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Optimum Design Process of Coaxial Magnetic Gear
Using 3D Performance Prediction Method

Considering Axial Flux Leakage
Seung-Hun Lee , So-Yeon Im , Jun-Yeol Ryu , and Myung-Seop Lim , Senior Member, IEEE

Abstract—This article proposes a rapid and optimum design
method that considers axial flux leakage for a coaxial magnetic gear
(CMG). Conventional CMG optimum design methods perform
two-dimensional (2D) finite element analysis (FEA) to evade the
long computational time of three-dimensional (3D) FEA. However,
conventional design methods do not consider axial flux leakage
and are therefore less accurate than computationally exhaustive
optimum design through 3D FEA. Therefore, as an alternative to
reduce computational time, this article proposes a method that
considers axial flux leakage for predicting the CMG performance
combining correlation coefficients and 2D FEA instead of 3D FEA.
The correlation coefficient is determined as the ratio of the square
of the radial direction air gap flux in the equivalent magnetic
circuit (EMC) that considers axial flux leakage to the square of
the radial direction air gap flux in the EMC that does not consider
axial flux leakage. The electromagnetic performance of the CMG
predicted by the proposed method is used to develop a surrogate
model for reducing computational time during the optimum design
process. Based on the surrogate model, the optimum CMG design is
analyzed to fabricate a prototype, and the proposed design process
is validated through experiments.

Index Terms—Axial flux leakage, coaxial magnetic gear (CMG),
equivalent magnetic circuit (EMC), multi-objective optimization.

I. INTRODUCTION

MACHINE size reduction is a contentious research topic
in many industries. As the size of a machine is inversely
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proportional to its speed at constant power, high-speed machines
have high power densities. Therefore, it is desirable for a ma-
chine to operate at high speeds and low torques.

Recently, Vernier permanent magnet (PM) machines, mag-
netically geared machines (MGM), and derived machines have
been proposed and studied to achieve high torque density. A
Vernier PM machine with a larger number of pole pairs in
the rotor than the number of stator teeth has been proposed to
improve torque density [1]. The Halbach array was applied to an
MGM, a structure that combines an electric motor and a mag-
netic gear (MG), to analyze its electromagnetic characteristics
and optimize the design [2]. Even machines with high torque
density at high speeds and low torques are often required to
operate at low speeds and high torques. In most cases, this is
accomplished using gears. Most gears are mechanical; however,
MG has recently been proposed as an alternative. This is because
power transmission through mechanical gears due to physical
contact causes problems such as energy loss, noise, and tooth
wear. Additionally, a lubrication system is required to reduce
friction and prevent damage to the gearbox, specifically under
the gear tooth. MG has the advantage of low noise, no tooth
wear, and good protection from overloads because they transmit
power without physical contact [3].

MG can be divided into those that do not and do use the
magnetic flux modulation effect. An MG that does not use the
magnetic flux modulation effect can be implemented in a form
similar to a simple mechanical gear but has poor torque density
and a lower speed ratio than a mechanical gear. To overcome
this problem, a magnetic gear topology considering the magnetic
flux modulation effect has been proposed [4]. Many types of MG
utilize the magnetic modulation effect, among which coaxial
MGs (CMGs) are the most representative. Atallah et al. proposed
a high-performance CMG and explained its operation principles
[5]. Fig. 1 presents a general CMG configuration. A CMG
comprises an inner rotor yoke, an outer rotor yoke, an inner
rotor PM, an outer rotor PM, and a pole piece (PP). The inner
rotor has fewer poles and rotates at a higher speed than the outer
rotor. A CMG generates torque by coupling the magnetic flux
generated on one rotor side, modulated by passing it through
a PP, with the magnetic flux generated on the opposite rotor
side. Fig. 2(a) shows that the magnetic flux generated by the
inner-rotor PM is modulated like a magnetic flux generated
by more poles. This gives the impression that the inner-rotor
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Fig. 1. Coaxial magnetic gear (CMG) configuration.

