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Abstract: Underwater radiated noise from anthropogenic structures must be reduced to protect
the marine environment. Active vibration isolation that can reduce noise generated from vibration
sources by providing counteracting forces can solve this issue. This paper presents a 120 N class
electromagnetic inertial mass linear actuator for an active vibration control system in a large ship.
The proposed actuator is operated based on the Lorentz force, also known as electromagnetic force.
To achieve a high thrust force to weight ratio, a permanent magnet with outer radial magnetization
is used. In order to design and analyze the proposed model, a simple magnetic equivalent circuit
analysis was first conducted to achieve an appropriate force, and its value was compared and verified
with the magnetostatic finite element method. The dynamic characteristics of the actuator were then
evaluated, and the performance was analyzed at various operating frequency points. The bobbin
housing supporting the coil causes an eddy current loss due to materials with electrical conductivity.
As a result, the damping force is generated by the reduction in magnetic flux, and the control force
tends to decrease.

Keywords: active vibration isolation; inertial mass linear actuator; electromagnetic actuator; magnetic
equivalent circuit; ship engine vibration and noise

1. Introduction

Underwater radiated noise (URN), which refers to the increase in ambient noise levels
caused by large ships, is an important issue in the marine environment [1-3]. Prolonged ex-
posure to high levels of URN can lead to significant impact on marine mammals. Moreover,
high levels of URN during naval operations are easily detected by sonar. Some primary
noise sources of a large ship are propellers with cavitation on the blade, the hull, generators,
the engine, and auxiliary machinery and equipment. In particular, vibration and noise
generated from an engine that requires a high-power output to rotate the propeller of a ship
are considerable. Ships are commonly equipped with mechanical hydraulic systems as a
steering gear to control propeller direction. Hydraulic systems also generate high vibration
with low-frequency noise from pressure fluctuations [4]. The vibrations and noise from
ships propagate through the ship’s structure as structure-borne noise (SBN) and into the
water as URN [3].

To minimize vibration and noise from an engine or machinery in maritime applications,
vibration isolation systems have been widely used. Vibration isolation systems are broadly
divided into passive vibration isolation (PVI) systems and active vibration isolation (AVI)
systems [5]. PVI systems, such as a spring mount and rubber mount, are structurally simple
and inexpensive, but provide vibration isolation for a limited frequency range only. PVI
systems are operated by designing these passive control frequency ranges to be as close
as possible to the vibration frequencies of machinery [6]. On the other hand, AVI systems
with an actuator can address a wide range of vibration frequencies and amplitudes and
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provide monitoring and diagnostics using real-time sensors to check whether there is a
malfunction situation or not [7-9]. Although AVI systems offer significant advantages
compared to PVI systems, they also have disadvantages, such as complex inner structures
and control algorithms. Most maritime applications of vibration isolation systems consist
of a hybrid isolation system combining PVI and AVI systems, as this offers advantages
in terms of overcoming a complex structure and high cost [10-16]. In a hybrid isolation
system, a PVI system is used to support heavy machinery, while an AVI system is used
to attenuate the engine vibration. Furthermore, if the AVI system malfunctions, the PVI
system can continually conduct vibration attenuation.

There are various types of actuators, such as piezoelectric actuators, hydraulic and
pneumatic actuators, electromagnetic inertial mass actuators, etc. [17]. Piezoelectric actua-
tors have the highest precision resolution but can easily break [17,18]. While hydraulic and
pneumatic actuators can control large machinery, they require large equipment that is not
applicable for limited spaces, such as on a large ship. In addition, they have low resolution
and difficulty controlling high-frequency region. Although high-frequency vibrations can
be control by using servo valves or proportional directional control valves, these need more
complex and large volume.

