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Abstract. Permanent Magnetic Coupling (PMC) is used in underwater vehicle to transmit torque from the
motor to propeller without leakage and friction. Output rotational speed stability of PMC is an important index
indicating the PMC output makes smaller vibration. To improve the stability of the output rotational speed,
PMC dynamic characteristic was analyzed based on Lagrange equation in this paper. The dynamic
characteristic was indicated by the angular phase generated by themaster rotor and the slave rotor. The angular
phase varied with the damping coefficient, torsional rigidity and rotational inertia of PMC. These parameters’
influence on the angular phase was analyzed and the results revealed the rules between these parameters and the
angular phase. Based on the rules, a variable damping method was proposed to control the angular phase. The
angular phase changed smoothly with this method that was used to design a variable damping controller based
on electromagnetic damping effect principle. This method was verified by theoretical calculation and finite
element analysis (FEA). Finally, a novel variable damping PMC was designed to improve the output rotational
speed stability of PMC.

Keywords: Permanent magnetic coupling / output speed stability / variable damping method /
angular phase / optimization
1 Introduction

Ocean covers about 70% of the earth surface. It possesses
abundant resources and provides us with innumerable
benefits. Humans have invented various machines to study
the ocean like underwater vehicle. In the past few decades,
ocean exploration technology has been developed rapidly
[1]. The propulsor is the power source of the underwater
vehicle. Many experts and scholars do a lot of studies on it
[2–4]. Some novel propulsors have been designed [5,6].
Despite recent progress, some problems still remain when
the propulsor is used in underwater vehicles [7]. As we all
known, the propeller and motor should be sealed with
sealing ring. Propeller shaft will wear the sealing ring, so
some complex sealed system and wear-resistant material
have been studied [8–11]. This paper mainly analyzes and
optimizes the transmission mechanism between the
propeller and motor to improve propulsor’s dependability
and life-span.
j_research@163.com
Permanent Magnetic Coupling (PMC) is a non-
contact, flexible and isolated transmission component
[12–14]. It is used in propulsor to isolate the motor from
seawater and avoid leakage [15] as shown in Figure 1a.
Propulsor with PMC have many merits than those with
traditional mechanical contact devices. At the start-up of
PMC, the angular phase between the master rotor and the
slave rotor will appear as shown in Figure 1b. Then
magnets on the rotors will generate tangential force, then
the torque from the master rotor is transmitted to the
slave rotor. At appropriate range of the angular phase,
PMC can perform best. PMC structural parameters
cannot change once PMC is manufactured, so the
appropriate structural parameters should be determined
when PMC is designed.

Magnetic force generates the torque which causes speed
ripple and torsion oscillation on the slave rotor during
startup stage. If speed ripple and torsion oscillation-which
can be indicated by the angular phase-are serious, they will
affect propulsor performance and even make propulsor fail
to work. Stable speed and small torsion oscillation which
are influenced by structural parameters, input torque, load
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Fig. 1. Permanent magnetic coupling. (a) The application of PMC; (b) angular phase in PMC.

Fig. 2. PMC structural parameters.
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and installation precision are vital to improve propulsor
performance.

Lagrange equation is usually used to analyze dynamic
characteristics of mechanism [16–18]. It can analyze
different parameters’ influence on the dynamic character-
istics by defining generalized force and generalized
coordinates which allow us to easily carry out parametric
studies and optimization. Dynamic equations derived from
Lagrange equation can avoid constraint reaction and
reduce solving difficulty, it is an effective method to
analyze PMC.

