
IEEE MAGNETICS SOCIETY SECTION

Received February 8, 2022, accepted March 1, 2022, date of publication March 23, 2022, date of current version March 31, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3161633

Dynamic Analysis of Surface-Mounted Permanent
Magnet Type Coaxial Magnetic Gear With
Damper Bar Considering Magnetic Field
Modulation Effect
SEOKHOON JO 1, (Student Member, IEEE), HOMIN SHIN 2, (Member, IEEE),
AND JUNGHWAN CHANG 1, (Member, IEEE)
1Mechatronics System Research Laboratory, Department of Electrical Engineering, Dong-A University, Busan 49315, South Korea
2Department of Electrical Engineering, Masan University, Changwon 51217, South Korea

Corresponding author: Junghwan Chang (cjhwan@dau.ac.kr)

This work was supported by the Railway Vehicle Parts Development Project of Korea Agency for Infrastructure Technology Advancement
(KAIA) funded by the Ministry of Land, Infrastructure and Transport of Korean Government under Grant 21RSCD-C160566-01.

ABSTRACT Coaxial Magnetic Gear (CMG) has unstable dynamic characteristics by hunting or pull-out
action of the output rotor when the load or speed are changed, unlike traditional mechanical gears.
These dynamic characteristics need to be improved in order to secure the reliability of mechanical power
transmission system by fast and accurate response. In this paper, the damper bar used in synchronous
machines is considered as a method to improve the dynamic characteristics of CMG. The Surface-mounted
Permanent Magnet (SPM) type CMG is selected as the analysis model. The space harmonics of the magnetic
flux density of stationary and rotary members of CMG namely, modulating pieces, inner and outer rotor, are
analyzed and characterized the influence of them on the improvement of dynamic characteristics as well
as torque reduction. Also, the magnetic flux density characteristics and the damping effect are compared
according to the position of the damper bars on two rotors and the modulating pieces. In conclusion, the
considerations about the perspective for design and application are presented when using the damper bar for
SPM type CMG.

INDEX TERMS Coaxial magnetic gear, damper bar, dynamic analysis, magnetic field modulation effect,
space harmonics.

I. INTRODUCTION
In applications employing rotating devices, gear mechanism
is frequently used to produce acceleration/deceleration, rota-
tional direction conversion, and rotational axis conversion,
etc. The commonly used mechanical gears transmit power
through the physical contact of the teeth. For this reason, the
use of mechanical gears creates losses in the form of fric-
tion, heat, vibration, and noise. Hence, the mechanical gears
should undergo periodic maintenance and various efforts
have been continuously executed to reduce mechanical losses
in such gears [1]–[5]. Since decades ago, some researchers
have proposed the concept of magnetic gear, which transmits
power through the magnetic field and it can be used as a solu-
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tion to overcome the drawbacks of mechanical gears [6], [7].
Although the magnetic gear can solve the disadvantages
arised from physical contact, further research on selecting the
efficient topology of the magnetic gear is needed due to their
low torque density. Among these studies, in particular, the
application of the Coaxial Magnetic Gear (CMG) topology,
proposed by Atallah et al. in 2001 significantly improved
torque density [8]. By applying themagnetic fieldmodulation
effect, the CMG can change the gear ratio and direction of
rotation of input and output rotors. Furthermore, CMG has
great advantages in fields such as wind power generation,
marine, and aerospace propulsion systems that enhance per-
formances by using counter rotating propellers [9]–[12]. For
this reason, a number of researches have been performed
with various designs and experimentations to improve the
performance of CMG [13]–[23].
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However, the advantages of non-contact operation of the
magnetic gear including CMG can also act as a source of
disadvantage in system reliability during dynamic motion.
When the stiffness of the teeth of the mechanical gear is com-
pared with the magnetic coupling force of a CMG to identify
dynamic characteristics, following problems are present.

