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Abstract: An electromechanical coupling driving system is a commonly used system for large
overloading ships. In this paper, a dual input electromechanical coupling model, including an
inverter power supply, three-phase induction motor, fixed-axis gear, and load, is established. The
influences of the gear error, inverter, and coupling stiffness on the vibration characteristics of the
system are studied, and the influences of each parameter on the vibration characteristics are analyzed.
The inverter power supply part considers the constant voltage—frequency ratio control and sinusoidal
pulse width modulation, as well as the inverter. The motor part uses the dynamic motor model
based on the equivalent circuit. The fixed-axis gear section uses a translation—torsion model with
time-varying mesh stiffness and damping. The mechanical part and the motor part are coupled with
the load torque of the motor. The results show that the greater the error of the gear, the greater the
vibration of the system, and the rotation frequency error is the main factor. Secondly, by comparing
the influence of error value and accuracy difference on vibration, we found that when an accuracy
difference exists, the dominant factor of system vibration is the accuracy difference. Thirdly, the use
of an inverter also increases the vibration of the electromechanical coupling system. Finally, we found
that the lower stiffness of the elastic coupling reduced the vibration of the system.

Keywords: vibration; gear train; electromechanical coupling; translational-torsional model

1. Introduction

The ship’s power system is mainly composed of the main engine, a transmission
device, and a propeller. The ship’s engine and the propeller mainly rely on the transmission
device to transmit energy, thereby, generating thrust and making the ship travel. In terms
of the form of main engines, there are generally steam engines, gas turbines, diesel engines,
nuclear power engines, etc. These main engines have convenient fuel storage and high
reliability in maritime navigation and can support ships in transoceanic voyages.

In recent years, with the improvement of environmental protection requirements, hy-
brid ships, new energy ships, and especially electric ships have developed rapidly. Electric
ships have the advantages of large payload, low vibration, good flexibility, maneuverability,
and a high degree of equipment automation; however, the main engine of electric ships has
higher power requirements. As early as the year 2000, the total power of some large ships
exceeded 8000 kw.

After more than 20 years of development, the power of military warships reached
12,000 kw [1], and some large ocean-going cargo ships even exceeded 20,000 kw. This
puts forward higher requirements for the power system, such as the use of higher-power
inverters, higher-efficiency motors, better-performance rectifiers [2], etc. In addition to the
main engine, the transmission device is also one of the important systems of the ship. At
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present, the large transport ships still in service at home and abroad mainly use hydraulic
transmission and gear transmission.

The hydraulic transmission transmits power through the rotation of the pump gear
and the turbine [3], which is stable but the efficiency is not high, while the gear transmission
relies on the characteristics of high transmission efficiency, excellent transmission reliability,
long service life, and simple and compact structure, becoming one of the most widely used
power transmission devices. With the increase of the power of the ship’s main engine,
the increase of the transmission speed, and the increase in the transmission load, the
vibration problem of the ship’s electromechanical coupling system has become increasingly
apparent [4]. These vibrations will affect the working performance of the ship and its
stability, and even affect the health of the occupants in severe cases. Therefore, it is
necessary to study the vibrations of electromechanical coupling systems.

At present, many scholars have studied the vibration problem in electromechani-
cal coupling systems. Han et al. [5] analyzed the influence degree of parameters, such
as the coupling stiffness, shaft stiffness, coupling damping, and shaft damping, on the
shaft torsional vibration with the numerical analysis method. Xiao et al. [6] established a
mathematical model and vibration equation of a shaft system using the lumped param-
eter method. The operation process of asymmetric twin-engine propulsion shafting and
the effects of phase angle and motor excitation on the shafting torsional vibration were
mainly studied.

Zhang et al. [7] studied the variation of the dynamic characteristics of mechanical
transmission systems with the stiffness, damping coefficient, and electromagnetic torque
by using the equivalent nonlinear dynamic model of a mechanical transmission system.
Yi et al. [8] established an induction motor model based on an equivalent circuit and
a dynamic model of multi-stage gear transmission and analyzed the influence of the
electromagnetic characteristics of the motor on the inherent characteristics and dynamic
response of the transmission system.