Electromagnetic actuators, meanwhile, have relatively lower precision resolution
than piezoelectric actuators. However, they offer greater strength to external shocks than
piezoelectric actuators. Large ships or other marine applications can undergo rapid engine
acceleration or unexpected external impulse loading by shock waves to the hull of a ship.
Compared to hydraulic and pneumatic actuators, electromagnetic actuators can control the
high-frequency region. Therefore, considering high strength with high precision resolution
and the wide frequency control region, an electromagnetic actuator is selected for an AVI
system for a large ship in this work. The concept of an AVI system with an electromagnetic
actuator in a large ship is illustrated in Figure 1. The AVI system generates anti-phase
counteracting dynamic forces to the engine vibration. The amplitude and frequency of
external vibration detected by a real time sensor are transmitted to the controller and, based
on this, the controller adjusts the frequency and current amplitude of the amplifier.

+

ropeller
Vibration control

| Amplifier |4—| Controller | W W W W W W

URN DC voltage

Ocean AVI system

Figure 1. Conceptual illustration of active vibration isolation system in a ship.

Electromagnetic actuators based on the Lorentz force can be divided into moving
voice coil actuators (VCMs) [19-21] and moving inertial mass actuators (IMAs) [22-24].
Structurally, the IMAs and VCAs are similar in appearance, as shown in Figure 2. However,
the moving part of a VCA is the coil part, as shown in Figure 2a. On the other hand, the
coil part of the IMA as shown in Figure 2b is fixed, and the solid core and PM are used as
the moving part to generate inertial mass force. An IMA typically consists of a mass that is
mechanically connected to a load and can be accelerated or decelerated to create a force. It
can generate higher force compared to a VCA by using an inertial mass; an IMA is, thus,
more suitable for applications that require high force.
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Figure 2. (a) Schematic diagram of VCA; (b) schematic diagram of IMLA.

This work mainly focuses on the electromagnetic design and analysis of an inertial
mass linear actuator (IMLA) for an active vibration isolation system. First, the configuration
and operation principle of the proposed IMLA are explained. Second, the generated Lorentz
force of the proposed IMLA is predicted and analyzed by a simple magnetic equivalent
circuit (MEC). The predicted Lorentz force is compared with the results of a finite element
method (FEM). Finally, dynamic characteristics are evaluated for the eddy current damping
effect in the bobbin housing, solid cores, and permanent magnet (PM). The results show
that the damping effect of the bobbin is significant, which leads to a decrease in Lorentz
force from the coil parts.

2. Proposed Inertial Mass Linear Actuator for Active Vibration Isolation Mount

The proposed IMLA, as shown in Figure 3a, has a cylindrical shape with winding
(coil) with the bobbin housing, an outer radial magnetized PM, and a solid core. It must be
designed within a constraint volume of 90 x 90 x 110 mm? (x-y-z axis direction as shown
in Figure 3a, respectively). The proposed IMLA is concerned with a three-axis direction
active vibration isolation system that utilizes three IMLAs, which means they are used
as multiple vibration isolators. Here, the bobbin housing and winding are the fixed part,
whereas the PM and solid core are the moving part. When Lorentz force is generated in the
winding, the reaction force is transmitted to the moving part. The moving part is combined
in parallel with a circular plate spring connected with the load part.
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Figure 3. (a) Two-dimensional model of the proposed IMLA; (b) electric equivalent circuit of the
proposed IMLA.
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High inductance can cause a slow time constant, which can limit the overall perfor-
mance. Thus, to reduce inductance, two parallel connections to the upper and lower parts,
as illustrated in Figure 3b, are configured. Back-electromagnetic force (EMF) is induced in
the winding when operating the moving part by changing the magnetic field of the PM.

Table 1 presents the required specifications for the proposed IMLA. Operation of precision
control requires an operating force of at least 120 N at an operating frequency three times
higher than the natural frequency f, of the proposed IMLA. To achieve a high power per unit
volume, neodymium, a PM material that has high residual flux density, was selected.

Table 1. The required specifications of the proposed ITPA.