1) As the teeth of the mechanical gears has extremely high
stiffness than magnetic coupling force of the magnetic
gears, load fluctuations or speed changes do not affect
the gear ratio of input and output sides. However, mag-
netic gears have a ‘‘hunting’ action in which the rotors
of the input and output adjust the new load angle and
speed ratio when a load change or speed change occurs.
This is an obvious disadvantage of magnetic gears in
applications that require fast response between input
and output sides.

2) In the mechanical gear, if the teeth between the input
and output gears are damaged by an overload it can-
not transmit power to the output gear. However, once
an overload occurs beyond the pull-out torque of the
CMG, the input and output are completely out of
synchronization and the state of the output gear is
unpredictable. During this asynchronous operation, the
movement of the output rotor is exposed to continu-
ously pulsating force by non-periodic magnetic field.
In addition, the modulating pieces (MPs), which are
responsible for the airgap magnetic field modulation,
produce vibration and noise due to rapid changes in
magnetic forces.

The previously stated ‘‘hunting’’ and ‘‘pull-out’’ condi-
tions also occur in synchronous machine including Perma-
nent Magnet Synchronous Machine (PMSM). Occasionally,
these machines are equipped with conductor bars called
damper bars which act as squirrel-cage winding in induction
machine [24]–[28]. These damper bars perform not only for
line starting of synchronous machine but also for improving
dynamic motion by damping of torque oscillations. This is
because of the induced current produced by the rotating
magnetic field by the stator winding current of the PMSM.
When the rotor is not synchronized with the rotatingmagnetic
field due to load and speed fluctuations, the magnetic field
induces the current to the damper bars. The induced current
creates a reaction magnetic field in the direction that prevents
the hunting and pull-out of the rotor. When the rotor is
synchronized with the rotating magnetic field again, only the
harmonics induce current in the damper bars. However, due to
the magnetic field modulation, there is an abundance of space
harmonics in the airgap magnetic flux density of CMGs, and
they have large amplitude. In particular, in the CMGwith high
gear ratio, the amplitudes of unmodulated space harmonics
are bigger than that of working harmonic occasionally. The
asynchronous harmonics including the unmodulated harmon-
ics rotate at different speed with respect to the rotor even
during the steady state and result in continuous damping
torque, which degrades the performance of the CMG.

Until recently, various studies have been conducted to
predict or improve the dynamic characteristics of CMG. The
work in [29] investigated the dynamic behavior of CMG
according to the operating conditions such as start-up, abrupt
load change, and dynamic pull-out condition using an analyti-
cal model. The researches in [30], [31] performed the study to
predict the dynamic behavior with a block diagram by mod-
eling the motion equation of CMG. The works in [32]–[34]
suggest the application of damper bars in CMG. However,
state of the art research does not provide information on how
the magnetic field modulation characteristic is effected by
the use of damper bar in CMG. They only include topology
comparison and parametric study to enhance the dynamic
characteristics of the CMG with damper bar. In addition,
although the CMG can have three rotary members namely,
MPs, inner and outer rotor, these papers have presented stud-
ies of inserting damper bars into the inner rotor only with-
out proper explanations. However, due to the magnetic field
modulation, an abundance of space harmonics is generated
in the airgap, Back Yoke (BY) of both rotors as well as MPs,
and the amplitudes, angular velocities, and the orders of these
space harmonics have different characteristics depending on
the positions of the CMG. Thus, the effect of space harmonics
on the electromagnetic performance of the CMG should be
analyzed considering the location of damper bars.

Figure 1 shows the proposed magnetic gear models which
are the Surface-mounted Permanent Magnet (SPM) type
CMGs with damper bars in the inner rotor BY, outer rotor
BY and MPs. Table 1 shows the basic specifications of the
analyses models. Each model uses the inner rotor as input, the
outer rotor as output, and theMPs as fixed modulator, respec-
tively. As shown in Figure 1, the SPM type CMGs which
geometric values are completely same are divided into 4 cases
to compare how their dynamic characteristics vary depending
on the location of damper bars. In the Case IV having the
damper bars in MPs, the damper bars are positioned in the
center of all MPs. The reason why other cases have damper
bars behind the PM will be described in a following chapter.
Although the analysis results may appear differently when
the shape, size, and the number of damper bars changes, this
paper focuses on the dynamic characteristics according to the
position of damper bars for each rotor. In the analyses of this
paper use 2D Finite Element Analysis (FEA) method using
2D models of Figure 1. The space harmonic characteristics
of magnetic flux density and damping effect of four different
models are analyzed through the dynamic analyses and are
organized as follows.

