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The type and working principle of multi-engine multi-gearbox gearing are introduced. The global
dynamic modeling method, based on the generalized finite element theory, and the layered dynamic modeling
method, based on the idea of whole first and then partial are proposed, and the dynamic models of three operation
modes in the four engines with two shafts are established. The effects of coupling, rotation speed, configuration
and power loss on the dynamic response of the system are studied by using the dynamic model. The research
results show that the coupling vibration of multi-engine multi-gearbox gearing is obvious at low speed, and the
coupling vibration weakens with the increase in speed. Reducing the coupling stiffness can weaken the coupling
vibration of the system. The symmetrical structure of the transmission system has the same dynamic response
at the symmetrical position. Meshing friction has little effect on the dynamic response of the system. The more
power flowing through the cross-connect gearbox, the greater the system power loss. This research provides
theoretical support for the low-vibration design of multi-engine multi-gearbox marine gearing and has a positive
significance for understanding the coupled vibration characteristics of complex gear systems.

In the development of the ship power system, to solve the
contradiction between the requirement of high power when
sailing at full speed and the requirement of good economy
when cruising, the multi-engine multi-gearbox marine gear-
ing is produced. A multi-engine multi-gearbox is generally
composed of two or more engines, with one or more gear-
boxes, clutches, couplings and other transmission compo-
nents, according to the demand of power input and output.
Compared with a single-engine power system, a multi-engine
multi-gearbox system has the characteristics of higher power
density, higher fuel economy and longer reliability (Schlappi,
1982; Willis, 1983).

Although the gearing has the above advantages, the vibra-
tion response of the system will change when the gearboxes
are connected by coupling. Wang et al. (1996, 1997) ana-
lyzed the vibration characteristics of the two engines with
one gearbox system, and the calculated results of the dy-

namic model are close to the test ones. The research team at
Northwestern Polytechnical University, Xi’an, China, stud-
ied the coupling vibration of different types of multi-engine
multi-gearbox marine gearing (Zhao, 2018; Meng, 2019;
Ma, 2020; Li, 2020). Coupling of gear systems mainly in-
cludes coupling of degrees of freedom, coupling of multi-
stage gear pairs and coupling of supporting systems. Toridon
and Gavin (1977) analyzed the coupled bending torsional vi-
bration of a two-stage spur gear system. Kahraman (1994)
established a three-dimensional vibration model of two-stage
helical gears with full degrees of freedom of bending, tor-
sion, axis and pendulum and studied the influence of idler
gear teeth numbers and installation phase angle on the vibra-
tion characteristics of the system. For the coupling of multi-
stage gear pairs, Raclot (1999) and Walha et al. (2009) estab-
lished a two-stage gear system dynamic mode and found the
phenomenon of a coupled vibration. Sun et al. (2014) studied
the influence of excitation frequency on the coupled vibration
of multi-stage planetary gears. Wei et al. (2017) summarized
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Configurations of (a) CODOG (combined diesel or gas turbine) and (b) CODAG (combined diesel and gas turbine). Panel (a):
1 — I stage pinion of gas turbine; 2 — I stage wheel; 3 — II stage pinion; 4 — II stage wheel; 5 — I stage pinion of diesel engine; 6 and 10 —
synchro-self-shifting clutch; 7 and 11 — universal joint; 8 — highly flexible coupling; 9 — hydraulic coupler; 12 — diaphragm coupling; 13 —
torsion shaft; and 14 — main thrust plate. Panel (b): 1 — I stage pinion of gas turbine; 2 — I stage wheel; 3 — II stage pinion; 4 — II stage wheel;
5 — I stage pinion of diesel engine; 6 and 10 — universal joint; 7 — highly flexible coupling; 8 — hydraulic coupler; 9 — synchro-self-shifting
clutch; 11 — diaphragm coupling; 12 — torsion shaft; 13 — main thrust plate; 14 and 15 — first speed ratio gear pair; 16 and 19 — clutch; and 17

and 18 — second speed ratio gear pair.
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Cross-connect gear (CCG) transmission system of three engines with two shafts of (a) CODOG and (b) CODAG. Panel (a): 1 -