Items Value Remark
The required load force (N) 120 Over 3f,
Operating frequency (Hz) 3fu~400
Solid core Carbon steel (S20C)
Winding Copper
Materials PM Neodymium N48 (80 °C)
Bobbin housing Aluminum

—
The force of the proposed IMLA is based on the Lorentz force F,(t), which is defined
as follows:

F(t) = Ni(t) , (d? < B(#)
= Ni(t) [, B(t)dlsin

¢y

where N is the number of turns of the coil, i(t) is the coil current, ! is the coil length, B()
is the magnetic flux density through the coil, and 8 is the angle between the magnetic
flux density and the current flow direction in the coil. Here, the maximum Lorentz force
is generated when 6 = 90° or —90° for the same amplitudes of the other parameters in
Equation (1). Because the proposed IMLA requires Z-direction force, it is structuralized as
shown in Figure 3a.

3. Lorentz Force Prediction of the Proposed IMLA by a Magnetic Equivalent Circuit
with a Magnetostatic Analysis

The Lorentz force determined by Equation (1) can be quickly predicted from the
magnetic flux obtained by a MEC [24-26]. Therefore, for a magnetostatic analysis, a simple
MEC analysis was conducted to elucidate the electromagnetic phenomenon and analyze
the approximate Lorentz force of the proposed IMLA. For the MEC analysis, the following
three assumptions are considered.

Assumption 1: The relative permeability of solid core is considered as a linear value of linear region
of the solid core material.

Assumption 2: The relative permeability of the coil and bobbin housing is equal to air.
Assumption 3: The PM magnetization direction is along the X-direction.

The equivalent circuit model of the PM that can be expressed both as a flux source and
as a magnetomotive force (MMF) source can be expressed as shown in Figure 4. For the
MEC in this work, an MMF source is selected. The MMF of PM F,, is defined as follows:

B
fm_ 4

= h 2
HoMrm " @

where B, is the PM residual flux density, p is the vacuum permeability, ¢, is the PM
relative permeability, and &, is the PM height.
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Figure 4. The equivalent circuit model of the PM.

The total MEC model of the proposed IMLA considering the leakage flux of the PM is
illustrated in Figure 5, where 9.1 ~ 12 are the reluctances of solid cores, R,j1 ~ Ryipq are
the reluctances of the air gap containing the bobbing housing and winding, R,;,1 ~ Rpmy are
the reluctances of the PMs, F ;1 ~ Fpmy are the MMF of the PMs, and F;; ~ Fyp are the
MMF of the windings. The width of the coil is smaller than that of the PM, and leakage flux,
which does not generate a Lorentz force because it does not cross the coil, exists at the edges
of both sides of the PM. The total MEC model without PM leakage flux shows that there are
five flux loops of ¢4 ~ ¢g. Here, the practical flux that generates the Lorentz force in coils is
Pm1 ~ Pma. However, the PM leakage flux is not usable. It is used as practical flux when the
stroke is changed. This is why the width of the PM is greater than the width of the coil.

Bobbin housing PM

PM Leakage flux PM Leakage flux
s mCG N, "

. _‘ mCl‘l.
Winding (Coil) My
Current out s e
of the page ¥
c5 git.‘s
W M
Upper side Lower side

Half model of the proposed IMLA
Figure 5. The MEC model of the proposed IMLA.

To obtain ¢;;1 ~ ¢4, a mesh current analysis (loop current method) of the equivalent
electric circuit is used since it is similar to the MEC. The reluctances for each section are
calculated based on the shapes and are listed in Table 2. Here, y is the absolute magnetic
permeability of a material.

Table 2. Reluctance calculation of the MEC of the proposed IMLA.

