used for 

the FEA model employed in this analysis to ensure extremely 

accurate results and a reliable set of reference data for 

comparison against the MEC model predictions.  A looser 

convergence setting could be used for the FEA model to make 

it faster, but this would also introduce more error into its 

torque predictions.  Similarly, as previously mentioned, the 3D 

MEC model accuracy could be improved even more by using 

higher resolution discretization settings, but that would also 

result in slower simulation times. 

Finally, when comparing the relative simulation speeds of 

the 3D MEC and 3D FEA models, it is also important to note 

that the MEC model used in this analysis employed a fixed 

number of axial layers; therefore, its simulation run time was 

invariant with respect to stack length.  In contrast, the 3D FEA 

model’s simulation time increased significantly with respect to 

stack length.  In light of this consideration, it is clear that 

including large stack lengths of up to 500 mm biased the 

simulation times in favor of the MEC model.  Furthermore, 

based on the results in Figs. 4-6, a 3D model is not nearly as 

essential at the larger stack lengths as it is at the shorter stack 

lengths.  However, even if the timing comparison is limited to 

only the 27 simulation cases with stack lengths of 100 mm or 

less, for which 3D models are generally more necessary, then 

the 3D MEC model was still 109 times faster than the 3D FEA 

model on average.  Regardless of these details, the 3D MEC 

model is undoubtedly an extremely fast and accurate analysis 

tool with potential advantages over standard commercial FEA 

models in certain situations. 

V.  OPTIMIZATION STUDY 

As in [9], a parametric optimization study was performed to 

validate the 3D MEC’s utility as a quick optimization tool.  

Table IV describes the parametric sweep values used in this 

optimization study.  As in [9], derived parameters were used 

in Table IV to avoid undesirable design scenarios.  GInt 

represents the integer portion of the gear ratio and relates the 

pole pair counts according to 

 PLS = {
GIntPHS + 1      for  (GInt + 1)PHS odd  

GIntPHS + 2      for  (GInt + 1)PHS even
. (5) 

This relationship avoids designs with integer gear ratios, 

which tend to have high torque ripple, and designs without any 

periodic symmetry in a cross-section, which have unbalanced 

magnetic forces on the rotors.  The radial thicknesses of the 

two sets of magnets are related by kPM according to 

  TLSPM = kPMTHSPM. (6) 

As described in [7], due to leakage flux, it is generally optimal 

to have thicker magnets on the HSR than on the LSR.  Finally, 

to avoid excessive saturation in the HSR back iron, its radial 

thickness is related to the HSR pole arc by kHSBI according to  

 THSBI = kHSBI(πrHSBI PHS⁄ ). (7) 

Both ANSYS Maxwell, a commercial FEA software, and 

the 3D MEC model were used to evaluate the torque of each 

of the 144,342 designs specified in Table IV.  The MEC used 

the cross-sectional discretization parameter values listed in 

Table II and the axial discretization settings employed in the 

previous section.  Due to symmetry, only half of the gear stack 

length was used in both the 3D FEA and 3D MEC models. 
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TABLE IV 

Optimization Study Parameter Sweep Values 

 

Parameter Description Ranges of Values Units 

GInt Integer part of gear ratio 4, 8, 16  

PHS HSR pole pairs   

 For Gr = 4 3, 4, 5, … 18  

 For Gr = 8 3, 4, 5, … 13  

 For Gr = 16 3, 4, 5, … 8  

rout Active outer radius 150, 175, 200 mm 

kHSBI HSR back iron thickness coefficient 0.4, 0.5, 0.6  

THSPM HSR magnet thickness 3, 5, 7, … 13 mm 

TAG Common air gap thickness 1.5 mm 

TMods Modulator thickness  11, 14, 17 mm 

kPM LSR magnet thickness ratio 0.5, 0.75, 1  

TLSBI LSR back iron thickness 20, 25, 30 mm 

LStack Axial stack length 30, 100, 300 mm 

 