I stage pinion of gas turbine; 2 — I stage wheel; 3 — II stage pinion; 4 — II stage wheel; 5 — I stage pinion of diesel engine; 6 —

controllable

clutch; 7 — synchro-self-shifting clutch; 8 — idler gear; 9 — flexible coupling; and 10 — main thrust plate. Panel (b): 1 — I stage pinion of gas

turbine; 2 and 4 — I stage wheel; 3 and 6 —

idler gear; 5 — II stage pinion; 7 — II stage wheel; 8 — first speed ratio pinion; 9 — first speed

ratio wheel; 10 — second speed ratio pinion; 11 — second speed ratio wheel; 12 and 13 — speed ratio clutch; 14 — hydraulic coupler; 15 —
synchro-self-shifting clutch; 16 — countershaft clutch; 17 — diesel engine coupling; 18 and 19 — flexible coupling; and 20 — main thrust plate.

several vibration modes of multi-stage planetary gears. For
the coupling of a supporting system, Vazquez et al. (2001)
proposed a method, using a transfer function, to consider
the flexible effect of gearbox support in dynamic analysis.
Ren et al. (2017, 2018) established a fully coupled dynamic
model of a single-stage gearbox, using the impedance syn-
thesis method. Lu et al. (2020) used the static sub-structure
method to couple the housing with the multi-stage gear rotor
system.

As shown in the above analysis of the published research,
there is some research on the coupling vibration of the multi-
engine multi-gearbox gearing, and the introduction of its
configuration and working principle is not sufficient. There-

fore, it is necessary to summarize the configuration and
working principle of multi-engine multi-gearbox gearing and
study the coupling vibration characteristics of this kind of
system. The rest of this paper is organized as follows: Sect. 2
introduces the configuration and working principle of two
types of multi-engine multi-gearbox gearing. Section 3 pro-
poses two coupled dynamic modeling methods based on the
overall modeling idea and the layered modeling idea and es-
tablishes the dynamic model of the three operating modes in
the four engines with two shafts system. Section 4 studies
the influence of coupling, rotation speed, configuration and
power loss on the dynamic response of the system based on
the established model. Section 5 summarizes some conclu-
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The structure diagram of four engines with two shafts.

Side helical gear parameters.

One engine with one shaft

Two engines with one shaft

Two engines with two shafts

Box 1 ‘

Box 2 ‘ Box 3

Gear pair 1; 2 ‘ Gear pair 3; 4

Gear pair 5;6  Gear pair 9; 10 ‘ Gear pair 11; 12

Teeth number 106/37 45/150
Module (mm) 5 7
Pressure angle (°) 20 20
Helix angle (°) 26.652 29.087
Face width (mm) 100 100

150/54 150/125 75/168
7 7 8

20 20 20
29.087 29.087 27918
100 100 65

sions based on the numerical analysis results and prospects
for later research.

There are mainly two types of combined power transmission
systems used in cruisers and naval vessels. The first is the
combination type of “or” systems such as CODOG (com-
bined diesel or gas turbine) or COGOG (combined gas tur-
bine or gas turbine). The second is the combination type of
“and” systems called CODAG (combined diesel and gas tur-
bine) or COGAG (combined gas and gas turbine). In the or
propulsion systems, only one of the engines works at the
same time, and they will change the working mode alterna-
tively, according to the status of the ships in cruising or fast
gears, whereas, in the and systems, the engines can be used

individually or together to strengthen the propulsion power
(Yu and Wang, 2009).

Figure la gives a configuration of CODOG for which
a diesel engine and a gas turbine drive the propeller shaft
respectively. When the ship is cruising, the diesel engine
works, and the diesel engine power is transmitted to the pro-
peller shaft through the gears 5—2—3—4. When the ship is ac-
celerating, the hydraulic coupling 9 and SSS (synchro-self-
shifting) clutch 6 are disconnected. Then, diesel engine stops
working, and the power of the gas turbine is transmitted to
the propeller shaft through the gears 1-2-3—4.