Fig. 2. Modulation effect. (a) Modulated magnetic flux by inner rotor perma-
nent magnet (PM). (b) Modulated magnetic flux by outer rotor PM.

PM has the same number of poles as that generated by the
outer-rotor PM. Similarly, Fig. 2(b) shows that the magnetic flux
generated by the outer-rotor PM is modulated like a magnetic
flux generated by a fewer number of poles. Thus, this gives the
impression that the outer-rotor PM has the same number of poles
as those generated by the inner-rotor PM. The flux modulation is
determined by the number of poles in the inner- and outer-rotor
PMs, and the number of PPs. To improve transmission torque,
the number of PPs was selected as follows:

NPP = Pin + Pout, (1)

where NPP, Pin, and Pout are the number of PPs, pole pairs
in the inner-rotor PM, and pole pairs in the outer-rotor PM,
respectively. Furthermore, to synchronize the rotation speed of
the outer rotor with the rotation speed of the inner rotor when
the PP is stationary, the following equation can be used:

ωin = −Pout

Pin
× ωout = −Gr × ωout, (2)

whereωin is the inner rotor rotation speed,ωout is the outer-rotor
rotation speed, and Gr is the gear ratio.

Based on these principles, several studies have been con-
ducted to improve the performance of CMGs. Jian et al. proposed
a CMG with a Halbach array to achieve a torque density of excess
100 kNm/m3 [6], [7]. Scheidler et al. noted that while magnetic
gears typically have a lower torque density than mechanical
gears, some types of magnetic gears appear to have the potential
to achieve a torque density that is at least equivalent to certain
mechanical gears when torque ratios are considered [8]. Jing
et al. proposed a CMG with a Halbach array combined with a
spoke structure and double-layer PM to increase the effective
harmonics and reduce the torque ripple [9].

In addition, many methods have been proposed to analyze
the performance of CMGs, and they can be classified based on
three main perspectives. The first is an equivalent-network-based
analysis method. Fukuoka et al. proposed an analysis method
using reluctance network analysis [10]. Johnson et al. proposed
a CMG analysis method that uses a linear two-dimensional (2D)
equivalent magnetic circuit (EMC) [11]. Johnson et al. proposed
a method for analyzing CMGs using a three-dimensional (3D)
linear EMC [12]. The second perspective involves an analytical
method based on a mathematical solution to the field equation.
Lubin et al. calculated an analytical solution for the magnetic
field distribution of a CMG using the Laplace and Poisson
equations [13]. Shin and Chang calculated an analytical solution
for the magnetic field distribution of a CMG using a 2D space
harmonic analysis [14]. Zhao et al. calculated an analytical solu-
tion for magnetic field distribution by considering the magnetic
saturation of a CMG using a harmonic modeling method [15].
The third perspective is a numerical-model-based analysis based
on finite element analysis (FEA). FEA can be categorized as
2D FEA and 3D FEA. 2D FEA has the advantage of a shorter
computational time than 3D FEA. However, compared with 2D
FEA, 3D FEA provides results that are similar to that obtained
in real experiments. Despite the high accuracy of 3D FEA,
most CMGs have been analyzed using 2D FEA because of the
longer computational time requirements of 3D FEA. Rasmussen
et al. validated the performance of a CMG through 2D FEA and
experiments, and found that as 2D FEA failed to consider the
end effect, it caused errors [16]. Gerber and Wang compared
the measurement results of CMG prototypes with those of 2D
and 3D FEAs, suggesting various causes of error, and found
that the representative reason was flux leakage [17]. Gerber
and Wang found that the end effect can have a significant
influence on the performance of MGs and MGMs, and proposed
a method to estimate 3D FEA performance considering aspect
ratio and 2D FEA performance [18]. However, the 2D FEA
CMG performance can be overestimated compared with the 3D
FEA CMG performance, although 3D FEA requires a significant
computational time. Therefore, to predict the performance of
an MG without using 3D FEA, a previous study, presented at
the 2022 IEEE Transportation Electrification Conference and
Expo, Asia-Pacific (ITEC Asia-Pacific), had proposed a method
that considers both the axial flux leakage of 3D FEA and the
relatively fast computational time of 2D FEA [19].