Reluctances Equation Schematic
| 1s:]
I B
\
Reas Rez, ” :
Rairt ~ Raira, 1 _ 1 r
airl aird f Wdr = Wh-«%)
9%pml ~ S)%pm4 rA h
L Ta
I r dr
]
}777 772
Rer ~ Res, , \ \
Res ~ Res, Tu(re2—r42) }
Reg ~ Re1n L\ h
A
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For the magnetostatic analysis, the maximum winding MMF when the current direc-
tion is out of the page where the moving direction is upwards is considered. The 5 x 5
matrix form for ¢4 ~ ¢ based on the mesh current analysis is expressed as follows:

Ra NRp 0 0 0 $a 0

Rp Re Rp 0 0 ||¢s Fomz2 — Fuwt
0 %p R R 0| |¢c| = 0 3)
0 0 Rr Rg Ry (PD —Fuw2 — fpmS
0 0 0 Ry R lec 0

where R4 ~ M are the total reluctances related to magnetic flux for each loop, as follows:

Ra = Rain + %pml + R + 9L{]om2 + Rairz + Re2
Rp = — (Rpm2 + Rair)
Re = 9{me + Raira + Rez + Reg + Res

Rp = Ry
RE = R + Res + Rz + R 4)
Rr = Ry

Re =Rz +Reo + 9%]91113 + Rairz + Re10
Ry = — (mpm?) + iRairBa)
Rr = Rairs + Rpmz + Rea1 + Rpma + Raira + Rz

The calculated ¢4 ~ ¢r by inverse matrix calculation of Equation (4) are presented as
follows:

Pa 0.129

¢5 2.127

¢c| = | 0198 | (mWb) ()
¢ —2.734

or —0.166

Finally, ¢,1 ~ ¢4 in Figure 5 can be obtained by the given values of the following
Equation (5):

Pm1 Pa 0.129
(PmZ _ 4)B_(PA o 1.998
dm3|  |PE—¢p|  |2.568 (mWb) (6)
¢m4 *(PE 0.166

It should be noted that the magnetic flux value of each side is different because the
winding MMF of the upper side reduces the PM MMF of the upper side, whereas the
winding MMF of the lower side is added with the lower side PM MMF when the current
direction is out of the page. The calculated main parameters by Equation (6) are presented
in Table 3. Since the magnetic flux for each side is different, the Lorentz forces are also
different. If the current direction is into the page, the Lorentz force of the upper side is
greater than that of the lower side.

Table 3. Comparison of the Lorentz force between MEC and FEM.

Lorentz Force (N)

Upper Side Lower Side Total
MEC 64.7 83.2 147.9
FEM 68.4 77.1 145.5

Figure 6 shows the Lorentz force with different strokes in magnetostatic FEM analysis.
This analysis should be conducted because it is important to keep a constant force according
to the strokes’ change. Without considering the eddy current, the Lorentz force and the
inertia force of the movers are almost the same. The change in the Lorentz force and the
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inertial force of the movers within the change in the stroke was found to be about 5N. Flux
density distribution shows that the flux density distribution of the lower solid core part is a
little higher than that of the upper solid core part due to the added magnetic flux of the
winding MMF and PM of the lower part.
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Figure 6. The Lorentz force (FEM) of the proposed IMLA with different strokes.
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4. Dynamic Analysis Considering Co-Simulation of the Proposed IMLA

In dynamic motion, the required load force is above 120 N at three times the operating
frequency of the natural frequency of the proposed IMLA. A dynamic characteristics
analysis of the proposed IMLA, which was designed by the MEC, was conducted by co-
simulation with FEM model and the electric circuit, as shown in Figure 3. The Lorentz force
with the equation of linear motion is expressed as follows:

Fr(t) = mx(t) + cx(t) + kx(t) (7)

where m, ¢, and k are the mass, damping, and stiffness coefficient of the structure, respec-
tively, and x, x, and x are the acceleration, velocity, and displacement, respectively. Here,
mx(t) is the inertial mass force, which is equal to the load force. Therefore, the inertial force
can be expressed as follows:

—

mi(t) = Fp(t) — cix(t) — kx(t) ®)

=

The Lorentz force Fy (t) is generated in the coil; it is then transmitted to the moving part.
However, it should be noted that the term cx(t) is generated by the eddy current effect in
the PMs, solid cores, and bobbin housing, and its force can be expressed as follows [27,28]:

E. = 0xB*V = ¢,V 9)

where ¢ is the electrical conductivity of the material and V is the volume. The term c, can
be considered as the damping coefficient of the eddy current.

