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Abstract: In this paper, the structural characteristics of electromagnetic suspension (EMS) inertial
stabilizers are analyzed firstly, and then a mechanical analysis of a single mass block and double
mass block is carried out. The relationship model between the inertial anti-rolling mass block and
inertial force transmitted to the ship is established. The inertial force is determined by the number
of coil turns, coil current, mass block, mass of the ship, electromagnet current, rate of change of the
electromagnet current, air gap between the electromagnet and inertial mass block, and rotational
angular speed. Through theoretical analysis, it is found that the response speed of inertia force is
directly related to the electromagnetic coil current, the voltage at both ends of the electromagnetic
coil, the coil resistance and the air gap. It is concluded that the response speed of the inertia force
can be controlled by controlling the coil current, adjusting the voltage at both ends of the coil and
adjusting the air gap. The inductance of the electromagnetic coil will also increase the nonlinearity of
the inertial anti-roll system. On the basis of theoretical analysis, a digital simulation of EMS inertial
stabilizer is carried out by MATLAB and ANSYS MAXWELL2D. Finally, a single mass block system of
EMS inertial stabilizer is designed and tested. During the test, a 1.5 V sinusoidal excitation voltage is added
to the electromagnetic coil after the mass block is suspended stably, and the maximum acceleration values of
the inertial anti-rolling mass block and hull are 10.29 m/s? and 1.27 m/s?. Finally, the theoretical analysis
results, digital simulation results and experimental results are analyzed, which verifies the correctness of the
acceleration and inertia force performance analysis of the EMS inertial stabilizer.

Keywords: electromagnetic suspension (EMS); inertial stabilizer; anti-rolling mass block

1. Introduction

EMS has the advantage of noncontact force transmission, and active EMS devices
also have the advantages of a small occupied space and good controllability. It has been
widely used in magnetic bearings [1-4], EMS motors [5,6], EMS trains [7,8], mechanical
vibration suppression and isolation [9,10], EMS tracks [11,12], etc., but it is rarely used in
the field of ship anti-rolling. At present, there is basically no single traditional anti-roll
device except the fin that can have good anti-rolling effect under all working conditions
(various ship speeds, various wave directions, etc.). Therefore, it is urgent to carry out
research on new anti-roll devices that can have a good stabilizing effect under all working
conditions. Some scholars have designed a small ship model, suspended the anti-rolling
weight by applying EMS technology, controlled the anti-rolling weight by ship swing
parameters, and changed the center of gravity of the ship model structure. The anti-rolling
effect of the model structure was verified by simulation [13]. Some scholars have designed
vertical anti-rolling weights on the boat model and realized anti-rolling by applying the
Coriolis effect [14]. Some other scholars have designed a Marine permanent magnet maglev
anti-rocking automatic balance system [15]. The mass block is driven to the high side of the
ship’s rocking through the linear motor, so the purpose of reducing the rolling of the ship is
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achieved. Other scholars have studied the ship torque gyro anti-roll device [16]. The gyro
rotor is controlled by a magnetic powder brake to realize the control of gyroscopic torque,
and the goal of ship roll suppression is ultimately achieved. In the early stages of this study,
research on the supporting characteristics of the permanent EMS active mass block [17] and
on the anti-rolling mechanism of the EMS inertial anti-rolling mass block [18] was carried
out by the authors. The anti-rolling effect of the EMS inertial stabilizer mainly depends on
the accuracy of the acceleration control of the inertial anti-rolling mass block. In order to
ensure the accurate control of the inertial mass block, it is necessary to study its acceleration
and inertial force characteristics. The performance of the acceleration and inertial force of
the maglev inertial anti-rolling mass block is studied.