The remainder of this article is organized as follows. In
Section II-B, the axial flux leakage permeance is described, and
the proposed method is used to expand the CMG optimization
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TABLE I
TARGET SPECIFICATIONS

process based on the kriging surrogate model and sequential
quadratic programming (SQP). Furthermore, the optimization
results are used to fabricate prototypes, whose performance is
experimentally validated. The target specifications for CMG
optimization are listed in Table I. Section II describes the
CMG performance prediction considering the axial flux leakage.
Section III describes the optimal design process for a CMG
using the method proposed in Section II. Section IV describes
the experimental validation of the fabricated prototype CMG
using the proposed CMG optimization design process. Finally,
Section V concludes the article.

II. PROPOSED METHOD FOR 3D PERFORMANCE PREDICTION

Owing to electromagnetic losses, such as PM eddy current
loss and iron loss, the torque ratio in the CMG is not equal
to the reciprocal of the gear ratio. In addition, the CMG per-
formance results obtained by 2D FEA may be overestimated
because 2D FEA does not consider the end effect and 3D flux
leakage. Fig. 3(a) shows that axial flux leakage paths exist in
the PM and PP when analyzed using 3D FEA. Fig. 3(b) and (c)
show the results of analyzing the magnetic flux density in the
outer air gap using Fast Fourier Transform (FFT). From these
results, the amplitude of all harmonic component, including the
14th harmonic components, which is the main component that
generates the outer rotor torque in both the radial and tangential
magnetic flux densities, is reduced in 3D FEA compared to 2D
FEA.

Fig. 4 shows the process of predicting the CMG performance
of 3D FEA with 2D FEA by calculating the correlation coef-
ficient through the EMC for the axial flux leakage, which is
not considered in 2D FEA. The correlation coefficient is the
square of the flux in the 3D EMC with considering the axial flux
leakage divided by the square of the flux in the 2D EMC without
considering the axial flux leakage. Although the magnetic flux
calculation results calculated by FEA and EMC are different, the
magnetic flux change ratio calculation results of FEA and EMC
according to changes in design variables such as PM thickness,
rotor yoke thickness, and PP angle are similar. According to
the electromechanical energy conversion principle, the torque

Fig. 3. Three-dimensional (3D) finite element analysis (FEA) results of CMG.
(a) Axial flux leakage path at PM and pole piece (PP). (b) Fast Fourier Transform
(FFT) results for radial magnetic flux density. (c) FFT results for tangential
magnetic flux density.

is proportional to the square of the magnetic flux density in the
air gap. Therefore, it can be assumed that the magnetic change
ratio between 2D and 3D EMC obtained by the magnetic flux
calculated in Steps 1 and 2 is the same as the torque change ratio
between 2D and 3D FEA. Thus, this correlation coefficient was
multiplied by the torque results from the 2D FEA to predict the
torque from the 3D FEA. In addition, tangential elements were
not considered in the 2D and 3D EMC. If tangential elements are
modeled, more accurate results of magnetic flux can be obtained
in EMC; however, because this article uses the magnetic flux
change ratio between 2D and 3D EMC, only radial and axial
elements are modeled without considering tangential elements to
reduce the complexity of the EMC. Also, because nonlinearity,
such as the saturation of iron, can be impactful in some designs,
the magnetic flux can be calculated using a nonlinear EMC
model. However, Johnson et al. showed that a linear model is
still highly accurate for analyzing the torque performance of
an idealized CMG design, indicating that the linear model is
reasonable [20], [21]. In addition, linear EMC models are used
because they guarantee a very fast computational time compared
with nonlinear EMC models.