Figure 1b shows a configuration of CODAG, a diesel en-
gine, and a gas turbine that drives the propeller shaft either
separately or together. When the ship is cruising, the diesel
engine works, and the gas turbine does not work. The diesel
engine’s output power is transmitted to the propeller shaft
through the gears 14-15-2-3-4. When the power is required
to be combined and output, the power of the diesel engine
is transmitted to the stage I gear 2 through gears 17-18, and
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(a) Discrete model

Finite element model of the gear system.

the power of the gas turbine is also transmitted to the stage
I gear 2 through gear 1. The power of the two engines con-
verges and is transmitted to the propeller shaft through the
gears 3—4.

A combined power cross-connect gear (CCG) transmission
system uses a cross-connect gear to connect port and star-
board input power, which not only has the function of com-
bined power transmission system but can also utilize one en-
gine to drive two propeller shafts simultaneously, so that the
high-power main runs at the optimal efficiency design point,
and further improve fuel economy and reliability compared
with a combined power transmission system (Yu and Wang,
2009).

Figure 2 shows a three engines with two shafts CCG trans-
mission system. The shaft refers to the propeller shaft, which
is shown in Fig. 2a as a CODOG CCG transmission system
and in Fig. 2b as a CODAG CCG transmission system. When
the ship is cruising, the two diesel engines transmit power to
their respective propeller shafts through gears 5—4. When the
ship is accelerating, the gas turbine power is transmitted to
the two propeller shafts through the gears 1-2-3—4 and 1-8—
2-3-4, respectively. The CODAG CCG transmission system
has the following four operating modes: (1) the power of two
diesel engines is transmitted to the respective propeller shafts
through gears 8-9-5-7 and 8-9-5-6-7 during the cruise;
(2) one diesel engine works during the economic cruise and is
transmitted to the port and starboard propeller shafts through
gears 8-9-5-7 and 8-9-5-2-3-4-5-6-7; (3) when the gas
turbine is running alone, the gas turbine power is transmitted

Housing node

Foundation

(b) Housing finite element model

to the port and starboard propeller shafts through the gears 1—
2-5-7 and 1-2-3-4-5-6-7; and (4) when combined power
runs, the two diesel engines carry out the power transmission
in the first operating mode, and the gas turbine carries out
power transmission in the third mode. At this time, the ship
obtains the maximum propulsion power and has the highest
speed.

Figure 3 shows a four engines with two shafts system. Each
gearbox in the system adopts a herringbone gear pair. The
actual operation modes of the system include one engine with
one shaft, two engines with one shaft, two engines with two
shafts, etc. This section introduces two modeling methods to
build this kind of multi-gearbox system and introduces the
dynamic models of three operation forms according to these
methods. The gear parameters in the system are shown in
Table 1. Because of the symmetry of the system, the gear
parameters of nos. 4-6 gearboxes are the same as those of
their symmetrical gearboxes. The coupling stiffness, bearing
stiffness and damping in the system are shown in Table 2.

The generalized finite element method is used to establish
the overall coupling dynamic model of the system. Taking
a single-stage gearbox as an example, the gearbox is dis-
cretized into meshing element, shaft element, bearing hous-
ing element and housing foundation element, as shown in
Fig. 4a. Each element is composed of gear nodes, shaft
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nodes, bearing nodes, box nodes, etc. Node division rules
are introduced in the literature (Yuan et al., 2017). The mass
and stiffness and damping of the housing foundation element
are extracted from the finite element software by the static
substructure method. As shown in Fig. 4b, the inner hole sur-
face of the bearing seat is coupled to the central node by a
rigid beam element. The displacement of the base is fully
constrained. Then, the equivalent stiffness and mass matrix
of the housing foundation element are extracted by the static
substructure method. The mass, stiffness and damping matrix
of the other element is obtained by force analysis. They are
assembled according to the physical connection relationship
to obtain the overall dynamic model of the system.

For the three operation modes of four engines with two
shafts, the corresponding dynamic models are established
based on the generalized finite element method, as shown
in Figs. 5 and 6. The finite element method and analyti-
cal contact mechanics method are used to establish a quasi-
static contact model of the gear pair, and the calculated time-
varying mesh stiffness is used as the internal excitation of the
dynamic model (Chang et al., 2015). Equation (1) is the ma-
trix form of the differential equations of motion of these two
models, and x is the generalized coordinate vector of the sys-
tem, M is the system quality matrix, C is the system damping

Meshing
element

y
=z oW-o Coupling element %

O Bearing box = Box foundation
element wtaar element

matrix, K(#) is the system time-varying stiffness matrix, and
Py is the external load vector. The matrix equations are para-
metric differential equations, which are solved by the Fourier
series method.