(1) Through the analyses of the magnetic flux density dis-
tribution at BY& airgap, the amplitudes, angular veloc-
ities and orders of the space harmonic components are
separated.

(2) The magnitude and frequency of the magnetic flux
density with time at the inner & outer BY and MPs
under the steady state are analyzed to identify the effect
of each space harmonics with time.
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(3) The damping effects on the gear performances are com-
pared under different conditions, namely, steady state
and transient state including blocked inner rotor.

A detailed step by step descriptions of each analysis are
mentioned in the following sections.

II. MAGNETIC FLUX DENSITY CHARACTERISTICS
A. PRINCIPLE OF THE MAGNETIC FIELD MODULATION
EFFECT
In CMG, the radial component of modulated magnetic flux
density in the airgap is defined by multiplying of the magne-
tomotive force (MMF) by the permanent magnet (PM) and
the permeance function of the MPs as follows [8].

Br (r, θ) =
∑
m

Frm cos {mp (θ − ωPM t)+ mpθ0}

·

[
Pr0 +

∑
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·
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 (1)

where, Prk is the k order space harmonic amplitude of perme-
ance distribution, Frm is the m order space harmonic ampli-
tude of MMF, m and k are the space harmonic orders of
the MMF and permeance function, p and ns are the number
of rotor pole pair and MPs, ωPM and ωMPs are the angular
velocity of rotor and MPs, respectively. As shown in (1),
the order and angular velocity of each space harmonic areas
follows [8]

pm,k = |mp± kns| (2)

ωm,k =
mp

mp± kns
ωPM ±

kns
mp± kns

ωMPs (3)

In particular, since the magnitude of the harmonic component
modulated with the order of m = 1, k = −1 is dominant
in the airgap, it is used as a torque producing harmonic,
called working harmonic. Among the space harmonics, only
the working harmonic produced by on side rotor is in syn-
chronization with the other side rotor and contributes to the
useful torque production. The space harmonic orders of the
analyses models determined by (2) are summarized in Table
2. Figure 2 is the schematic illustration showing induced

FIGURE 1. Proposed magnetic gear models considering damper bar
locations.

TABLE 1. Basic specifications of analyses models.

current on the damper bar. It is assumed that only the radial
components of the magnetic flux density induce current on
the damper bar and it can be expressed as (4)

8ind =

∫
Adamper

Bmod · dA (4)

where,8ind , Bmod , dA are the magnetic flux that induces the
current in the damper bar, modulated magnetic flux density,
and a differential surface element enclosed by the damper
bars, respectively.

B. SPATIAL MAGNETIC FLUX DENSITY DISTRIBUTION ON
BY & AIRGAP
Figure 3 shows the radial flux density characteristics of the
inner and outer part of the Case I, where Figure 3(a) and (b)
are the flux density distributions in both airgaps and rotor
BYs, Figure 3(c) and (d) are their harmonic spectral, respec-
tively. In Figure 3, mh and ml are the harmonic orders intro-
duced by the inner and outer rotor PMs, respectively. The
magnitude of each space harmonics is significantly decreased
when it passes through the airgap and reaches the BY of the
opposite side rotor. The main characteristic difference in the
space harmonics between the inner and outer rotor BY is the
magnitude and the ratio of the unmodulated harmonics to
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FIGURE 2. Schematic illustration showing induced current on the damper bar.

FIGURE 3. Radial flux density characteristics of Case I, (a) flux density distribution at the inner BY and airgap (b) flux density distribution
at the outer BY and airgap (c) spectral analysis of flux densities at inner BY and airgap (d) spectral analysis of flux densities at outer BY
and airgap.