The graphs in Figs. 7-10 and the statistics in Table V show 

the comparison between the results for the 3D MEC, 2D FEA, 

and 3D FEA models.  Fig. 7 shows that, while the 2D FEA 

model tends to overestimate the designs’ torques, especially at 

short stack lengths, the 3D MEC model matches the 3D FEA 

model much more consistently.  Additionally, Fig. 7(a) 

illustrates that the 3D MEC model agrees best with the 3D 

FEA model for the designs with the highest VTD, while the 

most significant disagreements occur for designs with lower 

VTDs than the optimal designs.  Some of the mismatch in 

torque predictions is due to the 3D FEA.  For a few of the 

cases with the worst matches, the 3D FEA model was run with 

a tighter energy error convergence criterion, which resulted in 

a change in torque of up to 4% for one case.  However, it 

would be computationally impractical to run all 144,342 cases 

with such a tight convergence criterion.  Also, the 3D FEA 

simulations for this parametric sweep were run across multiple 

computing clusters to facilitate their completion in a 

 

 
(a) 

 
(b) 

Fig. 7.  LSR torque prediction agreements between (a) the 3D MEC and 3D 
FEA models and (b) the 2D FEA and 3D FEA models. 

 
TABLE V 

Comparison of LSR Torque Predictions Relative to 3D FEA 

 

Model 3D MEC 2D FEA 

Stack Length 30 mm 100 mm 300 mm 30 mm 100 mm 300 mm 

Minimum Difference -4.6% -5.5% -7.0% 17.9% 2.7% -3.1% 

Maximum Difference 5.2% 4.6% 3.8% 65.4% 21.1% 9.0% 

Average Difference 0.5% -0.2% -0.6% 35.5% 10.6% 3.5% 

Average Absolute 

Discrepancy 
0.8% 0.8% 1.0% 35.5% 10.6% 3.5% 

reasonable amount of time; however, this means that any 

comparison of the simulation timing data for the different 

models would be very inconsistent. 

Figs. 8 – 10 illustrate that the MEC is able to accurately 

track the performance trends associated with key parameters.  

The 3D MEC accurately predicts trends in VTD and PM VTD, 

which is the LSR slip torque divided by the volume of the 

PMs.  Figs. 8 – 10 also show that, while the 2D FEA model 

exhibits significant error in predicting VTD and PM VTD for 

designs with short stack lengths, 2D FEA does accurately 

predict which values of key parameters are optimal.  For this 

study, all designs had the same set of stack lengths.  However, 

if the stack length was adjusted for each design to meet a 

target slip torque, then including 3D effects in the analysis 

would affect the optimal parameter values [7].  Thus, while 

2D FEA or 2D MEC models may be appropriate for a rapid 

initial optimization, the 3D MEC provides a means for more 

accurate analysis that can still be faster than 3D FEA. 

 

 
Fig. 8.  Legend for Figs. 9 and 10. 
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            (d) 

 

 
         (e) 

 
           (f) 

Fig. 9.  Variation of the maximum achievable (a), (c), (e) volumetric torque 

density and (b), (d), (f) PM volumetric torque density with HSR pole pairs for 
designs with GInt = 4, GInt = 8, and GInt = 16. 
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           (e) 

 
            (f) 

Fig. 10.  Variation of the maximum achievable (a), (c), (e) volumetric torque 
density and (b), (d), (f) PM volumetric torque density with HSR magnet 

thickness for designs with GInt = 4, GInt = 8, and GInt = 16. 

VI.  CONCLUSIONS 

This is Part II of a two-part paper on a parameterized linear 

3D MEC for radial flux magnetic gears with surface 

permanent magnets.  Part I explains the systematic 

implementation of the 3D MEC model.  This section develops 

guidelines for the model’s axial discretization and compares it 

against 2D FEA and 3D FEA models to evaluate its accuracy.  

Because 2D FEA significantly overpredicts the slip torque of 

designs with short stack lengths, a 3D model is required.  The 

3D MEC agrees well with the 3D FEA model, exhibiting an 

average absolute discrepancy of less than 1% for a parametric 

study with 144,000 cases.  However, the 3D MEC can 

evaluate the designs much faster than the 3D FEA model. 

It is important to note that this implementation of the 3D 

MEC model approximates the ferromagnetic material as linear 

with constant permeability and design scenarios with thin 

components may experience significant saturation that will not 

be accurately characterized by this model, as described for the 

2D MEC in [9].  Future work on this subject will include the 

development of a nonlinear MEC model variation employing 

B-H curve characteristics and the application of the MEC 

model to other magnetic gear and electric machine topologies.  

The use of a nonlinear B-H curve will be critical for modeling 

designs with thin modulators or back irons and characterizing 

the impact of modulator retention features, such as the bridge 

between adjacent modulators used in [1], [3]-[6]. 
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