Mi(t) + Ci (1) + K()x (1) = P. (1)

Similar to the first two models, the dynamic model of two
engines with two shafts is shown in Fig. 7. In the model, not
only the time-varying meshing stiffness excitation but also
the meshing friction excitation are considered. The mesh-
ing friction excitation includes the time-varying friction force
and time-varying friction torque, and the friction excitation is
obtained by calculating time-varying contact line length (Ma,
2020). The form of the differential equation of the system
motion can be expressed as Eq. (2). F¢(¢) is a time-varying
friction excitation.

Mi(t)+ Cx(t) + K(t)x(t) = Po + Fe(z). 2)

Aiming at the characteristics of the dynamic model estab-
lished by the generalized finite element method, there are
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many nodes and degrees of freedom, and the solution effi-
ciency is low when the model is complex. Therefore, another
efficient modeling method is proposed, as shown in Fig. 8.
This method adopts the modeling idea of whole first and
then partial. First, a rigid—flexible coupling dynamic model
of the overall multi-gearbox transmission system was estab-
lished, and the boundary conditions at the coupling element

were obtained. Then, a generalized finite element method
was used to establish a dynamic model of the single gearbox,
and the boundary conditions at the coupling were included.
This method can obtain a dynamic model that considers the
coupling effect of the overall system and has fewer degrees
of freedom.

As shown in Fig. 9, there is a rigid—flexible coupling
model of a one engine with one shaft transmission system.
The half-coupling of the diaphragm coupling was treated,
with a Timoshenko beam, as a flexible body, and the di-
aphragm group was simplified as a spring with stiffness and
damping. The mass and moment of inertia of the coupling are
ignored in the model. The meshing excitation in the model
is calculated based on ISO (International Organization for
Standardization) 6336. The bearing support stiffness is con-
sidered as being a spring element with a coupling term. The
dynamic model of subsystem B is established by the gen-
eralized finite element method. The coupling wave force F;
is included in the dynamic model of subsystem B to obtain
a dynamic model that considers the overall system coupling
effect. The model has fewer nodes, and the solution is faster.
The matrix form of the kinematic differential equation can
be expressed as Eq. (3). The model considers gear manu-
facturing, coupling vibration misalignment and time-varying
meshing stiffness. F.(¢) is the coupling wave force. e(¢) is the
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Mi (1) + Clx(r) — e(®)] + K[x(1) —e()] =Fc(t) + Po. (3)

In this section, the model established in Sect. 3 is used to
study the influence of coupling, rotation speed, configuration
and power loss on the dynamic characteristics of the multi-
gearbox system. The specific correspondence is shown in Ta-
ble 3. The gear pair number and box number mentioned in
this section are shown in Fig. 3.

The effect of coupling is studied by using the dynamic model
of one engine with one shaft established in Fig. 5 in this pa-
per. It can be seen from Fig. 10 that the fluctuation of mesh-
ing force before coupling of a gearbox gear pair in the system
is 950N. After connecting another gearbox through a cou-
pling, the fluctuation of the meshing force after coupling is
2736 N, and the fluctuation of meshing force increases 2.88

37000
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Spectrum of meshing force after coupling of no. 1 mesh-
ing element.