Shu et al. [9] proposed an electromechanical coupling dynamic model that can re-
flect the MDS under time-varying load and speed conditions. On this basis, the dynamic
characteristics and synchronization characteristics of MDS under three typical working
conditions are studied. Xiao et al. [10] established a motor-electromechanical coupled vi-
bration model to analyze the torsional vibration characteristics of the motor during startup.
Jiang et al. [11] studied the electromechanical coupling torsional resonance characteristics
of low-speed and high-power permanent magnet synchronous motor-driven multi-stage
gear transmission system, considering the electromagnetic effect and bending-torsional vi-
bration characteristics of permanent magnet synchronous motor, and established a suitable
electromechanical coupling dynamics model of the speed regulation process.

Bai et al. [12] analyzed the dynamic characteristics of the electromechanical model
combining the nonlinear magnetic permeability network model of a squirrel-cage asyn-
chronous motor and the lateral-torsional coupled dynamic model of a planetary gear rotor
system. Zhang et al. [13] established a synchronous motor and mechanical drive system
and found through simulation that when the harmonic torque frequency is equal to or close
to the natural frequency of torsional vibration of the mechanical drive system, electrome-
chanical coupling vibration of mechanical drive system will be induced. Chen et al. [14]
established a lateral-torsional dynamics model of the electromechanical coupling under
electromagnetic excitation based on the Lagrange-Maxwell method and studied the effects
of electromagnetic and mechanical parameters on mechanical vibration stability.

Szolc et al. [15] studied the influence of electromagnetic flux between stator and
rotor on dynamic characteristics of the mechanical system by constructing a circuit model
of asynchronous motor and structural hybrid drive system model. Lysenko et al. [16]
considered constant voltage—frequency ratio control and simulated a three-phase inverter
power supply and induction motor. The existing literature has conducted relevant research
work on motor gear systems; however, it mainly focuses on the analysis of motors or gear
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trains, respectively. The researches on the electromechanical coupling are less, and the
systems are mainly single electric input systems.

Due to the power confluence, the dual electric input system has strong mechanical
coupling and electromechanical coupling characteristics, which will result in complex
dynamic characteristics. Therefore, an electromechanical coupling model of the dual electric
input systems by considering gear errors, frequency converter harmonic components,
motors, and elastic couplers was established. The influences of parameters, such as the
gear errors, stiffness of couplers, frequency converter harmonics, etc., on the vibration of
the dual electric input system were also investigated.

2. Modeling

The power transmission system of electric ships with two engines and one propulsion
shaft is shown in Figure 1. Its electromechanical coupling dynamic modeling is shown in
Figure 2. The model includes the working power supply, the motor, the elastic coupling,
the fixed shaft gear train, and the fixed pitch propeller (FPP) load.
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Figure 1. Schematic diagram of two engines and one shaft propulsion system.
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Figure 2. Model of the ship’s two-engine and one-shaft propulsion system.

2.1. The Translation—Torsion Model of the Fixed-Axle Gear Train

In this section, the translation-torsion dynamics model of the fixed-axis gear system is
established as shown in Figure 3. Gear 1 and gear 2 are the two input gears of the system,
and gear 3 is the output gear. The static coordinate system o;x;y; (i = 1, 2, 3) is constructed,
and the dynamic equation of the gear train can be deduced using Newton’s law.
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gear 3

Figure 3. Dynamic model of the fixed axle gear train.

The governing equations of each gear of the fixed-axis gear train are established as
shown in the following Equations (1)—(3):

mixy = —(k13d13 + 013513)51'”0(13 —kp1x1 — cp1x1
miyy = (ki3d13 + c13013)c0sx13 — knyr — cpyy )
J101 = k1(Oa1 — 61) + c1(Oann — 01) — (k13diz + c13013)74

myxy = (k13023 + 623523)5i”0¢23 — kpoxp — cpoxn
may, = — (k13023 + €23023)c0s003 — kioyz — Cooly @
J2602 = ko (012 — 02) + c2(Op — 02) — (k13623 + €23623)7

m3x3 = (k13013 + 613513)51'”0613 — (k13023 + 623523)Si710¢23 — kpzx3 — cp3x3
msys = — (k13013 + c13013)cosous + (k13023 + c23023)cosors — kyzys — CoaY3 ®)
J303 = (k13613 + c13013)73 + (k13023 + €23023) 13 — k3 (03 — 0) — c3(63 — 61)

The meshing deformation of the fixed-axis gear along the meshing line is expressed
as follows:

(4)