TABLE 2. Space harmonic orders in the airgap and BY of the analyses models.

the working harmonic. As shown in Figure 3(c), the working
harmonic component, ml = 1, k = −1 is dominant com-
pared to the other space harmonics at inner airgap whereas
the unmodulated harmonic component, mh = 1, k = 0 is
dominant at the outer airgap, shown in Figure 3(d). This is
due to the gear ratio of the CMG model used for the analyses
which is 5.5. In the CMG with high gear ratio, the difference
in the number of poles between the inner and the outer rotors
is large. As a result, the PMs of the inner rotor with a low num-
ber of poles influence more significantly to the outer airgap
due to abundant magnetic flux and the long flux path. This

is the cause of the production of the unmodulated harmonic
with higher amplitude than that of the working harmonic at
the outer airgap.

C. TEMPORAL FLUX DENSITY DISTRIBUTION ON BY &
MPs
Figure 4 shows the analyses points to measure the variation
of the magnitude and frequency of the magnetic flux density
with time at the inner BY, outer BY and MPs in Case I.
Figure 5(a), (b) and (c) are the variations of the magnetic
flux density in the steady state based on the analyses points

VOLUME 10, 2022 33619



S. Jo et al.: Dynamic Analysis of SPM Type CMG

in Figure 4. The point 1 and 2 are the locations on BY behind
the center of PM and the pole transition region, respectively.
The variation frequencies for the magnetic flux densities in
Figure 5 are determined by the relative speed between the
rotor and the magnetic flux density harmonics as follows

ωrelative =
∣∣ωm,k − ωrot

∣∣ (5)

where, ωrot is the angular velocity of the rotor for the calcu-
lation of ωrelative. Then, the variation frequency of the radial
magnetic flux density is expressed as follows

fBr =
{ωrelative · pm,k

2π

}
(6)

To investigate on how the variation of the space harmonics
affects the BY during the operation of the CMG, the magnetic
flux density variationwith time on the outer BY is considered.
The variations of the magnetic flux density on the outer BY
is caused by the inner rotor PM. Accordingly, ωPM in (3)
is 1500 RPM, which is the rotational speed of the inner rotor
in the steady state. Also,ωMPs equals to zero because theMPs
in the analysis models are stationary. Now using (3) and (5),
following analyses results can be reached

1) The rotational speed of the unmodulated harmonic with
highest amplitude is determined as

ω1,0 = ωPM = ωin (7)

where, ωin is the rotational speed of the inner rotor.
Then, ωrelative is calculated with the rotational speed of
the outer rotor, ωout as follows

ωrelative_1 =
∣∣ω1,0 − ωout

∣∣ = ωin + ωout (8)

When the MPs are stationary, the inner and the outer
rotors rotate in counterrotating manner. Therefore, the
relative speed between the unmodulated harmonic and
the outer rotor, ωrelative_1 is always the sum of the
speeds of the two rotors. For this reason, when input
side of the CMG is rotated, the relative speed of the
unmodulated harmonic is bigger than the input speed
all the time and as the input speed is getting faster, the
influence of the unmodulated harmonic on the electro-
magnetic performance of the CMG with damper bar at
the outer BY becomes greater.

2) The rotational speed of the modulated harmonic with
highest amplitude, working harmonic in the steady
state is determined as

ω1,−1 = ωout (9)

Thus, using (5) and (9), the relative speed between the
working harmonic and the outer rotor, ωrelative_2 is zero
in the steady state as follows

ωrelative_2=
∣∣ω1,−1 − ωout

∣∣=ωout−ωout=0 (10)

Unlike the unmodulated harmonics, the relative speed
caused by working harmonic only arises when the
steady state is interrupted by mechanical loading or
speed changes

FIGURE 4. Analysis point to measure magnetic flux density with time.

FIGURE 5. Variation of the radial magnetic flux density over half
mechanical period of the inner rotor in the steady state operation
(a) inner BY (b) outer BY (c) MPs.