This paper has three main objectives. First, the
dynamic equations of PMC were built based on the
Lagrange equation, and the angular phase between the
master rotor and the slave rotor were chosen as the index to
analyze the output speed stability which was a basic
dynamic characteristic of PMC. Then, the influence of
structural parameters on the output speed stability was
analyzed, considering damping coefficient, torsional rigidi-
ty and rotational inertia. Eventually, according to the
parameters’ influence on the output speed stability of
PMC, a control method was proposed to control the output
speed stability and a novel PMC controller was designed
based on electromagnetic damping effect principle. In
general, the paper provided a new method to optimize
PMC which could improve propulsor’s dependability and
life-span.
2 Mathematical model

The Lagrange equation that the dissipation term is part of
generalized force is expressed as follows

d

dt

∂L
∂ _qj

 !
� ∂L
∂qj

¼ Qj ð1Þ

L ¼ T � U ð2Þ
where qj is generalized coordinates, _qj is the generalized
velocity, T is the kinetic energy, U is the potential energy,
Qj is the generalized force.
2.1 PMC structural parameters

Once PMC is installed, the installation deviations and the
assembly gap have already existed, including axial
deviation, radial deviation and angle deviation. The axial
deviation and the assembly gap have little impact on the
dynamic characteristic when amachine works, so the radial
and angle deviations need to be considered. As shown in
Figure 2, assuming that the geometric center O1 coor-
dinates of the master rotor are (x1, y1), the geometric center
O2 coordinates of the slave rotor are (x2, y2), the radial
deviation of the slave rotor is d, the angle deviation of the
slave rotor is ’, the distance from O2 to the supporting
point is l, the rotation angle of the slave rotor is a. Then
according to geometric relations, x2 and y2 can be written as

x2 ¼ x1 þ ½dþ l sinð’Þ�cosa ð3Þ

y2 ¼ y1 þ ½dþ l sinð’Þ�sina: ð4Þ
When PMC is manufactured, center-of-mass deviation

exists in the master rotor and slave rotor. Assuming that
the center-of-mass deviation of the master rotor is e1, the
center-of-mass deviation of the slave rotor is e2; the
rotation angle of the master rotor is u. The center-of-mass
coordinates of the master rotor are

xc1 ¼ x1 þ e1cosðuÞ ð5Þ

yc1 ¼ y1 þ e1sinðuÞ ð6Þ



Fig. 3. PMC simplified model.

Z. Jian and L. Kun: Mechanics & Industry 21, 406 (2020) 3
The center-of-mass coordinates of the slave rotor are

xc2 ¼ x2 þ e2 cosð’ÞcosðaÞ ð7Þ

yc2 ¼ y2 þ e2 cosð’ÞsinðaÞ: ð8Þ

2.2 Kinetic energy

The kinetic energy T of PMC consists of translational
kinetic energy TDP and rotational kinetic energy TDZ of
the master rotor and the slave rotor, as following:

T ¼ TDP þ TDZ ð9Þ

TDZ ¼ 1

2
ðJ1 þm1e

2
1Þ _u

2 þ 1

2
ðJ2 þm2e

2
2Þ _a2 ð10Þ

TDP ¼ 1

2
m1v

2
c1 þ

1

2
m2v

2
c2 ð11Þ

where m1 is the mass of the master rotor, m2 is the mass of
the slave rotor, vc1 is translational velocity of the master
rotor, vc2 is the translational velocity of the slave rotor, J1 is
the rotational inertia of the master rotor, J2 is the
rotational inertia of the slave rotor. Then based on velocity
composition law, velocity can be expressed as

v2c1 ¼ _x2
c1 þ _y2c1 ð12Þ

v2c2 ¼ _x2
c2 þ _y2c2 ð13Þ

2.3 Potential energy

Because the magnetic force is used to transmit the torque,
potential energy exists in the magnetic field which
generates the magnetic force. PMC can be simplified as
a spring coupling as shown in Figure 3. The spring stiffness
is k(u) and equals the torsional rigidity of PMC, so k(u) can
be written as

kðuÞ ¼ M=Du ð14Þ
whereM is the torque applied on PMC, Du is angular phase
between the master rotor and slave rotor.

The potential energy U1 in magnetic field is

U1 ¼ 1

2
kðuÞDu2: ð15Þ

The elastic potential energy U2 between supporting
structures and the shaft is

U2 ¼ 1

2
k1ðx2

1 þ y21Þ þ
1

2
k2ðx2

2 þ y22Þ ð16Þ

where k1 is the elastic stiffness of input, k2 is the elastic
stiffness of output.