{ 013 = (x1 — x3)sinaqz + Y3 — y1cosays + 1601 — 33 —eq3
O3 = (x3 — x2)sinags + Yo — Y3c0sanz + 120y — 363 — e

where J;(i = 1,2,3),m;(i = 1,2,3) represent the moment of inertia and mass of each gear,
w;(i = 12,23) represents the pressure Angle of the gear x;(i = 1,2,3) and y;(i = 1,2, 3) rep-
resent the horizontal and vertical displacements of the gear, respectively; k;, cp; (i = 1,2,3)
indicates the support stiffness and support damping of the bearing to each component,
ki, ci(i = 1,2,3) represents the torsional stiffness and damping of each axis, 6;(i = 1,2)
represents the Angle of the gear, 0;(i = 1,2) represents the rotation Angle of the rotor
of the motor, 6y, represents the Angle of the Angle of the propeller load, and r;(i = 1,2, 3)
represents the nodal circle radius of each gear. Tj, T, are the input torques of gear 1

and gear 2, respectively, which can be expressed as Ty = kq(0p1 — 61) + Cl(éMl — 91),

Ty = ko (62 — 62) + c2(Orz — 62).
The fixed-axis gear meshing force and time-varying meshing stiffness [8] are as follows:

Fi3 = k13613 + 013(:513
Fy3 = k13623 + 23023

kia(61) = ki3 + '21 ac0s[l(Z161 + 1713)] ©®)
i=

k23 (62) = ko3 + L a;0s[1(Z262 + 723)]

1
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where k;;(i = 13,23) is the average mesh stiffness over one mesh cycle, calculated by
the formula used in ISO 6336-1-2006; g4, is the Fourier expansion coefficient; / is the har-
monic order; 7; is the phase angle of mesh stiffness. In Equation (4), el-j(i = 13,23) is the
comprehensive meshing error between the gears, including the rotational frequency error
and mesh frequency error. E; is the Fourier expansion coefficient of the mesh frequency
error. E;(i = 1,2,3) is the amplitude of the rotation frequency error, which can be obtained
according to the accuracy level according to ISO1328-1:2013. B;;(i = 13,23),¢;(i = 1,2,3)
are the phase angles, which are expressed as follows:

e13(01,03) = 121 Ejsin(Z101 + B13) + Exsin(01 + ¢1) + Essin(63 + &3 + a13)
i=

= (6)
623(92, 93) = ‘Zl Elsin(Z292 + ,323) + EzSiﬂ(QZ + 52) + E35iﬂ(93 + §3 + 0(23)
=

2.2. Motor-Equivalent Circuit Model

To obtain the electromechanically coupled vibration characteristics of the system,
the electromagnetic dynamic model of the motor is performed. This model uses a set of
three homogeneous linear differential equations, including voltage equation, flux linkage
equation, and electromagnetic torque to describe the electro-magnetic dynamics of the
motor [17]. The equivalent circuit model is established in the two-phase rotating d—g
coordinate system to describe the motor by using Park transformation. The equivalent
circuit [18] is shown in Figure 4.

d-axis
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Figure 4. Motor equivalent circuit in d—q coordinate system.

The voltage equation is:

. d
Ugs = Rsigs — a%s — WiPys

. d
Ugs = Rslqs - Elpqs — Wiy,
o @)
Ugr = erdr - ﬁqjdr - (w - w‘r)lpqr

. d
tgr = Rriqr — = Pgr — (W — wr) gy
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In the formula, the subscripts d and g represent the components on the d—4 coordinate.
The subscripts s, r represent the stator-related quantities and rotor-related quantities,
respectively. u, i, r, represent the voltage, current and resistance, respectively. w indicates
the mechanical and electromagnetic angular velocities of the rotor. ¢ is the flux linkage,
and the flux linkage equation of the stator is:

$as = Lsigs + Lmigy
lpqs = Lsiqs + Lmiqr
Yar = Lmigs + Lyrigy
lpqr = Lmiqs + Lriqr

®)

where Ls and L, are the electronic and stator winding leakage inductances. L, is the
electromagnetic mutual inductance, and the formula of the electromagnetic torque of the
motor is:

T, = 1'5P(¢dsiqs - ¢qsids) )

2.3. Elastic Coupling and Load Model

The elastic coupler used in the system is a heavy-duty high-elastic coupler. The elastic
characteristics of the coupler may heavily affect the torsional vibration of the system. The
classical stiffness—damping model is adopted for the elastic coupler, which can ensure the
accuracy of the model while simplifying the calculation as much as possible. To simplify
the calculation, the motor—gear shaft and the coupling are simplified as one [19]. The
stiffness of the coupler and the shaft is replaced by the synthetic stiffness k;(i = 1,2), and
the damping of the coupler and the shaft is replaced by the synthetic damping ¢;(i = 1,2).