A. 2D EMC Model Without Considering Axial Flux Leakage

Fig. 5(a) shows the CMG Geometry in the XY plane. Because
the CMG can be conveniently expressed in cylindrical coor-
dinates, the permeance elements are expressed in cylindrical
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Fig. 4. Proposed method considering the axial flux leakage of CMG through
two-dimensional (2D) FEA.

Fig. 5. Equivalent magnetic circuit (EMC) configuration (a) CMG geometry
in the XY plane. (b) 2D EMC for one PP of the CMG without axial flux leakage.
(c) 3D EMC for one PP of the CMG with axial flux leakage.

coordinates. The configuration of the 2D EMC model is illus-
trated in Fig. 5(b). Therefore, (3) gives Pouter,yoke, Pouter,PM,
Pouter,airgap, Pbridge, Pinner,airgap, Pinner,PM, and Pinner,yoke,
the permeances of the outer rotor yoke, outer rotor PM, outer air
gap, bridge, inner air gap, inner rotor PM, and inner rotor yoke,
respectively.

Pe =
2πμeLstk

ln(1 + te/re)
, (3)

where μe, Lstk, te, and re are the element permeability, stack
length of the CMG, thickness of each element, and inner radius
of each element, respectively.

Equations (4) and (5) give PPP and Pair, the permeance of
the PP, and the air between the PP, respectively.

PPP =
μPPLstkθPP

ln(1 + tPP/rPP)
×NPP, (4)

Fig. 6. PM axial flux leakage path.

Pair =
μ0Lstk (2π/NPP − θPP)

ln(1 + tPP/rPP)
×NPP, (5)

where μPP, θPP, tPP, rPP, and μ0 are the permeability of the
PP, angle of one PP, thickness of the PP, inner radius of the PP,
and vacuum permeability, respectively.

Equation (6) gives Fouter,PM and Finner,PM, the MMF of the
outer and inner rotors PM, respectively.

FPM =
BrtPM

μ0μrec
, (6)

where Br, tPM, and μrec are the residual magnetic flux density,
PM thickness, and recoil permeability, respectively.

B. 3D EMC Model With Considering Axial Flux Leakage

The configuration of the 3D EMC model is illustrated in
Fig. 5(c). The difference between the 2D and 3D EMC is that
the axial flux leakages of the PM and PP were considered. Fig. 6
shows the axial flux leakage path and volume at the PM. The
axial flux leakage permeance is the mean cross-sectional area
divided by the mean flux-path length. The mean cross-sectional
area was obtained by dividing the flux path volume by the mean
length of the flux path. Eq. (7) gives Plnk,PM as the flux leakage
permeance of the outer and inner rotor PM.

Plnk,PM =
Alnk,PMμ0

llnk,PM
× 2Pn, (7)

where Alnk,PM, llnk,PM, and Pn are the mean cross-sectional
area, mean axial flux leakage path length, and number of PM
pole pairs, respectively.

Fig. 7 shows the axial flux leakage path and volume at the PP.
The PP has four axial flux leakage permeance elements compris-
ing a semicircular cylinder (SC), half annulus (HA), spherical
quadrants (SQ), and quadrants of the spherical shell (QSS) path.
Eqs. (8)–(11) provide the axial flux leakage permeance for each
element [22].

PSC =
0.322μ0l

1.22g
= 0.264μ0l, (8)

PHA =
2μ0tl

π(g + t)
, (9)

PSQ = 2 × 0.1g2μ0

1.3g
= 0.154μ0g, (10)

PQSS = 2 × πμ0t(t+ g)/8
π(t+ g)/2

=
μ0t

2
, (11)
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Fig. 7. PP axial flux leakage path. (a) SC path. (b) HA path. (c) SQ path.
(d) QSS path.