2. Modeling and Mechanical Analysis of EMS Inertial Anti-Rolling Mass Block
2.1. Structural Diagram of EMS Inertia Stabilizer

Figure 1 shows the cross-sectional diagram of the ship. The EMS inertial stabilizer
studied is mainly composed of an inertial anti-rolling mass block, electromagnet, controller,
power amplifier, acceleration sensor and displacement sensor. The inertia anti-rolling
mass block consists of left and right mass blocks. There are four independently controlled
electromagnets, which are the upper left electromagnet, lower left electromagnet, upper
right electromagnet and lower right electromagnet. Because the left and right structures of
the ship itself are symmetrical, in order to not destroy the symmetry of the ship structure
and achieve a good anti-rolling effect, the structure of the electromagnet of the upper left
mass should be the same as that of the upper right mass as much as possible, and the and
structure of the electromagnet of the lower left mass should be the same as that of the
lower right mass as muchas possible. In the absence of external interference such as sea
waves, the ship should ensurethat the mass blockis stably suspended between the upper
and lower electromagnets. In order to overcome the gravity of the mass block, the upper
electromagnets need to provide electromagnetic force.

Electromagnet; y Controller Electromagnetgy

Position Sensor

M Lumped mass

Electromagnet; p, Electromagnetgy,

Power Amplifier Hull Deck

Figure 1. Structural diagram of EMS inertial stabilizer.

2.2. Mechanical Analysis of Single Mass Block of EMS Inertia Stabilizer

The inertial anti-rolling mass block is suspended between the upper and lower electro-
magnets without an external disturbance force. The air gap between the mass block and the
upper and lower electromagnets is basically the same and is set to gg. Assuming that the
ship is subjected to external interference forces such as sea waves with counterclockwise
Fsinwt, the ship would roll counterclockwise, as shown in Figure 2, while the mass block
would remain unchanged due to inertia. Because of the symmetry of the structure, the
forces on the left and right inertial anti-rolling mass blocks are also symmetrical, so we
only analyzed the forces on the right mass block. The gap between the right mass block
and the upper right electromagnet becomes larger. Assuming that the gap becomes gg + x,
the gap between the right mass block and the lower right electromagnet becomes smaller.
Assuming that the gap becomes gy — x, the right mass blockwould be subjected to three
forces, namely gravity Fg, electromagnetic force F; and Coriolis force Fc. Assuming that
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the static equilibrium position of the inertial anti-rolling mass block as the coordinate
origin, the dynamic model of the right inertial anti-rolling mass block and the ship can be
described as follows:

{ mx1(t) = Fur + Fc — Fg + (k1 + k2)[x2(t) — x1(t)] 1)
MX,(t) = Fsinwt — Fyr — Fc — (k1 + k2)[x2(t) — x1(¢)]
Z) A<
(Q) Fy %
\ Y
OT n
24

Figure 2. Mechanical analysis diagram of inertia anti-rolling mass block.

In Equation(1), k1 and ky are the support stiffness coefficients between the mass

2 : . 2 2
block and the upper right and lower right electromagnet, k; = A;ZIOIOU a Al A;;OZUU [19];
0 0

N?i2Ap
0 0 4302 ’
Coriolis force: Fc = —2mw X v. N is the number of turns of the electromagnet coil, A is
the cross-sectional area of the electromagnet core, yg is the relative permeability of air, igy
and ipp are the coil currents of upper right electromagnet and lower right electromagnet,
respectively, m is the mass of the right mass block, g is the acceleration of gravity, w is the
angular speed of the ship rotating counterclockwise, and v is the speed of the mass block
along the Z coordinate direction dx/dt.

The Coriolis force exists because of the relative motion of particles and the rotation of
the reference frame, and its direction is perpendicular to the direction of angular speed and
relative motion speed. Along the horizontal direction of the ship, that is, the Y coordinate
direction in Figure 2, because the angular speed of the ship is constantly changing with
external disturbances such as sea waves, the direction of the Coriolis force F¢ is also
constantly changing. In this direction, the force on the mass block is:

2 . . 2 2
k=N IZZOIOD g—; 4+ N ILZ:;OIOD [19]. Gravity: F; = mg; electromagnetic force: Fyy =

Fy = Fc — Fgsinwt = 2mw X v — mgsinwt 2)

According to Equation (2), the force of the right mass block in the Y coordinate
direction mainly depends on the angular speed of ship rotation and the mass of the mass
block. In order to prevent the mass block from moving along the Y direction due to the
force in the Y direction, a positioning axis is set in the middle of the mass block, which
passes through the geometric center of the upper right and lower right electromagnets and
is fixed with the mass block as a whole. Because the speed dx/dt of the mass block is small,
the Coriolis force Fc is also small, and the force on the mass block in the Y direction can be
cancelled by the positioning axis, that is, Fy ~ 0.