The load of the system is from the fixed-pitch propeller (FPP). The torque model of the
propeller is modeled as [20]:

Ty = Kupn®D, (10)

where K, is the dimensionless coefficient of the propeller drag torque; p is the density of
seawater; 7 is the velocity of the propeller, and D, is the propeller diameter.

2.4. Inverter Power Supply Model

In this model, the inverter power supply model adopts constant voltage—frequency
ratio control to calculate the voltage and current and drives the inverter power supply
through the signal generated by sinusoidal pulse width modulation (SPWM). This method
can start the motor or adjust the speed of the motor [21]. Figure 5 shows the schematic
diagram of the inverter power drive.

Ua Three-phase
AC voltage
U/f = constant Ut £
Uc
Frequency - voltage SPWM generator Inverter

calculation and generation
Figure 5. Inverter driving schematic.

The inverter is composed of six power switching device IGBTs [22], as shown in
Figure 6, the input DC voltage, through the constant voltage—-frequency ratio control and
SPWM pulse width modulation output pulse wave to control the power switching device
IGBT on and off to adjust the voltage and current of the output three-phase AC, and then
realize the drive control of the load.
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Figure 6. Inverter model.

3. Results

In this study, the dynamic model of the electromechanical coupled system, including
the inverter power supply, the three-phase asynchronous motor, the fixed-shaft gear system,
and the fixed-pitch propeller load is established. First, the dynamic characteristics of the
system under working conditions are investigated, and then the effects of input gear errors,
working power supply, and coupling stiffness on the system are studied.

In MATLAB/Simulink, a fixed-axis gear system model, including time-varying mesh
stiffness and damping, is established by using an S-function, and an inverter power supply
model, including constant voltage—frequency ratio control, SPWM generator, inverter, and
a three-phase asynchronous machine, is built. The motors and gear system are connected
by the electromagnetic torque and the torque on the motor shaft. The equation is as follows:

]MnéMn =Ten —Tn — FyeMn 11)

where 1 = 1, 2 indicates the motor number; T, represents the electromagnetic torque of the
nth motor; T}, is the load torque of the motor #n, which is given in Section 2.2; Fu indicates
the viscous friction coefficient; and 8y, is the rotation angle of motor n. The designed
parameters of the gear train are listed in Table 1, where the stiffnesses are chosen according
to the reference [8]. The motor parameters are listed in Table 2, which is calculated according
to the references [17,21] based on the used motor. The power supply parameters are shown
in Table 3, which are the motor power parameters.

Table 1. Parameters of the gear train.

Gear Symbol Gearl Gear2 Gear3
Teeth number 24 24 93
Module (mm) 5
Mass (kg) 2.13 2.13 18.55
J (kg-m?) 0.048 0.048 0.98
Bearing stiffness (N/m) 108
Bearing damping (N-s/m) 10*
Average mesh stiffness (N/m) 7 x 108
Mesh damping (N-s/rad) 10*

Shaft stiffness (N /rad) kl1=k2=1 x 10%; k3 =2 x 107
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Table 2. Parameters of the motors.

Moter Parameters Moter1 and Moter2
Stator resistance R; () 0.01818
Stator inductance Ls (H) 0.00019
Rotor resistance R, () 0.009956
Rotor inductance L, (H) 0.00019

Mutual inductance L, (H) 0.009415
Friction factor F (N-m-s) 0.04789

Table 3. Power supply data.

Power Parameters

Power Supply 1 and 2

Rated voltage U, (V)

Rated frequency f, (Hz)
Rated power P (kw)
Compensation voltage Uy (V)
Triangular carrier amplitude U (V)
Triangular carrier frequency fc

460
60
149.2
20
500
2500

The MATLAB/Simulink modeling block diagrams are shown in Figures 7 and 8.
Figure 7 is the Simulink block diagram of inverter power supply, and Figure 8 is the
Simulink block diagram of electromechanical system. The two parts are connected through
three-phase AC power supply. The sfun_test function is the modeling of fixed-shaft

gear shafting.