Figure 7 shows various results that are obtained according to the consideration of the
eddy current loss according to the material characteristics of key components through a
coupled analysis at 3f,,. Since the bobbin housing supporting the coil winding, as shown
in Figure 3, is aluminum, which has a high electrical conductivity, it is confirmed that the
Lorentz force generated in the coil decreases by 23%. Applying materials with relatively low
electrical conductivity can reduce the eddy current loss, thereby improving the efficiency of
transmitting Lorentz forces generated from coils to inertial masses. However, an appropriate
trade-off between the electrical conductivity and the strength of the material is required.
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Figure 7. Forces comparison of the proposed IMLA at 3f,. (a) Lorentz forces of coils and inertia mass;
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Figure 8 shows the transient dynamic analysis results of the main variables. Because
current from voltage source is applied, there is an initial transient response until 60 ms.
Figure 8a shows the results of various forces, such as the Lorentz force in the coils, the
inertial mass force in the PM and solid core, the load force in springs, and the transmitted
force as the inertial mass force, considering the loss of eddy current of key components
through a coupled analysis at 3f,. Because the Lorentz force is the action force, the other
forces are the reaction forces, and, thus, there is 180° anti-phase between the action force
and the reaction forces. The load force is obtained by multiplying the generated vibration
displacement by the spring coefficient, and, thus, it can be confirmed that the tendency
of vibration displacement is the same. When the force transferred to the inertial mass is
added to the spring force, it becomes the inertial mass force. Figure 8b shows the results of
the induced voltage and current. These show that the induced voltage and current of both
coil parts are balanced waveforms according to time. The value of the peak current is 3 A,
which is within the limited range of the required design.
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— — Current (lower)

Induced voltage (lower)

200

)

-100

-200
0

100

o

120

Time (ms)

(a)

'
|

Induced voltage (V)
S

(]
+ I——..
———

AR

i

/5;
il
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Figure 8. Transient dynamic analysis results of the proposed IMLA at 3f,. (a) Lorentz, load, and
inertial mass forces comparison; (b) induced voltages and currents of the upper and lower coils.

Figure 9a presents the vibration displacement of the inertial mass (PM + solid core),
which was determined to be 0.776 mmype,k-peak from the analysis. The eddy current loss
of the PM and bobbin housing was determined to be 14.64 Wyys. Figure 9b shows the
inductance and the flux linkage in the upper and lower winding, which were determined
to be 17.4 mH;ns and 0.288 Wby, respectively.
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Figure 9. Transient dynamic analysis results of the proposed IMLA at 3f,,. (a) Eddy current loss and
vibration displacement; (b) inductance and flux linkage of the upper and lower coils.

Figure 10a shows a comparison of the inertial and damping forces according to the
eddy current loss of the material used when the current peak is 3A. In general, eddy current
loss occurs when magnetic flux passes through a material with a high electrical conductivity.
The Lorentz force generated by the coil reduces the force transmitted to the inertial mass
because of the eddy current loss of the bobbin housing (aluminum) supporting the coil.
The reduced force transmitted to the inertial mass is the damping force and is evaluated to
have a peak of about 47 N.
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Figure 10. Transient dynamic analysis results of the proposed IMLA at 3f,;,. (a) Comparison of damping
force and inertial force; (b) flux linkage of a half coil according to the eddy current of the material.

Figure 10b presents a comparison of the flux linkage of a half coil according to the eddy
current loss of the material used when the current peak is 3A. The material (aluminum)
of the bobbin housing that supports the coil causes an eddy current, which prevents the
magnetic flux from passing through the coil. Therefore, it is shown that the flux linkage
is reduced.