As shown in Figure 2, the force on the right mass block in the Z coordinate direction is:

F7 = Fpr — Fgeoswt 3)
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where Fjr is the resultant force of upper and lower electromagnetic forces on the right
side, as in Equation (4).

N2Apgid,  N?Apoi, @
4(go+x)°  4(g0—x)°

Fymr = Fmu — Fmp =

From above, we can obtain:
r,— N?Apoigy — N*Apoigp
4(g0+x)*  4(go—x)?

— mgcoswt (5)

, and place it in the line after Equation (1):

x1(t) = Xqosinwt
Set { x2(t) = Xppsinwt

Fs (kl 7k27Mw2)+(k1 7k2)(PSl’HOJt7PMR)

xi(t) = M= (ky —kg) (m+ M)]w? (6)
f = Fz(kl,k2)+(k17k2—mw2)(FsinwthMR)
x2( ) = [mMw?—(ky—ky ) (m+M)]w?

- o (k1 —ko ) Fsinwt
0 (t) = (klszl)(miM)mewz
. N (klszfmwz)Fsinwt (7)
X2() = G =) ) —mia?

In order to obtain a large inertial force on the ship base, i.e., MX,(t), the support
stiffness coefficient ky between the mass block and the lower right electromagnet should be
as small as possible. When k; is brought into Equation (7), it is found that:

Fsinwt

(NZAinOU ﬂ_;'_ NZA;IO%U )
, A
xi(t) = ;

2 . . N2Auni2
(NEAroioy di y TR0 (34 M) — M2
8

80 * 0 8
2 Auincs - N2Augi2 ®)
[ A;lzolou diy ;30’0U )—mew?|Fsinwt
B(t) = 0 P

( NZAFZOZIOU 4y NZAIQO U ) (m+M)—mMw?
80 80
In Equation (8), yo is a constant. After the structure of the stabilizer is designed and
manufactured, N, A, m and M all become constants. Therefore, the inertial acceleration
obtained by the ship base is related to the electromagnet current i, the rate of change of
electromagnet current i, the air gap go between electromagnet and inertial mass block, and
the rotational angular speed w.

2.3. Simulation of Single Mass Block of EMS Inertial Stabilizer

On the basis of theoretical analysis, Equation (8) was simulated by MATLAB software,
and the acceleration and inertia force simulation diagrams of the mass block and base
under different external interference forces are shown in Figure 3.

On the basis of our theoretical analysis and MATLAB simulation, the simulation was
carried out by ANSYS MAXWELL2D software. Figure 4 is a nephogram of the magnetic
field distribution of the electromagnetic coil. This simulation models the magnitude of the
acceleration and inertia force of the mass block in the z-axis direction when voltages at
frequencies of 2 Hz and 10 Hz and an amplitude of 1.25 V were applied to the upper right
electromagnetic coil, respectively. Figure 5 showssimulation diagrams of the acceleration
and inertia force of the mass block under different external interference forces.
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Figure 3. Acceleration and inertia force simulation diagram of mass block and base. (a) Acceleration
diagram; (b) inertia force diagram.
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Figure 4. When the frequency is 10 Hz, the magnetic field distribution nephogram at 1 s. (a) Schematic
diagram and semisectional view; (b) finite element diagram.
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Figure 5. Acceleration and inertia force simulation diagrams of mass block at different frequencies.
(a) Acceleration diagram; (b) inertia force diagram.