TABLE II
CMG BASE MODEL DESIGN DIMENSIONS FOR PROPOSED METHOD

VALIDATION

where l, g, and t are the depth of the flux leakage path, air gap
length between the PP, and half-width of the PP, respectively.
Therefore, the total flux leakage permeance was calculated as
follows:

Plnk,PP = 2 × (PSC + PHA + PSQ + PQSS)×NPP. (12)

C. Correlation Coefficient

Table II lists the design dimensions of the CMG base model
used to comparison for 2D EMC, 3D EMC, 2D FEA, and 3D
FEA. The magnetic flux change ratio between 2D and 3D EMC

TABLE III
COMPARISON OF TORQUE RESULT AND COMPUTATIONAL TIME OF 2D FEA,

PROPOSED METHOD, AND 3D FEA

of a CMG base model is calculated as follows:

λratio =

∣
∣
∣
∣
∣

λ2
3D,EMC − λ2

2D,EMC

λ2
3D,EMC

∣
∣
∣
∣
∣
× 100, (13)

where λ3D,EMC is the magnetic flux calculated by the 3D EMC,
and λ2D,EMC is the magnetic flux calculated by the 2D EMC.

The torque change ratio between 2D and 3D FEA of a CMG
base model is calculated as follows:

Tratio =

∣
∣
∣
∣

T3D,FEA − T2D,FEA

T3D,FEA

∣
∣
∣
∣
× 100, (14)

where T3D,FEA is the 3D FEA torque, and T2D,FEA is the 2D
FEA torque. The torque change ratio for a CMG base model
was 14.97%, and the magnetic flux change ratio was 16.54%,
indicating a difference of 1.57 percent points in the change ratio.

Therefore, using the relationships in (13) and (14) for the
CMG base model and the fact that torque is proportional to the
square of the magnetic flux density in the air gap, the relationship
between torque and magnetic flux in the air gap can be expressed
as follows:

λ2
3D,EMC : λ2

2D,EMC = Tproposed : T2D,FEA, (15)

where Tproposed is the torque result calculated by the proposed
method.

Then, (15) can be written as follows:

Tproposed =
λ2
3D,EMC

λ2
2D,EMC

· T2D,FEA = k · T2D,FEA, (16)

where k is the correlation coefficient.
The correlation coefficients determined by EMC and the

performance of the CMG in 2D FEA can then be used to predict
the performance of the CMG in 3D FEA. Table III lists the
torque results and computational times for the 2D FEA, pro-
posed method, and 3D FEA of the CMG base model. The FEA
models were constructed and calculated using JMAG-Designer
software. The torque errors for 2D FEA and 3D FEA, and
the proposed method and 3D FEA were 14.79% and 0.18%,
respectively. In addition, the computational time for 3D FEA was
288 times greater than that for 2D FEA and the proposed method.
For equivalent computation time comparisons, the elements in
the radial and tangential directions were the same in the 2D
and 3D FEA. The number of elements in 3D FEA increases
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TABLE IV
CMG PARAMETER VARIATION RANGE FOR PROPOSED METHOD VALIDATION

proportionally with the stack length; therefore, the longer the
stack length, the greater the computational time required by 3D
FEA. Therefore, the proposed method can accurately predict the
torque in less computational time compared with 3D FEA.