Therefore, the variation of the magnetic flux density in
Figure 5(a) and Figure 5(b) are only caused by the asyn-
chronous harmonics including the unmodulated harmonics.
Also, by checking the harmonic frequency using (6), it is clear
that the most influential harmonic among the asynchronous
harmonics at the outer BY is the unmodulated harmonic,
mh = 1, k = 0 in the steady state, and it is calculated as
118.2 Hz as shown in Figure 5(b). When the above process
is applied to the inner BY, the most influential harmonic is
ml = 1, k = 0 in the steady state, and it is calculated as
650 Hz as shown in Figure 5(a).
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Meanwhile, the relative speed between the MPs and the
magnetic flux density harmonics is calculated differently.
The magnetic fluxes coming from the one side PMs reach
the other side airgap after passing through the fixed MPs.
Unlike the inner and outer rotor BYs, only the unmodulated
harmonic component exist inside theMPs. Accordingly, from
(2) and (3), the order and speed of each space harmonic in
MPs are expressed as follows

pm,k = mp (11)

ωm,k = ωrot (12)

Considering (5) and (12), ωrelative between the harmonics
by the inner rotor PM and the MPs is equal to the ωin.
Similarly, ωrelative between the harmonics by the outer rotor
PM and the MPs is equal to the ωout . Considering (6) and
(11), the product of ωin and mh is same as the product of ωout
and ml . In the steady state, the unmodulated harmonics of
each rotor, which have the same order of m, form the same
variation frequency in the MPs. As shown in Figure 5(c),
the dominant frequency in MPs is identified as 100 Hz, and
formed by them = 1 harmonics of each rotor PMs. As shown
in Figure 5(a), (b) and (c), the magnitudes of the magnetic
flux density variation with time is the largest in the MPs and
the smallest in the inner BY. For this reason, the damper bar
current in Case IV of Figure 1 can be higher than those in
other damper bar models. Consequently, the torque reduction
is also expected to be higher for Case IV.

Meanwhile, the magnetic saturation influences the vari-
ation of the magnetic flux density at the BY with time.
As shown in Figure 5(a) and (b), the magnetic flux density
at point 1 corresponding to the position behind the center of
PM, has higher fluctuation than point 2, the pole transition
region. Based on this observation, the damper bar position
of BY is selected behind the center of PM. Therefore, The
damper bars of MPs are located in all MPs, and one damper
bar is located in the center of each MPs.

III. DYNAMIC MODELING OF OUTER ROTOR
The outer rotor should be dynamically modeled to determine
how the damper bar influences the mechanical output. The
dynamic equation of motion of the outer rotor is shown below

T − TL = J
d2θ
dt2
+ B

dθ
dt
+ Kθ (13)

where T , TL , J , B, K , θ is the outer rotor torque, the load
torque, the moment of inertia of outer rotor, the viscous
friction coefficient, the torsional spring coefficient and the
mechanical angle, respectively. The dynamic modeling pro-
cedure is composed of following steps

1) J is calculated using the dimension and the mass of the
2) outer rotor as shown in Table 3.
3) The hunting action of outer rotor is equivalized as

spring movement. Thus, K of outer rotor is calcu-
lated by measuring the pull-out torque in electrical half

FIGURE 6. Stiffness coefficient calculation method by linearizing of the
pull-out torque.

TABLE 3. Specifications for the moment of inertia of the outer rotor.

period as shown in Figure 6 [30]–[32].

K =
Tpullout
θk

(14)

where Tpullout and θk are the pull-out torque and
mechanical angle of electrical half period of outer rotor,
respectively.