2.4. Mechanical Analysis of Double Mass Block of EMS Inertial Stabilizer

Based on the mechanical analysis of the single mass block on the right side of the
EMS inertial stabilizer, our ultimate goal is to analyze the mechanical characteristics of the
whole EMS inertial stabilizer, that is, the double mass block. It is still assumed that the
ship would roll counterclockwise when the ship is subjected to external interference forces
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such as sea waves with counterclockwise Fsinwt in the rolling direction. It is assumed that
the rolling angle is 6, the displacement of the left mass block in the vertical direction is x,
and the displacement of the right mass block in the vertical direction is x7, as shown in
Figure 6. The dynamic model between the mass blocks on both sides and the whole ship
can be described as:

(b)

Figure 6. Anti-rolling mass block and ship overall model diagram. (a) Schematic diagram of ship
cross section; (b) ship mechanical model.

The equation of motion from the above figure is as follows:

J6(t) = FLsinwt — c1L20(t) — kiL[LO(t) — x1(£)] — ksL20(¢) — caL20(t) — koL[LO(t) — x2(£)] — ks L26(¢)
mxq (t) = ki [LO(t) — x1(t)] ©)
mi(t) = ka[LO(t) — x2(t)]

In Equation (9), ] is the moment of inertia of the ship rolling, ¢; and ¢, are the damping
of the left and right sides of the ship and water, respectively, k1 and k; are the support stiff-
ness coefficients between the left and right electromagnets and the mass block, respectively,
ks and k4 are the support stiffness coefficients between the left and right sides of the ship
and water, respectively, and m is the mass of the anti-rolling mass blocks on the left and
right sides. This is simplified by Equation (9):

JO(1) + (c1 4 c2)L20(t) + (k1 + ko + k3 + ks)L20(t) — kyLx1 (£) — koLxp(t) = FLsinwt
mb&l (t) — k1L9(t) + k1x1(t) =0 (10)
mxy(t) — koLO(t) + kpxp(t) =0

Equation (10) is expressed in a matrix as follows:

J o(t) (c1 +c2)L2 o(t) (ky +ky + k3 + kL2 kL —kyL o(t)
m () |+ E0) —k L k1 0 x1(t)
m || (b i (1) —koL 0 ko x(t) a1
FLsinwt
= 0
0

If damping is ignored, set 8 = Usinwt, x; = Xisinwt, xp = Xpsinwt, substituted into
the above equation to obtain:

9(1’) . FL(klfmwz)(szmw%sinwt
T m2wH|(ky +kp +k3) L2 —Jw?] —maw?[(2k1 ky +k1 k3 ok ) L2 —Tkq w? —Jkpw?] +kq koks L =Tk kpw?
FL(ky—mw?)sinwt
x1(t) _ . ( » —MW )smw2 2 (12)
m2w?{(ky+ky+k3) L2 —Jw?] —maw? [(2ki ky +k1k3-+koks ) L2 =Tk w? —Tkow?] +k1 koks L2 Tk kpw?
(i‘) . FL(kl—mw2)sinwt
2t = m2w4[(ky +kp+k3) L2 —Jw?] —maw? [(2ky ky +k k3 +koks ) L2 Tk w? —Tkpw?] +k1koks L2 —Jkq kpw?
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In Equation (12), k1 and k; are the supporting stiffness coefficients between the left and
right electromagnets and the mass block, respectively. Because the left and right structures
of the ship are symmetrical, the displacement of the left and right mass blocks from the
equilibrium position is basically the same under the action of external disturbance force, so

. . - 2Apgigu di | N*Apois
ki ~ ky. The expression of the support stiffness coefficient k; = ~ /;P;OZOU T :
0

the single mass block is basically the same as that in Section 2.2, from the single mass block
mechanical analysis of the magnetic suspension inertial stabilizer, which is expressed by k;
here, where iy is the current of the electromagnet at the equilibrium position of the mass
block. After the ship size is determined, k3 and k4 are both constants. Equation (12) can be
simplified as:

Q(t) - FL(kl—mw2)zsinwt

T m2w4[(2k; +k3) L2 —Jw?] 2k maw? [ (kq k3 ) L2 —2Jkq w?] ki 2k3 L2 —Jk 2w?
FL (ko —maw?)sinwt

x(t) = m2e0* [ (2ky +k3 ) L2 —Jew?] — 2y meo? | (kq 43 ) L2 —2Jkq 2] +k1 2k L2y 202
. FL(kl—mwz)sinwt

xo(t) = 2w (2k; +k3 ) L2 —Jw?] —2kme2[(ky +ks ) L2 —2Jky w2 +h1 Zks L2 —Jky 22

(13)

The acceleration of the ship and the left and right mass blocks obtained from Equation (13)
is as follows:

0(F) = PL(klfmwz)zsinwt

(t) = 2kym | (kg +k3) L2 —2Jky 2] +Jk1 2 —m2w? [ (2ky +h3 ) L2 —Jw?] —ky 2312 / w?
. (t) FL(kz—mwz)sinwt
1 2keym] (kg +ka) L2~ 2y 2] I 2— 2?2k k3 ) L2 —Ja2]—ky 2k L2 /2
X (t)

(14)
B FL(kl—mw2)sinwt
T 2kym[(ky +kg) L2 =20k w? | +Tky 2 —m2w?[(2ky +k3) L2 —Jw?] — k1 2k3L? / w?

2.5. Double Mass Block Simulation of EMS Inertial Stabilizer

On the basis of theoretical analysis, MATLAB software was used to simulate the
theoretical analysis results. Simulation diagrams of the acceleration and inertia forces of
mass block and base under different external interference forces are shown in Figure 7.

—*— Mass block(f~10)
—— Hull (f~10)

30

10 ——*— Mass block(f=10)

" —— Hun =10y

. VAVAYS

Inertia force (N)

Acceleration (m/s%)
°

-10

20 F | -30

. N L . h A . . " B L L L L L ! ! ! L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 40 0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1
Time (s) Time (s)
(a) (b)

Figure 7. Acceleration and inertia force simulation diagram of mass block and base. (a) Acceleration
diagram; (b) inertia force diagram.

The moment obtained by the ship to suppress rolling is ]G(t) From the expression
of Equation (14) é(t), except for the constants L, M, and J, which are related to the ship
structure, the moment for restraining rolling is mainly related to the supporting stiffness
coefficient between the electromagnet and the mass block, that is, the electromagnet current
i, the rate of change of the electromagnet current 7, the air gap go between the electromagnet
and the inertial mass block, and the rotational angular speed w. This is completely consistent
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Ry =

F(g0, Io) +

with the conclusion of the mechanical analysis of the single mass block of the EMS inertial
stabilizer in Section 2.2, and the correctness of the analysis results was also obtained.

3. Influence of Nonlinear Factors on Performance of EMS Inertial Stabilizer
3.1. Theoretical Analysis and Simulation of Nonlinear Factors

From theoretical calculation and analysis, it is known that the relationship between
electromagnetic force, displacement and current is nonlinear, and the farther the mass block
deviates from the equilibrium position, the higher the nonlinearity. In order to accurately
control the inertial mass block, it is necessary to improve the accuracy of the electromagnet
to control the acceleration of the mass block. Near the balance position of the mass block,
Taylor expansion is used to analyze the magnetic force. Because the influence above the
third order is small, it is only reserved to the second order. We obtain:

1oN2 Al (i noN?AI2 HoN?A . »  HoNZAILZ )
— 5 (—I)-—5—(8g—8)+ (i—I)" +—5—(g— %) (15)
243 2¢3 4¢3 2¢

when the currentin the upper and lower electromagnetic coils is basically stable, and the
force on the mass block in the Z coordinate direction is:

F;,=YXFy —Fgcoswt

yON AIO B poN?ALZ , HoN?A . 1 \2
= E(go, To) + 10 i — o) — WA (g g5) + Lo1A ;1) a6)
+V°N Alf (g— go) —mgcoswt

when the mass block is in equilibrium. F(go, Ip) is equal to the mass block gravity mg, and
Equation (15) is brought into Equation (16) to obtain:

N2AJ N2 ATI? N2A . 2
Fz =mg +HOTO( I) — £ O(g g)+”°4T5(1—10)
;[0N2A12
R
80

(17)
g —90)* —mgcoswt

In the vicinity of the equilibrium position, the angle wt is small, mg ~ mgcoswt. In
order to control the inertial mass block accurately, it is necessary to improve the response
speed of the electromagnet to the control force of the mass block, and the electromagnet is
an inductive load, so it is very necessary to analyze the response speed characteristics of
the control force of the electromagnet. When the voltage across the electromagnet coil is
equal to the driving voltage, the current in the coil changes the fastest:

di 2g0(ud - iR())

it~ NZpA (18)

From Equations (17) and (18), the response speed of the control force in the Z coordi-
nate direction is:
OFz _ dFzdi _ N%iApg2g0(Us —iRo) _ i(Uy—iRo)

ot oi dt 282 NwA g (19)

From Equation (19), along the vertical direction of the ship, that is, along the Z
coordinate direction in Figure 2, the control force response speed is directly related to the
solenoid current, the voltage across the solenoid, the coil resistance and the air gap. The
electromagnetic force response speed can be controlled by controlling the coil current, adjusting
the voltage at both ends of the coil, series-parallel resistance and adjusting the air gap.

Because the electromagnetic coil is an inductive load, when the electromagnetic coil
current is controlled, the frequency of the current change should not be too large, as this
would cause the coil current to lag behind the voltage change. The simulation was carried
out after the device was machined. The resistance of the electromagnetic coil is 0.6 (),
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Waveform View

and the inductance is 2.49 mH. The number of turns of the electromagnetic coil is 138.
In the simulation, the voltage with an initial value of 0 Vand a maximum value of 1.2 V
was applied to the coil, and the current-time curve was obtained, as shown in Figure 8.
As can be seen from Figure 8, due to the influence of inductance, the coil current-time
characteristic curve shows obvious nonlinearity, and the current reaches 1.8 A at 0.3 s, and
then it peaks at about 1.0 s.

2.00 —

1.75

Current (A)
S = =
- (=3 [\ o
ol (=] ol (=]
| I |

4
Time (s)
Figure 8. Influence of coil inductance on current-time characteristics of electromagnet.

3.2. Time Response Characteristic Tests of Nonlinear Factors

On the basis of the theoretical analysis and simulation of the nonlinear factors of the
maglev inertial roll stabilizer, relevant experiments were conducted on the nonlinear factor
time response characteristics of the magnetic levitation inertia reduction shaking device.
The displacement-time response characteristic curves of the inertial mass block are shown
in Figures 9-12 when the excitation signal is sinusoidal signal, triangular wave signal and
pulse signal, respectively. These were obtained by adding a voltage excitation signal with
a frequency of 1 Hz and amplitude of 500 mV to the solenoid coil in the state of stable
suspension of the inertia-decelerating mass block. The blue signal line is the excitation
signal, and the red signal line is the displacement signal of the inertia reduction mass. Due
to the displacement signal calibration, the displacement voltage and the excitation signal
voltage values are shown to be the opposite to each other.

Steady Suspension State Steady Tracking State

500 mV/div | 500 mV/div.
o @
350 MHz ] 20 MHz %

poalll 400 ms/div 4
Al SR: 312.5 ks/s 3.2 psipt
RL: 1.25 Mpts ¥ 41%

Figure 9. Displacement-time response characteristics curve under sinusoidal excitation signal.
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Figure 11. Displacement-time response curve under pulse excitation signal (pulse width: 200 ms).