The potential energy U of PMC is

U ¼ U1 þ U2: ð17Þ

2.4 Kinetic equations

When PMC is running, the master rotor is applied with
input torque T1 and damping force c1 _u, as the slave rotor is
applied with load torque T2 and damping force. These
torques and forces are non-potential generalized force, soQj
is

Qj ¼
T 1 � c1 _u

�T 2 � c2 _a

" #
: ð18Þ

To analyze the response characteristics between the
slave rotor and the master rotor, u and a are chosen as
generalized coordinates. Assuming that k(u) is a constant
K, then the kinetic equations of PMC can be derived from
the Lagrange equation according to equations (1)–(18), as
following,

m1e1½�sinðuÞ€x1 � cosðuÞ _u _x1 þ cosðuÞ€y1 � sinðuÞ _u _y1
þ2e1€u� þ J1

€u þKðu � aÞ ¼ T 1 � c1 _u ð19Þ

m2½dþ l sinðFÞ�{� sinðaÞ€x1 � cosðaÞ _a _x1 þ cosðaÞ€y1
�sinðaÞ _a _y1 þ ½dþ l sinðFÞ�€a}þm2e

2
2€a

þJ2€a�Kðu � aÞ þ k2½dþ l sinðFÞ�½cosðaÞ _ay1
�sinðaÞ _ax� ¼ �T 2 � c2 _a: ð20Þ

Usually, the geometric center coordinates O1 of the
master rotor are fixed and x1, y1 are constant, so the kinetic
equations can be expressed as

ðm1e
2
1 þ J1Þ€u þKðu � aÞ ¼ T 1 � c1 _u: ð21Þ

{m2½dþl sinðFÞ�2þm2e
2
2þJ2}€a�Kðu�aÞ¼�T 2 � c2 _a:

ð22Þ



Fig. 4. Prototype. (a) Test rig: 1. DC Motor, 2. Torque-speed Sensor, 3. PMC, 4. Torque-speed Sensor, 5. Magnetic Powder Brake.
(b) Schematic diagram of the test rig.

Table 1. Measured data of torque and angular phase.

Types Values

Du (rad) 0 0.027 0.054 0.081 0.107 0.134 0.161 0.188 0.215 0.241
T (Nm) 0 1.571 1.729 4.091 5.449 6.660 7.073 8.490 8.708 9.086
Du (rad) 0.268 0.295 0.322 0.349 0.376 0.403 0.429 0.456 0.483 0.523
T (Nm) 9.080 8.712 8.488 7.070 6.660 5.450 4.087 1.730 1.570 0.001

Fig. 5. Relationship between torque and angular phase.
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According to equation (22), the radial deviation d, the
angle deviation F and the center-of-mass deviation e2
have the similar effect with increasing the rotational
inertia of the slave rotor, so a total rotational inertia J can
be written as

J ¼ m2½dþ l sinðFÞ�2 þm2e
2
2 þ J2: ð23Þ

3 Results and discussion

3.1 Relationship between torsional rigidity
and angular phase

Because the relationship between torque and angular
phase is nonlinear, it is difficult to calculate theoretical
torsional rigidity. To obtain this relationship, a proto-
type experiment was carried out as shown in Figure 4.
The electromotor drove the PMC by the master rotor
and the magnetic powder brake kept the slave rotor still.
Thus the torque applied on the master rotor and the
rotating angle was measured by a torque-speed sensor.
The measurement precision was improved by averaging
the testing values.

Some measured data was listed in Table 1. The relation
curve of torque T and angular phase Du was illustrated in
Figure 5, and the fitting formula was obtained as
equation (24). According to the derivative of equation
(24), the relationship between torsional rigidity k(u) and
angular phase Du was obtained as shown in equation (25)
and Figure 6.