4) As for the friction element of magnetic gear, only the
bearing friction with light damping is considered hav-
ing damping ratio ξ given as

ξ =
B

2
√
JK

(15)

IV. DAMPER BAR EFFECT ANALYSIS
A. STEADY STATE ANALYSIS
Figure 7 shows the steady state analysis of the Case I which is
the model without damper bar with Figure 7(a) showing the
inner and outer rotor torque and Figure 7(b) showing the inner
and outer rotor angular velocity, respectively. From Figure 7,
the two rotors are kept at the full load angle and rotated at a
set speed, 1500 rpm for the inner rotor and 272.72 rpm for
the outer rotor. The full load torque of Case I for the inner
and outer rotors are 6.5 N.m and 35.9 N.m, respectively. Fig-
ure 8(a) and (b) show the outer rotor torque and the induced
current in one bar for the three models with damper b ars,
respectively. For Case II, III, and IV in Figure 8, the analysis
conditions are same with the steady state analysis of Case I.
The full load average torque and damper bar current values
are summarized in Table 4. For the comparison of the analyses
results, the amplitudes of current of damper bars represents to
the root mean square values of dominant harmonic.

In the steady state, as already shown in Figure 5, the
source of variation of the magnetic flux density in each BY is
not the working harmonic, but the asynchronous harmonics
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including the unmodulated harmonics. Thus, the dominant
harmonic component inducing the current on the damper bars
is the unmodulated harmonic, havingmh = 1, k = 0. In Case
II, the variation of the magnetic flux density with time is
small as shown in Figure 5(a), and thus the induced current
is negligible as 0.03Arms, shown in Figure 8(b) and Table 4.
Therefore, the torque of Case II is almost same with Case
I. In Case III and Case IV, however, the induced currents in
the damper bar are 294.8Arms and 687.4Arms. These induced
currents act as losses in the steady state and result in the
reduction of the output torque. Compared to the full load
average torque of Case I, Case III is decreased by 6.4% and
Case IV decreased by 14.2%. As the induced current in the
damper bar increases, the transmitted torque decreases.

For the CMG models with high gear ratio, such as in this
paper, the difference of the magnetic flux density character-
istics between the inner and outer rotor BYs is even greater.
The inner rotor BY has a relatively smaller amplitude of
space harmonics compared to the outer rotor BY. Besides, the
dominant harmonic component of the magnetic flux density
of inner rotor BY is the working harmonic. However, the
outer rotor BY has a relatively higher amplitude of space
harmonics and the unmodulated harmonic among the asyn-
chronous harmonics is dominant. Therefore, in the steady
state, the amplitude of induced current in Case III, which
has the outer rotor damper bar is much larger than that in
Case II, where the damper bars are placed on the inner rotor.
On the other hand, the stationary MPs are not synchronized
with any magnetic flux density harmonic component and the
amplitude of the variation of magnetic flux density with time
is the largest compared to the inner and the outer rotor BYs.
Thus, in the steady state, the amplitude of the induced current
in Case IV, which has damper bars on MPs, is the largest.

B. TRANSIENT STATE ANALYSIS WITH BLOCKED INNER
ROTOR
Figure 9 shows the settling time analysis of Case I when the
inner rotor is blocked. Figure 9(a) shows the torques of the
inner and outer rotors and Figure 9(b) represents the angular
positions of inner and outer rotors. The analysis is composed
of following steps

(A) Fixing the inner and outer rotors to full load angle
(B) Releasing the outer rotor only

Following steps (A) and (B), the outer rotor produces spring
movement by generating torque as shown in Figure 9(b).
Since there is no external input, the torques in both rotors
are converged to zero and the outer rotor is positioned to
the noload angle. The settling time is defined as the time
required for the torque curve to reach and stay within a range
of 2% of the final torque [35]. Figure 10 shows the settling
time analysis of Case II, III, and IV with the same analysis
condition of Case I. Figure 10(a) and (b) show the torque and
angular position of the outer rotor. Similarly, Figure 10(c) and
(d) show the torque and angular position of the inner rotor,
respectively.

As confirmed from the CMG’s magnetic flux density char-
acteristics, once the CMG rotates, the asynchronous harmon-
ics varies with time in the BY irrespective of the changes
in load angle. In particular, the most dominant compo-
nent among the asynchronous harmonics is the unmodulated
harmonic. In this case, considering (5), the relative speed
between this harmonic and outer rotor, ωrelative_1 is same
as the speed of the outer rotor due to the stationary inner
rotor. Therefore, it is clear that the effect of asynchronous
harmonics is the smallest at this analysis situation. Once the
inner rotor starts to rotate, ωin increases, and the ωrelative_1 is
getting increased.