From Figures 9 and 10, it can be seen that after adding a sinusoidal excitation signal
and triangular wave excitation signal to the electromagnetic coil, the inertia reduction mass
block responded quickly, and the displacement signal of the mass block produced a certain
fluctuation for about 25 ms. After 25 ms fluctuation, the displacement of the mass block
entered the state of the stable tracking excitation signal. In Figure 11, the excitation signal
is pulsed because of the excitation signal. It can be seen from this figure that the mass block
was constantly changing at the stable suspension and maximum offset position because
the excitation voltage amplitude was 500 mV continuously in the pulse width range. The
response time from the stable suspension position to the maximum offset position was also
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about 25 ms. In Figure 12, because the pulse width is small, only 100 us, the moment the
upper excitation signal was applied, the displacement signal of the mass block produced
a certain fluctuation, and the time was also about 25 ms, after which it gradually entered
a stable suspension state. From the simulation of Section 3.1, it was concluded that the
displacement of the mass block basically reached the maximum at around 0.1 s. That is,
it was suspended between the upper and lower electromagnets, and the gap between the
upper and lower ones is basically the same. It can be concluded from the above tests that
the response time of the magnetic levitation inertia reduction mass displacement is about
25 ms due to the nonlinear factors and the characteristics of the solenoid coil itself, and the
stability and anti-interference of the whole system designed by the authors is very good.
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Figure 12. Displacement-time response curve under pulse excitation signal (pulse width: 100 ps).

4. Tests and Results
4.1. Experiments

On the basis of our theoretical analysis and simulation, an EMS inertial stabilizer was
manufactured. The parameters of the device are shown in Table 1. The test device diagram,
the schematic block diagram of the system, the test device and signal acquisition and the
excitation voltage and displacement voltage signal in the stable suspension state are shown
as Figures 13-16.

Table 1. Parameters of EMS inertial stabilizer.

Parameter Value
Cross-sectional area of electromagnet core A/mm? 290
Air permeability po/ (Hm™1!) 47 x 1077
Number of turns of electromagnetic winding N 138
Diameter of enameled wire mm? 1
Electromagnetic winding inductance L/mH 2.49
Air gap go/mm 1.5
Mass of inertia anti-rolling mass block m/g 225
Base mass M/g 1250
Acceleration sensor JY61

Displacement sensor Author’s own design
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Figure 13. Test device diagram. (a) Parts; (b) assembled device.
Acceleration Sensor Signal
Acceleration
Reference
. + Senso: Magnetic
Signal Power . .
Controller —» . —m Test Device Levitation
Amplifier
- Platform
? Displacement
Sensor
Excitation
Signal
Displacement Sensor Signal

Figure 14. The schematic block diagram of the system.
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Figure 15. Test device and signal acquisition.

The data in Table 2 are the acceleration values of the mass block and the base at the
X-axis, Y-axis and Z-Axis. They were measured by the acceleration sensor after the mass
block was suspended stably, and a 1.5 V sinusoidal excitation voltage was added to the
electromagnetic coil above. It can be seen from the table that the acceleration values of the
mass block and the base are always relatively small at the X-axis. The acceleration value of
the base at Y-axis is also small and can basically be ignored. However, due to the Coriolis
force, the acceleration value of the mass block on the Y-axis is sometimes large, reaching
a maximum of 0.83 g, that is, 8.13 m/ s2, which is consistent with the previous theoretical
analysis. As can be seen from the table, the maximum accelerations of the mass block and
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the base on the Z-axis are 1.05 g and 0.13 g, respectively, that is, 10.29 m/s? and 1.27 m/s?,
respectively.
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Figure 16. Excitation voltage and displacement voltage signal in stable suspension state.

Table 2. Part of the accelerometer data.