D. Validation of Proposed Method Through Comparison With
3D FEA

To demonstrate the accuracy of the proposed method further,
the CMG base model specified in Table II was used as the starting
point, and the individual design parameters included in Table IV
were independently varied over the range of values specified in
Table IV. For example, the outer rotor yoke thickness was varied
from 2 to 10, whereas all other parameters specified in Table II
were fixed. Fig. 8 shows the 2D FEA, proposed method, and
3D FEA torque variation as the outer/inner rotor yoke thickness
variation, outer/inner rotor PM thickness variation, pole piece
thickness/angle variation, outer/inner air gap length variation,
outer/inner pole pair variation, outer diameter variation, and
stack length variation. The length of the air region in the axial
direction was set to 6 mm in the 3D FEA to reflect the length
of the mean axial flux leakage path, as shown in Fig. 7. For
each of these parameters, the proposed method provides very
accurate 3D FEA torque predictions for most of the range of
values considered; however, there is still an error in the proposed
method owing to the linearity assumption and neglect of the
elements in the tangential direction. Furthermore, because the
radial permeance, as shown in (3), (4), and (5), is dependent on
the stack length, and the axial flux leakage permeance, as shown
in (8)–(11), is independent of the stack length, applying the
proposed method for the same diameter, which is considerably
small, may result in similar radial permeance and axial flux
leakage permeance values. This leads to an overestimation of
the axial flux leakage and an underestimation of the torque
when using the proposed method. However, the stack length
that satisfies the target specification of 16.8 Nm torque at 110
mm outer diameter set in this article requires a stack length of
23 mm or more based on the CMG base model, and around

Fig. 8. Variation of the proposed method accuracy with outer/inner rotor yoke
thickness, outer/inner rotor pm thickness, pole piece thickness/angle, outer/inner
air gap length, outer/inner pole pair, outer diameter, and stack length.

that stack length, the proposed method has a high accuracy in
predicting the torque of 3D FEA. The torque of the 2D FEA
has an average error of 14.96%, whereas the proposed method
has an average error of 2.18%, which shows that the proposed
method has a shorter computational time compared to 3D FEA
and a higher accuracy compared to 2D FEA.

III. OPTIMUM DESIGN PROCESS

Fig. 9 shows the CMG design process based on the method
proposed in Section II. Optimization techniques were applied to
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Fig. 9. Proposed CMG design process.

Fig. 10. CMG design variables.

the design process. First, an objective function was defined to
minimize the stack length of the CMG, peak-to-peak inner rotor
torque, and peak-to-peak outer rotor torque. The constraints
were set according to the design specifications, such as the
torque not being opposite to the direction of rotation and limiting
the stack length. Next, the design variables sensitive to the
stack length, peak-to-peak inner rotor torque, and peak-to-peak
outer rotor torque were determined through sensitivity analysis.
Subsequently, a surrogate model was defined by applying the
design of experiments (DOE) to the design variables of the
selected CMG. Fig. 10 shows the design variables. The design
variables determined were the outer-rotor yoke thickness (X1),
outer-rotor PM thickness (X2), PP thickness (X3), PP bridge
thickness (X4), inner-rotor PM thickness (X5), and PP angle
(X6). The thicknesses of the outer/inner rotor PM, outer rotor
yoke, and pole piece were determined based on the main-effect
plot. Fig. 11 presents the main effect plots of the four design
variables. Fig. 11(a), and (b) shows torque per unit stack length
and the stack length required to satisfy the target torque, re-
spectively. The thicker the inner rotor PM and pole piece, the
higher is the torque per unit stack length, and the required stack
length decreases. In addition, the thickness of the outer rotor
PM showed nonlinear characteristics; therefore, the range of

Fig. 11. Main effect plot for (a) torque per unit stack length and (b) required
stack length.

design variables was determined by considering the geometric
dimensions. Fig. 12 shows the required stack length according
to the pole piece angle. The angle of one pole of the outer rotor
PM was determined as the maximum pole piece angle, and the
minimum pole piece angle was determined as the range that
did not exceed the design limit of the 45 mm stack length. In
addition, the thickness of the bridge was determined to be the
maximum considering the minimum thickness of the pole piece,
and 0.5 mm was determined to be the minimum considering the
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Fig. 12. Required stack length according to pole piece angle.

TABLE V
RANGE OF DESIGN VARIABLES

fabricability. The ranges of the design variables determined for
these reasons are listed in Table V.

As the most important step when applying DOE, a surrogate
model is defined by applying the correlation coefficient, which is
the proposed method above, according to the design variables.
The surrogate model is a functional relationship between the
design variable and response, and it ensures low computational
time, good accuracy, and very reliable performance. In this
article, a kriging surrogate model was applied. Im et al. [23]
provided a detailed description of this model. Finally, the kriging
surrogate model was used to determine the model that best
satisfied the objective function and constraints.