Rate Limiter

o _/ P Frequence

Voltage ——P»

Stair
Generator1

amplitude

Frequency - voltage
calculation

| Frequence

Voltage module
calculation and generation

Voltage U_a P Ua
Ub——®mUb PWM

Uec—p{Uc

(&}
SPWM g}e’merator

Figure 7. Simulink block diagram of inverter power supply.
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Figure 8. Simulink block diagram of electromechanical system.

3.1. Dynamic Characteristics of the System under Working Conditions

In this section, the vibration of each physical quantity of the system in the start-up and

steady-state stages of the model under actual operating conditions is mainly introduced.
Figure 9 shows the rotational speed of the three gears at start-up and steady-state. The
rotational speed of the two input gears and the output gear both have vibrations with
an amplitude of about 0.02 rad/s when they reach a steady state. This is because the
model considers the combined effects of time-varying mesh stiffness, error, and inverter

power supply.
200 60
Gear 1 s0l
150 1 — — —Gear2
40 -
!
30

o
=3
=)

‘,”Hmnmlnwtf“'

Gear 3

Angular velocity ( rad/s)

sl 48.52

48.5

50l 10} 48.48

1 1.2 14
131305 _ -~ 0
0 0.4 0.400005 0.40001
. ) ) -10
0 05 1 15 2 b 0 0.5 1 1.5 2
(a) ’ . ’ (®) Time (s)
Time (s)

Figure 9. (a) Angular velocities of gears 1 and 2. (b) Angular velocities of gear 3.

In Figure 10, the two groups of meshing forces have the same amplitude in the time

domain; however, there is a phase difference, which is caused by the phase difference
between the two groups of gears during meshing. In the frequency domain, the frequency



Machines 2022, 10, 449

10 of 20

spectrum of the two meshing forces is roughly the same. The frequency spectrum mainly
includes the meshing frequency fm of gear pairs 1-3 and 2-3, the double frequency 2fm,
the triple frequency 3fm, etc., and also includes the frequency generated by the inverter.
The modulation frequency of the triangular carrier frequency domain fc and the power
fundamental frequency f1: fc-2f1 adn fc + 2f1.

T 80
6000 Gearl-3 Gearl-3
— — —Gear2-3 — — —Gear2-3
5000 1 60l ]
fc-3f1
4 —_
000 m fm fc + 3f1 5fm
—_ °
3000 ~ 40
< 2
S 2000 E
S _E' 20
1000
<
0
ol
-1000 3000
0.9 1 11 12
-2000 : : : : -20 : ‘ ‘ : :
0 0.2 0.4 0.6 0.8 1 b 0 1000 2000 3000 4000 5000
@ Time (s) (b) Frequency (Hz)

Figure 10. Gear 1-3, Gear 2-3 mesh force: (a) time domain; (b) frequency domain.

Figure 11 shows the displacement and speed changes of the three gears in the time
domain. From the figure, the horizontal and vertical displacement directions of input gear 1
and input gear 2 are opposite, and the magnitudes are equal. There is vibration in both gears
after entering a steady-state, which is the same trend as the meshing force. This shows that
the displacement of the gear is the result of the meshing force, which is consistent with the
result that the main component in the frequency spectrum is meshing frequency. In addition,
the vertical displacement of the two gears is larger than the horizontal direction, which is
caused by the magnitude of the components of the meshing force in these two directions.

This is consistent with the pressure angle set by the model. Comparing the input
gear 3 and the output gear 1.2, it can be seen that the displacement of the output gear
is an order of magnitude smaller than that of the input gear, and the amplitude is also
smaller than that of the input gear. This is because, in this model, the vibration source of
the intermediate gear is the vector sum of the forces of the two input gears, and the two
forces cancel a part, thereby, reducing the vibration of the intermediate gear. This shows
that the dual-input fixed-axle gear train can reduce the displacement and vibration of the
common gear to a certain extent.