All constraints must be satisfied in this work. It was confirmed that the constraints
of the phase difference between the force and the current, the phase difference from the
magnitude to the operating force at 3f,;, the frequency operating range, the linearity of the
force, the dynamic range, and the harmonic distortion were all satisfied. In Section 3, a
difference in force between the upper and lower coils is presented in Table 3. However,
there is no an unbalance effect for each coil’s induced voltage, current, and flux linkage
when operating the proposed IMLA in dynamic operation, as shown in Figures 8b and 9b.

Figure 11 shows the flux line, Lorentz force on edge of the bobbin housings and
coils, flux density vector, and flux density distribution at the proposed IMLA model at 3f;,.
Leakage flux lines, as shown in Figure 11a, are investigated. When the inertial mass part is
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moved, leakage flux is utilized as linkage flux through the coils, which generate upper and
lower direction Lorentz forces.

B [tesla]

Max: 2.351
1.800
1.620
1.458
1.296
1.134
0972

0.810
0.648
0.486
0.324
0.162
0.000
Min: 0.000

(d)

Figure 11. Electromagnetic distribution of the proposed IMLA. (a) Flux lines, (b) Lorentz force vector
on edge of the bobbing housings and coils, (c) flux density vector, and (d) flux density distribution
at 3fy.

Improving thrust force is possible not only from an optimization standpoint but also
from material selection. Figure 12 shows the B-H nonlinear curve according to the three
materials (520C, S45C, and SPCC) of carbon steel. In the linear region of the B-H nonlinear
curve, when a material with a high permeability is effective and a material has a high
saturation magnetic flux density, the thrust force of the linear actuator applied with S20C
material is improved by more than 10%.

----520C
S45C
— - —SPCC

Magnetic flux density (T)

"0 10,000 20,000 30,000 40,000 50,000
Magnetic field intensity (A/m)

Figure 12. B-H curve comparison of solid core materials.

Figure 13 shows a comparison of various forces and vibration displacement according
to the solid core material of the proposed IMLA model at 3f,,. The thrust force performance
of the S20C material was improved by more than 10% compared to the S45C material, as
shown in Figure 13a. It has been confirmed that S20C and SPCC materials have almost
the same performance. When a high thrust is required within such a limited volume, it is
necessary to select and apply a solid core material with a high permeability and saturation
magnetic flux density. As forces increase, the vibration displacement also increases, as
shown in Figure 13b.
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Figure 13. Forces comparison with different materials of the proposed IMLA at 3f,. (a) Forces in
the coil, solid core with PM, spring, and inertia; (b) vibration displacement according to the solid
core material.

5. Conclusions

In this work, we present an inertial mass linear actuator (IMLA) based on Lorentz forces
for active vibration control systems in large ships. For theoretical understanding based on
electromagnetic phenomena, magnetic equivalent circuit (MEC) analysis was performed for
magnetic static analysis with linear regions. The calculated Lorentz force is almost identical to
the finite element method (FEM), but within an acceptable range. The differences in calculated
force between MEC and FEM are generated because MEC analysis considers a linear relative
permeability of solid core, namely the lumped parts of the IMLA. However, it is important to
the understand electromagnetic phenomenon of the proposed IMLA.

The operation of precision control requires an operating force of at least 120 N at an
operating frequency three times higher than the actuator’s natural frequency. Through the
coupled analysis of an electrical circuit and finite element analysis, the actual situation of
the AC source was simulated without assuming current and inductance. As a result of
dynamic analysis, it was confirmed that the damping force due to eddy current loss in the
bobbin housing of the coil was significant. It was found that the Lorentz force generated by
the coil reduced the force transmitted by inertial force to the damping force due to an eddy
current in the bobbin housing. The model was confirmed through various performance
analyses according to the required specifications. In future studies, we would like to further
validate the analysis results through experimental verification of the proposed IMLA.
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