A. Multi-Objective Optimization

Multi-objective optimization involves optimizing more than
one objective function under a set of constraints. Multi-objective
problems can be solved by combining them into a single-
objective scalar function. This method, commonly known as a
weighted sum, minimizes the positive weighted convex sum of
the objectives. To minimize the stack length, peak-to-peak inner
rotor torque, and peak-to-peak outer rotor torque of the CMG,
multi-objective optimization was applied. The constraints set
the maximum peak-to-peak inner rotor torque to be less than 4.8
Nm, and the maximum peak-to-peak inner rotor torque to be less
than 2 Nm, so that torque in the opposite direction does not occur
in the direction of rotation. According to design constrains, the
stack length was set to be less than the maximum stack length.
The formulation of the objective optimization function f(xi) and

its constraints are as follows:

minimize f(xi) = α1Lstk + α2TPP,in + α3TPP,out

subject to Lstk ≤ max(Lstk)
TPP,in ≤ max(TPP,in)
TPP,out ≤ max(TPP,out),

(17)

where α1, α2, and α3 are the weights, xi is the design variables,
TPP,in is the peak-to-peak inner rotor torque, max(TPP,in) is
the peak-to-peak inner rotor torque limit, TPP,out is the peak-
to-peak outer rotor torque, max(TPP,out) is the peak-to-peak
outer rotor torque limit, and max(Lstk) is the maximum stack
length of CMG. The weight coefficient of stack length α1 is
taken as 0.25, the weight coefficient of the peak-to-peak inner
rotor torque α2 is taken as 0.5, and the weight coefficient of the
peak-to-peak outer torque α3 is taken as 0.25.

B. Design Process Applying the Proposed Method

The part highlighted by the red rectangle in Fig. 9 illustrates
the proposed design process. The details of the proposed design
method are as follows:

1) The electromagnetic performance per unit stack length at
the experimental point set was calculated using DOE.

2) The stack length (Lstk) that satisfies the target torque (2.4
Nm / 16.8 Nm) is obtained.

3) The correlation coefficient (k) is calculated using the 2D
and 3D EMC.

4) The equivalent stack length (Leq) was calculated by divid-
ing the stack length with the correlation coefficient.

5) The electromagnetic performance of the CMG was deter-
mined by scaling the 2D FEA results from 1) to reflect
Leq.

The proposed method can be used to predict the electro-
magnetic performance, such as torque, iron loss, efficiency,
and peak-to-peak torque, of a CMG that considers axial flux
leakage and satisfies target torque specifications by multiplying
the electromagnetic performance of the CMG per unit stack
calculated in 1) by the equivalent stack length.

C. Optimum Model

After defining the kriging surrogate model according to the
design variables, the optimization algorithm determines the
combination of design variables that minimizes the objective
function while satisfying the constraints. The optimization algo-
rithm used in this article was SQP. The SQP algorithm offers the
advantage of generality, robustness, and efficiency. Furthermore,
the second-order information regarding the problem function
can be easily integrated. Table VI lists the optimum model that
minimizes the stack length of the CMG and the peak-to-peak
inner- and outer-rotor torques. To reduce the peak-to-peak inner
rotor torque, a two-step skew of 5.625° was applied at the
mechanical angle of the inner rotor. Fig. 13 shows the inner
and outer rotor torque waveforms of the optimum design model
calculated using 3D FEA. When the outer and inner rotor rota-
tion speeds were 50 rpm and 350 rpm, respectively, the inner and
outer rotor torques were 2.41 Nm and 16.88 Nm, respectively,
and the torque density was 89.55 kNm/m3. The equation used
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TABLE VI
OPTIMIZED DESIGN RESULT OF CMG

Fig. 13. CMG torque waveforms of the optimal design model calculated using
3D FEA.