3.2. Influences of Errors on Vibration

In this section, the influence of the gear tooth profile error on vibration is mainly
studied. This paper studies the daul input system, and the system itself is relatively
sensitive to error. In addition, the gear manufacturing error is random, which implies that
the system of two input gear must have accuracy difference. To enhance the comparison
effect, three different sets of parameters are used for simulation, namely case 1, case 2 and
case 3. In case 1, the errors of the three gears were set to be close to the maximum allowable
values with a accuracy of six degrees, and the errors of the two input wheels were roughly
the same. In case 2, the error of gear 3 remained unchanged, and the error of gear 1,2 was
set to 0 as the ideal gear. In case 3, the error of gear 1,3 remained the same as case 1, and
the error of gear 2 was set to 0. The data settings of each group are shown in Table 4.
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Figure 11. Horizontal and vertical displacement and vibration velocity of three gear: (a) gear 1
displacement; (b) gear 1 vibration velocity; (c) gear 2 displacement; (d) gear 2 vibration velocity;
(e) gear 3 displacement; and (f) gear 3 vibration velocity.
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Table 4. Error values for analyzed three cases.

Case Name Gearl el (um) Gear2 e2 (um) Gear3 e3 (um)
Case 1 27 25 65
Case 2 0 0 65
Case 3 27 0 65

After entering the steady-state, it can be seen from Figure 12a,b that the vibration
of control group 1 is the smallest, and the vibration of control group 2 is the largest. By
comparing the Case 1 with the Case 2, it can be found that when the errors of gears 1 and 2
are set to 0, the angular velocity hardly vibrates. In Case 1, the influence of random error on
the vibration amplitude of angular velocity was less than 0.05 rad/s. The simulation results
of Case 3 showed that the vibration was much greater than that of the first two groups.
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Figure 12. Comparison of experimental group, control group 1, and control group 2: (a) Gear 1;
(b) Gear 2; and (c) Gear 3.

According to Equation (6) in Section 2.1, the error model adopted in this paper is
mainly composed of the mesh frequency error and the rotation frequency error, and it can
be seen from the query of ISO1328-1:2013 standard that the value of the rotation frequency
error is much larger than the mesh frequency error. Through the error calculation method,
it can be known that the main influence on the system vibration is the rotation frequency
error. The range of error mainly depends on these two values, and the greater the frequency
error, the more severe the vibration.
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In addition, the variation range of the time-varying error in the experimental group
is much larger than that of the Case 3 (this is because the error of the gear 2 is set to 0,
which can be obtained by calculation); however, its vibration is much smaller than that of
the Case 3, under the control variable, this result shows that the vibration of the system is
not only affected by the amplitude of the rotational frequency error but also related to the
precision difference between the two input wheels. The greater the precision difference, the
greater the vibration. However, Figure 12¢ shows that the speed vibration of gear 3 has little
effect on the accuracy difference between the two input gears. When the comprehensive
error is larger, the speed vibration of gear 3 is larger.

Figure 13 shows the meshing force and the displacement and vibration of each gear
in the horizontal and vertical directions under three sets of parameters. Figure 13a,b
show the change in the meshing force of the two pairs of gears, which is the same as the
changing trend of the rotational speed diagram. The meshing force of the control group 2
vibrates the most, which shows that the meshing force and displacement vibration of the
two input gears are greatly affected by the accuracy difference between the two input
gears. The larger the error difference, the larger the vibration amplitude. In addition, the
displacement vibration of gear 3 also follows the same law as gear 1 and 2. This is because
the displacement is mainly caused by the resultant force of the two meshing forces, and the
accuracy difference makes the vibration of the meshing force larger, resulting in a larger
displacement vibration.

3.3. Influences of Inverter Power Supply on Vibration

The rotational speed diagram of gear 1 is shown in Figure 14a. When using the variable
frequency drive to start, the system enters the steady-state in 0.7 s, while when using the
three-phase power supply to start directly, the system enters the steady-state time lag for
0.4 s, and in the steady-state stage, the steady-state speed of the variable frequency drive
is smaller than that of the direct start. State speed, while the speed vibration of variable
frequency drive is slightly larger than that of direct start.