T ¼ 1052:9Du4� 1056:9Du3þ 189:27Du2 þ 39:312Du � 0:06

ð24Þ

kðuÞ ¼ 4217:6Du3 � 3170:7Du2 þ 378:54Du þ 39:312 ð25Þ
As shown in Figure 6, maximum torsional rigidity is

51.72 Nm/rad and the start-up torsional rigidity is about
40 Nm/rad. Because torsional rigidity cannot be negative,



Fig. 6. Relationship between torsional rigidity and angular
phase.

Fig. 7. Relationship between angular phase and damping
coefficient.
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the optimal range of the angular phase is 0–0.2 rad, and
torsional rigidity distributes mainly in 20–51.72 Nm/rad.

3.2 Angular phase calculation

The slave rotor was connected to the load like the
generator. The experiment showed that a certain damping
relation existed between load torque T2 and angular
velocity _a. Assuming damping coefficient was Cd, then T2
could be expressed as

T 2 ¼ Cd _a: ð26Þ
Then transfer function G(s) between a and u was

derived from equation (22) as

GðsÞ ¼ aðsÞ
uðsÞ ¼

K

Js2 þ CsþK
ð27Þ

where C=C2+Cd, which meant the damping effect of
output.

In the experiment, rotation speed was always invari-
able, so the rotation angle of the master rotor increased
linearly with time. Assuming that the master rotor angular
velocity was 1 rad/s, when PMC dynamic characteristics
were analyzed, it meant the unit ramp input function was
used to simulate the working state. Then the Laplace
function of the slave rotor rotation angle could be
expressed as

aðsÞ ¼ GðsÞuðsÞ ¼ K

Js2 þ CssþK

1

s2
: ð28Þ

The angular phase and its variation were important
indexes to indicate the output speed stability of PMC
[13,19]. The smooth variation of the angular phase meant
that the slave rotor could follow the master rotor steadily
[20]. The small angular phase indicated that the slave rotor
is closer to the master rotor and PMC would transmit a
bigger torque [21]. Angular phase is

Du ¼ uðtÞ � aðtÞ: ð29Þ
By actual measurement and calculation, some param-
eters were got: J=0.17 kgm2, C2= 0.1616 Nm s/rad,
Cd=1.21 Nm · s/rad. Based on Figure 6, the torsional
rigidity was set as 45 Nm/rad. The above parameters were
reference values to analyze the dynamic characteristics of
PMC.
3.3 Output speed stability analysis

Once PMC is manufactured, the rotational inertia and
torsional rigidity are fixed and the only variable parameter
is damping coefficient. Damping coefficient which was set
as C=0.1, 0.5, 1, 1.5, 2.5, 3.5, 5 Nm s/rad was used to
analyze the variation of the angular phase. Figure 7 shows
the relationships between the angular phase Du and
different damping coefficients C.

From Figure 7, when damping coefficient is less than
1.5 Nm s/rad, angular phase oscillates, whereas the
variation of the angular phase is very smooth when
damping coefficient is more than 3.5 Nm s/rad. Thatmeans
small damping coefficient causes the oscillation of angular
phase while big damping coefficient can stabilize the
variation. As time passed, angular phase tends to be a
stable value which changes with damping coefficient. With
damping coefficient rising, the start-up oscillation will
disappear and angular phase stable value will increase.

In the above analysis, the rotational inertia and the
torsional rigidity were constant. Here they are changed to
analyze the variation of the angular phase with different
damping coefficients . K=45 Nm/rad, J=0.1, 0.25 kgm2

are set and Figure 8 shows the relationship between angular
phase and damping coefficient with different rotational
inertia. J=0.17 kgm2, K=5, 60 Nm/rad are set and
Figure 8 Relationship between angular phase and damping
coefficient with different rotational inertia.

Figure 9 shows the relationship between angular phase
and damping coefficient with different torsional rigidity.

From Figures 7 and 8, the rotational inertia has no
impact on the stable value of the angular phase, whereas
the angular phase oscillates seriously with the rotational
inertia increasing. For example, when C=0.1 Nm s/rad,
the maximum oscillation amplitude is about 0.04, 0.06,



Fig. 8. Relationship between angular phase and damping coefficient with different rotational inertia.