Fig. 14. Fabricated prototype CMG for validation.

to calculate the efficiency of 3D FEA is as follows:

ηFEA =
TFEA,outωFEA,out

TFEA,outωFEA,out + Piron
× 100(%), (18)

where ηFEA is the efficiency in 3D FEA, TFEA,out is the outer
rotor torque in 3D FEA, ωFEA,out is the outer rotor speed in 3D
FEA, and Piron is the iron loss in 3D FEA. Thus, the efficiency
of the optimum model calculated using (18) is 98.39%.

However, the CMG with integer gear ratios still exhib-
ited a high peak-to-peak torque electromagnetic performance.
Praslicka et al. explained that using an integer gear ratio for the
number of gear pole pair in a CMG result in an increase in the
torque ripple, whereas using a non-integer gear ratio can result
in a decrease in the torque ripple [24].

IV. EXPERIMENTAL VALIDATION

A prototype of the optimal model was developed to vali-
date the proposed design method. Fig. 14 shows the fabricated
CMG prototype used in the tests. Fig. 15 shows the measuring
equipment and CMG used for the performance testing. Fig. 16
shows the results of the torque and speed measurements. To

Fig. 15. CMG and test equipment for measuring load performance.

Fig. 16. Experimental validation result for the fabricated prototype CMG.

validate the fabricated CMG prototype, a load experiment was
conducted in which an inner rotor rotation speed of 350 rpm and
an inner rotor torque of 2.4 Nm were employed to match the
target specifications. The inner rotor speed was 350 rpm and the
inner rotor torque was 2.41 Nm. The outer rotor speed was 50
rpm, outer rotor torque was 16.33 Nm, and torque density was
86.63 kNm/m3. The equation used to calculate the experimental
efficiency is as follows:

ηEXP =
Tout,EXPωout,EXP

Tin,EXPωin,EXP
× 100(%), (19)

where ηEXP is the experimental efficiency, Tout,EXP and
Tin,EXP are the experimental outer and inner rotor torques,
respectively, and ωout,EXP and ωin,EXP are the experimental
outer and inner rotor rotation speeds, respectively. Thus, the
efficiency of the fabricated CMG prototype, calculated using
(19), was 96.21%.

Therefore, the torque ratio of the fabricated CMG prototype
was 6.78. Table VII presents the results of the comparative
analysis of the 3D FEA and the experimental measurements.
The relative error between the experimental torque and the 3D
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TABLE VII
COMPARISON OF 3D FEA AND EXPERIMENTAL

FEA torque was less than 3.26%. Furthermore, the difference
between the experimental and 3D FEA efficiencies was 2.18%.
This efficiency error occurs because the experiment considers
mechanical losses, such as bearing and winding losses, whereas
3D FEA does not consider them.

V. CONCLUSION

This article proposed and developed an electromagnetic 3D
performance prediction method and design for CMGs. To this
end, design optimization was performed on the key parameters
of CMGs. The contributions of this article are summarized as
follows.

1) The correlation coefficient was calculated through 2D
EMC without considering the axial flux leakage path and
3D EMC by considering the axial flux leakage path. The
3D performance prediction method proposed for CMGs
was analyzed by combining the performance of correlation
coefficients and 2D FEA. The computational times of the
proposed method and 3D FEA reveal that the proposed
method can reduce the computational time required to
predict the CMG performance.

2) The parameters affecting the electromagnetic properties
of the CMG were optimized. To reduce the peak-to-peak
torque, which is an electromagnetic characteristic of a
CMG with an integer gear ratio, multi-objective optimiza-
tion was performed. The optimum design resulted in a
stack length of 24.5 mm and an inner rotor peak-to-peak
torque of 1.54 Nm.

3) A CMG prototype was fabricated, and an experimental
platform was built to test the electromagnetic characteris-
tics of the CMG, such as the rotational speed and torque
of the inner and outer rotors. The results validate the
feasibility of the optimum CMG design.
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