The frequency spectrum of the speed of gear 1 is shown in Figure 14b. Since the
model uses an inverter, the harmonic components of variable frequency startup are more
abundant than that of the direct startup. The frequency spectrum mainly includes the
meshing frequency fin of gears 1-3 and 2-3, the double frequency 2fm, the triple frequency
3fm, etc., The frequency conversion start-up spectrum also includes the triangular carrier
frequency domain fc generated by the inverter and the modulation frequency of the power
supply fundamental frequency f1: there are also peaks at fc-2f1, fc + 2f1, and 2fc.
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Figure 13. Cont.
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Figure 13. (a) Gear1-3 mesh force; (b) Gear2-3 mesh force; (c¢) Gear 1 X-direction; (d) Gear 1
Y-direction; (e) Gear 2 X-direction; (f) Gear 2 Y-direction; (g) Gear 3 X-direction; and (h) Gear 3
Y-direction.
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Figure 14. Angular velocity of gear 1: (a) time domain; (b) frequency domain.

The time-domain and frequency-domain diagrams of the meshing force are shown
in Figure 15. From the point of view of the time to enter the steady-state, the frequency
conversion start time is shorter than the direct start time. From the perspective of force
variation, the frequency conversion start amplitude is slightly larger than that of the
direct start. The wave composition is roughly the same as the frequency spectrum of the
tachogram, which indicates that the difference in amplitude in the time domain is caused
by the inverter.
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Figure 15. Gear]l—3 mesh force: (a) time domain and (b) frequency domain.

Figure 16 shows the displacement and vibration of gears 1, 2, and 3 on the horizontal
and vertical components, respectively, which is consistent with the meshing force, indi-
cating that the displacement during variable frequency startup is greater than that of the
direct startup.

By comparing the vibration conditions of the corresponding parameters in
Sections 3.2 and 3.3, considering the error at the same time, the influence of variable fre-
quency start-up and direct start-up on the vibration of each parameter in the steady-state
is smaller than that of the error. As shown in Figure 17, comparing the case where the
variable frequency start does not consider the comprehensive error and the direct start
considers the error, we concluded that the influence of the error on the system vibration is
greater than the influence of the power supply on the system vibration.
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Figure 17. (a) Gear 1 angular velocity and (b) gear 1-3 mesh force.

3.4. Influences of Coupling Stiffness on Vibration

To study the effect of coupling stiffness on vibration, ten sets of data with torsional
stiffness in the range of 10°~10% were selected for simulation. After reaching the steady-
state, the maximum value and average value of the rotational speed of gear 1 are shown
in Figure 18a,b, and the maximum value and average value of the displacement in the X
and Y directions of gear 1 are shown in Figure 18c—f. It can be seen from the average value
image that the coupling stiffness had little effect on the steady-state DC component of the
system but had a greater effect on the vibration. With the increase of coupling stiffness, the
gear speed vibration first increased, then decreased, and finally increased, with a peak in
the range of 10°-107.

This is because the change in stiffness makes the natural frequency close to the ex-
citation frequency, resonance occurs, and the vibration of the gear speed rises sharply.
When ignoring the effect of resonance, the greater the coupling stiffness is, the greater the
system vibration.
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Figure 18. (a) Gearl maximal angular velocity; (b) Gearl average angular velocity; (c) Gearl
X-direction maximal displacement; (d) Gearl X-direction average displacement; (e) Gearl Y-direction
maximal displacement; and (f) Gearl Y-direction average displacement.

4. Conclusions

In this study, an electromechanical coupling model, including inverter power supply,
three-phase induction motor, fixed-axis gear, and the load, was established. The influences
of the gear error, inverter, and coupling stiffness on the vibration characteristics of the
system were studied, and the influence rules of various parameters on the vibration
characteristics were analyzed.

When studying the influence of error on system vibration, we found that the larger the
error of the gear, the greater the system vibration; the leading role in the error is the rotation
frequency error instead of meshing frequency error; the greater the accuracy difference
between the two input wheels, the greater the system vibration. By comparing the influence
of error value and accuracy difference on vibration, we found that when an accuracy
difference exists, the dominant factor of system vibration is the accuracy difference.

For the inverter-driven model, the harmonic components of the system were more
complex due to the use of inverters. Although the model using the inverter reached a
steady-state faster than the ideal three-phase voltage at start-up, there was more vibration
at a steady state. When studying the effect of coupling stiffness, we found that with a
greater coupling stiffness, the system vibration showed a trend of increasing first and
then decreasing.

This is because when the stiffness was at medium stiffness, the change of coupling
stiffness made the natural frequency of the system close to the excitation frequency, and
resonance occurs, which makes the vibration intensifies. In order to avoid resonance of
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elastic coupling frequency with other elements in the ship, coupling with low stiffness is
recommended to reduce the vibration of the system.
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