However, the relative speed of the working harmonic and
the outer rotor, ωrelative_2 is not affected by the input speed.
The asynchronization between the working harmonics and
the outer rotor exists only during the changes in load angle.
For this reason, the transient state analysis with blocked inner
rotor is the best way to minimize the effect of asynchronous
harmonics while holding on the effect of the working har-
monic. The settling time by the damping effect in each case
is compared with Table 5. Considering the Figure 10 and
Table 5, each case can be analyzed as follows

1) Case II: As shown in Table 5, the damping effect is neg-
ligible and the settling time is not changed compared to
Case I. This signifies theworking harmonic effect to the
damper bar in Case II is too small to affect the settling
time. Considering the results of the steady state analysis
from Figure 8 and Table 4, it can be expected that the
asynchronous harmonics in Case II also have negligible
effect on damper bars even under the application of the
input speed.

2) Case III: As shown in Table 5, although the damping
force affects the settling time, it only reduces by 0.8%
compared to Case I. This means the working harmonic
induces the small current on the damper bar. However,
considering the steady state analysis from Figure 8, the
damping effect can be increased by the asynchronous
harmonics when the input speed is applied.

3) Case IV: The reduction rate of settling time due to the
damping effect is 11.8%, which is the largest among the
three cases. In MPs, all magnetic flux density harmon-
ics stay unmodulated and have significant magnitude
than those of the inner and outer rotor BY. Therefore,
the variation of the magnetic flux density with time is
the highest compared the other two cases. As a result,
the settling time improvement is the best.

C. TRANSIENT STATE ANALYSIS WITH LOAD CHANGES
Figure 11 shows the settling time analysis of Case I with
load changes. Figure 11(a) and (b) show the torque and the
rotational speed of the inner and the outer rotors. The analysis
is composed of following steps

(A) Applying a load of 5 N.m to the outer rotor of the CMG
operating on the steady state
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FIGURE 7. Steady state analysis of Case I (a) torque of inner and outer rotor (b) rotational speed of inner and outer rotor.

FIGURE 8. Steady state analysis of Case II, Case III, and Case IV, (a) torque of outer rotor, (b) induced current of one bar.

TABLE 4. Specifications for the moment of inertia of the outer rotor.

(B) Maintaining the load until the speed of outer rotor is
stabilized

(C) Applying an additional load of 10 N.m to the outer
rotor and keeping the state until the speed of outer rotor
stabilizes.

Following steps (A) - (C), the outer rotor produces hunting
around the steady state speed while the inner rotor is kept at
the constant speed of 1500 RPM. as shown in Figure 11(b).
In this analysis, the equation of motion includes the fric-
tion torque of ball bearings according to the rotor speed.
Figure 12 shows the settling time analysis of Case II, III,
and IV. Figure 12(a) and (b) show the torque and rotational
speed of the outer rotor. Similarly, Figure 12(c) and (d) show
the torque and rotational speed of the inner rotor, respec-
tively. Also, the analysis conditions are same with the set-
tling time analysis of Case I in Figure 11. The damping
effect of dynamic state in each case are summarized in
Table 6.

Considering (5), It is obvious that the relative speed
between the unmodulated harmonic and the outer rotor,

ωrelative_1 can be increased with the rotational speed of the
inner rotor. For this reason, through this analysis, it is possible
to confirm the damping effect caused by the asynchronous
harmonics due to the increase of the inner rotor speed. Also,
the important consideration of this analysis is that the damp-
ing effect by the working harmonic occurs only when the
load angle fluctuates, and it is same as the transient state
analyses with blocked inner rotor. Therefore, the difference in
the reduction rate of the settling time in Table 5 and Table 6 is
caused by the effect of the asynchronous harmonics with
increased rotational speed of the inner rotor. Considering the
Figure 12 and Table 6, each case can be analyzed as follows

1) Case II: As shown in Table 6, the settling time is not
reduced compared to the Case I. The unmodulated
harmonics does not create enough damping effect to
influence the settling time.