Hull Acceleration Mass Block Acceleration
X-Axis Y-Axis Z-Axis X-Axis Y-Axis Z-Axis
—-0.03g —0.05¢g —0.04¢g —011g 0.06 g 0.56 g
—0.04¢g —001g —0.05¢g —010g —-0.19¢g 06lg
—001g 0.00g —-0.07g 0.09¢g 015g 025¢g
—001g 0.01g —-0.02¢g 0.10g —004¢g 0.18¢g
0.00g 0.02g —-0.02¢g —010g 0.06¢g 0.08¢g
0.02g 0.06 g —-0.03g 0.05¢g 0.09¢g 039¢g
—004¢g —-0.03 g —-0.13g 0.04¢g —-083¢g 098 ¢g
—-0.02¢g 0.05g —0.04¢g 005¢g 0.03g 013 g
—0.08g —001g —001g 0.09¢g 0.04¢g 016 g
—0.08g 0.00g —001g 012g 0.14g 0.05¢g
—0.03 g 0.05g —0.06¢g 019¢g —-0.03g 053¢
—0.05g 0.00g —-0.02g —-001g 016 g 0.63 g
—-0.10g —0.04¢g —-0.09¢g 0.05¢g —001g 1.05¢g
—0.04¢g 0.03g —001g —-022¢g 0.02¢g 016 g
—0.06g 0.03 g —001g —-023g 0.04¢g 030g
—001g 0.07 g —-0.03 g 0.05¢g 0.07 g 0.28¢g

Note: g in this table is the acceleration of gravity. The data werecollected at intervals of 0.01 s.
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4.2. Comparison between Analytical Calculation, Numerical Results and Experimental Results

Figure 17 shows the mass block acceleration values calculated by the three methods.
For the first calculation method, the analytic expressions obtained were used. The second
one was carried out by finite-element computation. The third one was obtained by experi-
ments. The accuracy of the analytical calculation seems to be higher than the finite-element
computation and experimental results. The numerical precision can probably be improved.
One possibility is that in the finite element simulation, the performance of some parts or
units is inconsistent with the real parts. It can also be seen from the comparison results that
the test data are smaller than the theoretical analysis and simulation data, mainly because
in the real test, the magnetic circuit is not ideal and the magnetic leakage phenomenon is
common. In addition, in the theoretical analysis and simulation, the largest acceleration value
appeared at about 10 Hz. In the actual test, the maximum acceleration value appeared near
12 Hz. A comparison between the results shows that the three methods are in approximate
agreement. The analytical results are proved to be correct by the experimental results.

12 T T T T T T T Analytical
— &— Simulation
—8— Experiments
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Figure 17. Comparison of theoretical analysis, simulation and test results of mass acceleration.
Red lines represent the analytical calculation, and blue lines are the numerical results by ANSYS-
MAXWELL2D. Pink lines are the experimental results.

5. Conclusions

In this paper, single mass block and double mass block mechanical analyses of an
EMS inertial stabilizer were carried out, and analytical models were established. Based
on the mechanics analysis, the simulation was carried out using MATLAB and finite-
element software. Finally, a single mass block system for an EMS inertial stabilizer was
designed and tested. Our theoretical analysis, simulation and experiments show that the
inertial force transmitted to the ship by the EMS inertial stabilizer is directly related to
the turns of the electromagnetic coil, the coil current, the mass block and the mass of
the ship. The response speed of the inertia force is directly related to the current of the
solenoid, the voltage across the solenoid, the resistance of the solenoid and the air gap.
The electromagnetic force response speed can be controlled by controlling the coil current,
adjusting the voltage at both ends of the coil, series-parallel resistance and adjusting the
air gap. The inductance of the solenoid would also increase the nonlinearity of the system.
Hence, the conclusion can be drawn that the inertia force obtained by the hull base is
related to the electromagnet current i, the change rate of the electromagnet current i, the air
gap go between the electromagnet and the inertial mass block, and the rotational angular
velocity w. It was proved by experiments that as long as the external excitation frequency
is equal to or approximately equal to the natural frequency of the maglev mass block, a
large inertia force will be acquired by the mass block. The hull can maintain stability, and
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the ship roll reduction target can be achieved in all working conditions (all kinds of speed,
all kinds of waves).
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