Fig. 9. Relationship between angular phase and damping coefficient with different torsional rigidity.

Fig. 10. Relationships between angular phase and different
rotational inertias.
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0.08 rad for J=0.1, 0.17, 0.25 kgm2, respectively. It means
that a large rotational inertia is harmful to the output
speed stability of PMC.

From Figures 7 and 9, the variation of angular phase is
smoother with K=5 Nm/rad than K=60 Nm/rad, while
the stable value is bigger. That means the smaller the
torsional rigidity is, the smaller angular phase fluctuates.
That benefits the output speed stability of PMC, but will
make a larger stable value or even make angular phase out
of the optimal range.

From Figures 7–9, the rotational inertia and torsional
rigidity have no effect on the variation tendency of the
angular phase with different damping coefficients. Big
damping coefficient is good for the smooth variation of the
angular phase, but it results in a large stable value. Though
small damping coefficient can get small stable value, it
causes oscillation.

To describe the influence of rotational inertia and
torsional rigidity clearly, the following analysis was
conducted. Figure 10 shows the relationship between
angular phase and different rotational inertia when
C=1.37 Nm s/rad, K=45 Nm/rad, J=0.02, 0.05, 0.1,
0.15, 0.2 kgm2. Figure 11 shows the relationships between
angular phase and different torsional rigidities when
C=1.37 Nm s/rad, J=0.17 kgm2, K=5, 10, 15, 30, 45,
60 Nm/rad.

From Figure 10, the stable value of the angular phase is
above 0.03 rad and has nothing with the rotational inertia.
However, high rotational inertia causes more serious oscilla-
tion than the smaller one. From Figure 11, the bigger the
torsional rigidity is, the smaller the stable value is, but the
oscillation is more serious. Figures 10 and 11 further validate
the influence of rotational inertia and torsional rigidity on
angular phase, and they support the above analysis.
3.4 Output speed stability optimization

According to the above analyses, the big damping
coefficient can help get smoother variation and bigger



Fig. 11. Relationships between angular phase and different
torsional rigidities.

Fig. 12. Running process.

Fig. 13. Variable damping coefficient curve.

Fig. 14. Relationship between angular phase and rotational
inertia with variable damping coefficient.
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stable value of angular phase. Based on the variation of the
angular phase, the running process of PMC involves four
stages: start-up, separation, oscillation, and stabilization,
as shown in Figure 12. In start-up (0–0.1 s), damping
coefficient has no impact on the angular phase variation. In
separation (0.1–0.2 s), the angular phase varies with
different damping coefficients. In oscillation (0.2–0.9 s),
the small damping coefficient causes the oscillation but the
big damping coefficient makes angular phase stable. In
stability (0.9 s∼), the angular phase tends to be stable. So
when PMC begins to work, it can be set that the damping
coefficient keeps a small value in start-up, next increasing
to the maximum in the separation. Then the damping
coefficient decreases to a stable value in oscillation and
keeps the value in the stabilization. This is the method to
achieve the smooth variation of the angular phase and keep
the angular phase in the optimal range. Figure 13 is a
variable damping coefficient curve which was used to
control PMC. Based on the above analysis, start-up
damping coefficient, maximum damping coefficient and
stabilization damping coefficient were set as 0.1, 5, 1.4 Nm
s/rad, respectively. The time of start-up, separation,
oscillation and stabilization were 0–0.1 s, 0.1–0.2 s,
0.2–1.4 s, 1.4 s ∼, respectively.