2) Case III: As shown in Table 6, the settling time is
reduced by 3.2% compared to the Case I. With the
comparison to the results in Table 5, the reduction rate
of the settling time increases from 0.8% to 3.2%. The
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FIGURE 9. Settling time analysis of Case I when the inner rotor is blocked: (a) torque of inner and outer rotor (b) angular position of inner and
outer rotor.

FIGURE 10. Settling time analysis of Case II, Case III, and Case IV when the inner rotor is blocked: (a) torque of outer rotor (b) angular position of
outer rotor (c) torque of inner rotor (d) angular position of inner rotor.

TABLE 5. Analyses results of settling time with blocked inner rotor.

increase in this reduction rate is due to the increase
in the damping effect of the unmodulated harmonic.
However, the required torque in the inner rotor to pro-
duce the same load torque is also increased by 2.1 times
compared to the Case I. It is clear disadvantage that the
ratio of torque reduction is greater than the settling time
reduction.

3) Case IV: The reduction rate of the settling time is
12.8%, the largest reduction among the three cases.
However, the required torque of the inner rotor is also
increased by 3.5 times. Due to the magnetic flux den-
sity characteristics of stationary MPs, Case IV has the
highest torque reduction by the induced current of the
damper bar.
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FIGURE 11. Settling time analysis of Case I with load changes: (a) torque of inner and outer rotor (b) rotational speed of inner and outer rotor.

FIGURE 12. Settling time analysis of Case II, Case III, and Case IV with load changes: (a) torque of outer rotor (b) rotational speed of outer rotor
(c) torque of inner rotor (d) rotational speed of inner rotor.

TABLE 6. Analyses results of settling time with load changes.

From the analyses results, the inner BY damper bar model
does not show significant effect on the torque reduction
and settling time improvement. The MPs damper bar model,
however, shows the largest settling time and torque reduc-
tions among the three analyses models. Finally, the outer
BY damper bar model also shows both torque and settling

time reductions which are in between the MPs and the inner
BY damper bar models. Therefore, considering the damping
effect of the magnetic gear, the superior characteristics are in
the order of the MPs damper bar model followed by the outer
rotor BY and inner rotor BY damper bar models, respectively.
However, the transmitted torque reduction caused by the
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induced current on the damper bars should also be consid-
ered during the operation of the magnetic gear. The torque
reduction increases as the damping effect improves.

V. CONCLUSION
In conclusion, by the comprehensive analysis of the influence
of damper bars on CMG characteristics, the space harmonics
of the magnetic flux density, settling time of the output rotor
and reduction of the transmitted torque by the damping effect
are characterized and the results can be summarized as fol-
lows

1) The asynchronous harmonics not only reduce the
steady state torque but also affect damping effect during
the transient states of outer rotor. As the rotor speed
increases, the torque reduction and the damping force
increase simultaneously. However, the working har-
monic does not induce the current in the damper bar in
the steady state of the rotor. It can induces the current
in the damper bar when the load angle is only changed.

2) The damping effect of SPM type CMG is analyzed for
three different cases depending on the positions of the
damper bars. In the case of the inner rotor BY, the
variation of magnetic flux density with time is small,
and both the torque reduction and the damping effect
are negligible. The outer rotor BY damper bar model
shows both torque and settling time reductions which
are in between the inner rotor BY and MPs damper bar
models. It should be considered in the outer rotor BY
damper bar model that the ratio of transmitted torque
reduction is greater than the settling time reduction.
The MPs damper bar model has the largest effects in
both of the settling time and torque reduction among
three analyses models. When considering the settling
time only, MPs damper bar model is the best, but the
torque reduction is also the highest.

3) The torque reduction caused by asynchronous harmon-
ics is proportional to the rotational speed. Therefore,
the damper bars should be used cautiously during the
high speed applications of the CMG.
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