Equation (25) reveals that the torsional rigidity
changes with the angular phase, so the variation of
torsional rigidity should be considered when the variable
damping coefficient curve is used. PMC dynamic charac-
teristic can be analyzed by iterative computation according
to equations (25), (29) and Figure 13. Torsional rigidity K
initial value was 40 Nm/rad according to Figure 6,
damping coefficient C initial value was 0.1 Nm s/rad
according to Figure 13, and rotational inertia J was
constant. Time step was set as 0.001 s, and the smaller time
step was, the more precise the result would be. Taking
initial values of K, C, J into equation (29), initial angular
phase was got. Then according to the initial angular phase
and equation (29), the torsional rigidity could be got and
the damping coefficient could be got from Figure 13. Step
by step like this, the variation of the angular phase was
calculated. Figure 14 shows the relationship between
angular phase and rotational inertia with variable damping
coefficient and Figure 15 shows the relationship between
torsional rigidity and rotational inertia with variable
damping coefficient.

Figure 14 shows that the variation of the angular phase
has almost nothing with rotational inertia except in
oscillation stage, and angular phase stable value close to
0.03 rad. In oscillation stage, the angular phase maximum
values appear, and their difference is less than 0.05 rad with
J increasing from 0.05 to 0.4 kgm2. From Figure 15, the
torsional rigidity shows the same characteristic and the
stable value of the angular phase close 45 Nm/rad. In
oscillation stage, the minimum values appear, and their
difference is about 15 Nm/rad. Figures 14 and 15 indicate
that angular phase and torsional rigidity vary smoothly
and their stable values are in optimal range.

To further study the influence of the variable damping
coefficients on angular phase and torsional rigidity, the
maximum damping coefficient in Figure 13 was set as



Fig. 15. Relationship between torsional rigidity and rotational inertia with variable damping coefficient.

Fig. 16. Relationships between angular phase and different
maximum damping coefficients.

Fig. 17. Relationships between torsional rigidity and different
maximum damping coefficients.

Fig. 18. Variable damping magnetic coupling.
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C_M=2, 3, 5, 7 Nm s/rad, J=0.17 kgm2. By calculation,
relationships between angular phase and different maxi-
mum damping coefficients are shown in Figure 16 and the
relationships between torsional rigidity and different
maximum damping coefficients are shown in Figure 17.
Figure 16 shows that the maximum angular
phase of C_M=2 Nm s/rad is less than the others, but
C_M=2 Nm s/rad causes oscillation compared with
C_M=3, 5, 7 Nm s/rad. The maximum angular phase is
large with big C_M, such as C_M=7 Nm s/rad is larger
0.1 rad than C_M=2 Nm s/rad. Figure 17 shows that
C_M=2 Nm s/rad has a better torsional rigidity range
than the others, and the minimum value is about 22 Nm/
rad, that is beneficial to improve the rigidity of PMC.
However, negative rigidity will appear with bigger C_M,
such asC_M=5, 7 Nm s/rad, that is harmful to the output
speed stability of PMC. In summary, the big C_M will
cause the negative torsional rigidity and the small C_M
will cause the oscillation of angular phase, so the maximum
damping coefficient in Figure 13 should be determined
according to the actual application.

3.5 Design of variable damping PMC

According to the above analysis, a suitable variable
damping method was proposed to control the output
speed stability of PMC. Figure 18 shows a novel variable
damping PMC. It includes two parts: one is the traditional
PMC, the other is a variable damping controller (VDC)
which includes copper coil, iron core, round copper plate
and controller.

The VDC is based on the electromagnetic damping
effect principle. When copper plate rotates in the magnetic
field, it will produce eddy current loss which causes



Fig. 19. FEA model of VDCC. Fig. 20. FEA result of the magnetic field.

Fig. 21. Magnetic flux density changes with current.

Fig. 22. Eddy current resistance changes with angular velocity.
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eddy current resistance [22]. Eddy current resistance is
proportional to the rotation speed of copper plate [23,24],
so the eddy current resistance can be expressed as

T ¼ aB2v ð30Þ
where B is the magnetic flux density of the magnetic field
on the copper plate surface, v is the angular velocity of the
copper plate, a is a constant related with VDC structure.

In VDC, the magnetic field is created by a copper coil
when the current flows through coil, and the magnetic flux
density B is proportional to the current [25]. Because
copper plate is very close to copper coil, it can be
expressed as

B ¼ mNIffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ ð4R2Þ

q ð31Þ

where m is the permeability, N is the number of copper coil
windings,L is the length of the copper coil,R is the radius of
the copper coil and I is the current through the copper coil.

According to the equations (30) and (31), the eddy
current resistance can be expressed as:

T ¼ bI2v ð32Þ
where b is a constant related to the parameters of VDC.

So the damping coefficient Cv generated by VDC is

Cv ¼ T

v
¼ bI2: ð33Þ

According to the equation (33), damping coefficient will
change with the current, and it is how the VDC works. To
verify the above analysis, a 3D finite element analysis
(FEA) model of VDC is constructed and analyzed by
ANSYS Maxwell, as shown in Figures 19 and 20, where
copper plate radius and thickness are 200mm, 3mm,
respectively;N is 1000; L is 50mm;R is 50mm and distance
is 1mm between copper plate surface and copper coil; the
distance is 60mm between the center of copper coil and
copper plate.

In order to analyze the relationship between magnetic
flux densityB and the current I, the current was selected as
variable. With the current increasing, the magnetic flux
density increased rapidly as shown in Figure 21. The
theoretical results of magnetic flux density were compared
with the FEA results under various currents. Their results
were very similar with each other and the relationship
between magnetic flux density and the current showed a
linear relation.

Then the relationship between eddy current resistance
and angular velocity was analyzed. The angular velocity
was selected as variable, and the magnetic flux density on
copper plate surface was set as 1T. With the angular
velocity increasing, the eddy current resistance increased
rapidly, as shown in Figure 22. The results showed a linear
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relation between eddy current resistance and angular
velocity, which was in good agreement with the
equation (30).

VDC can realize the variable damping function by
changing the current. Furthermore a suitable VDC can
control the variation of the angular phase and produce an
optimal torsional rigidity. This novel variable damping
PMC can be applied to propulsor at a varying speed and
improve the output speed stability. The presented method
is suitable to not only PMC, but also other elastic
transmission mechanisms.

4 Conclusions

PMC is an important transmission mechanism used in
propulsor, and its output speed stability is vital to
propeller. The transmission system composed of PMC is
a clutch system between the motor and propeller. In
order to enhance PMC output speed stability, PMC
dynamic equations were built based on Lagrange
equation. In dynamic equations, the impact of installa-
tion and center-of-mass deviations on PMC dynamic
characteristics were taken into account. According to the
dynamic equations, angular phase between the master
rotor and the slave rotor of PMC was calculated, which
indicated PMC output speed stability. Then it was used
as a major index to analyze and optimize PMC dynamic
characteristics.

Damping coefficient, rotational inertia and torsional
rigidity were selected as the variables to analyze the
variation of the angular phase. The results showed that big
damping coefficient was beneficial to PMC output speed
stability while it would make a big stable value of the
angular phase; small damping coefficient could make a
small stable value while it would cause start-up oscillation
which harmed PMC output speed stability. Rotational
inertia had no effect on stable value of angular phase while
it would affect start-up oscillation, and big torsional
rigidity could make a small stable value of angular phase
while it would cause start-up oscillation.

According to the impact of damping coefficient,
rotational inertia and torsional rigidity on the angular
phase, a variable damping method was proposed to control
the output speed stability of PMC and reduce the start-up
oscillation of angular phase. The angular phase varied
smoothly and PMC performed better by this way. Finally,
a novel variable damping PMC was designed, which was
based on the electromagnetic damping effect principle. The
theoretical calculation and FEA results confirmed that this
design could be realized and applied to the propulsor to
improve performance.

In the paper, a variable damping method that could
be also applied to the control of other rotating machines
was utilized to improve the performance of PMC. Then a
variable damping controller that could be mounted on
the rotating machine to improve its performance was
designed to verify the feasibility of the method. This
paper provides a reference for improving the output
speed stability of the rotating machine by the means of
variable damping.
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