times. Observing the meshing force spectrum after coupling,
it is found that the frequency fm?2 corresponding to the max-
imum amplitude is not its own meshing frequency but the
meshing frequency of another gearbox. So, the gearboxes
in the transmission system are connected by the coupling
to generate the coupled vibration. The coupled vibration be-
tween gearboxes has a significant impact on the dynamic re-
sponse of the system. This is because the vibration of the
gearboxes is transmitted to each other through the coupling,
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of the meshing force of the no. 1 meshing element at the original coupling stiffness (K coupling) and 10~3 times the coupling stiffness
1073k coupling). It can be seen that the coupling vibration of the no. 1 meshing element at 230—450 rpm (revolutions per minute) on
K coupling is strong, and the amplitude of fm?2 is relatively large. At 1073k coupling, the corresponding amplitude of fm?2 disappears.
Therefore, reducing the stiffness of the coupling can weaken the coupling vibration of the system.
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which enhances the dynamic response of the system, so the
dynamic meshing force fluctuation increases after coupling.
As shown in Fig. 11, it can be seen from the frequency spec-
trum that the increase in the amount of meshing force fluctu-
ation is mainly caused by the vibration transmission of other
gearboxes. Because the multi-gearbox system has a coupled
vibration effect, the dynamic response should be analyzed
from the perspective of the overall system in the research.
For one engine with one shaft, the layered coupling dy-
namic model shown in Fig. 9 is used for research. As shown
in Fig. 13, the shaft frequency component appears in the
meshing force spectrum of the no. 3 meshing element. At
240 rpm (revolutions per minute), the corresponding ampli-
tude of the shaft frequency is very small, and at 1040 rpm,
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(b) 1040 rpm

the shaft frequency is the main frequency component in the
spectrum. This is because the vibration misalignment caused
by different the vibration intensity between gearboxes is con-
sidered in the layered coupling dynamic model, which leads
to misalignment of the coupling and then produces shaft fre-
quency excitation in the system. For a multi-gearbox system,
the shaft frequency excitation caused by vibration misalign-
ment has little influence on the vibration response of the sys-
tem at low speed, which can be ignored but should be con-
sidered at high speed.

The rotational speed is directly related to the excitation fre-
quency of the system in the gear system. We use the one en-
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gine with one shaft dynamic model, shown in Fig. 5, to study
the effect of box 1 on the coupled vibration of box 2 with
speed changes. Figure 14 shows the root mean square curve
of the dynamic meshing force of the no. 1 meshing element
in box 1. The meshing element resonates at three speeds of
50, 560 and 1090 rpm, respectively. The vibration response
of the no. 3 meshing element in box 2 is studied under these
three speeds. Figure 15 shows the meshing force spectrum
of the no. 3 meshing element. It is observed that the ampli-
tude of box 1 meshing frequency fm1 gradually decreases
as the speed increases, and the coupling effect of the sys-
tem decreases. This is because the excitation frequency of
the system increases with the increase in speed, and the vi-
bration transmission decreases with the increase in the ex-
citation frequency. Even if the main resonance occurs when
the no. 1 meshing element is at 1090 rpm, it has little effect
on the no. 3 meshing element. For a multi-gearbox system,
as the speed increases, the coupled vibration of the system
weakens. The coupled vibration of the system mainly occurs
at low speeds.

The operating mode of two engines with one shaft is when
the ship is sailing at full speed. Box 3 in Fig. 3 is not working,
and power is transmitted by two completely symmetrical en-
gines with one shaft. During operation, the input power and
speed of the two engines are required to be the same. The two
engines with one shaft dynamic model, established in Fig. 6,
is used to study the influence of the symmetrical configu-
ration on the system’s dynamic response. The input power
of the two main engines is set to 600, 1200 and 3000 kW,
and the input speed is 1500 rpm. As shown in Fig. 16, the
meshing force fluctuations of the nos. 21 and 23 meshing el-
ements at the symmetrical position are the same under the
three working conditions, which are 238, 500 and 1343 N,
respectively. The meshing force fluctuations of the meshing
elements at other symmetrical positions are also the same.
Therefore, the dynamic response of the symmetrical struc-
ture of the multi-gearbox system is also symmetrical, and the

amount of the meshing force fluctuation of the system in-
creases with the increase in input power.

The influence of the power distribution on the power loss of
the system is studied by using the two engines with two shafts
dynamic model, in Fig. 7, which considers the meshing fric-
tion. When the input power of each engine is different, the
cross-connect gearbox box 3 will distribute the power. The
speed of box 1 and box 5 is 1500 rpm, the input power is
1000 and 800 kW, respectively, the output power of the two
propeller shafts is 900 kW and the distributed power of the
cross-connect gearbox box 3 is 100kW. The frictional ex-
citation of each gear pair in the system is calculated by the
time-varying contact line method, and the kinematics equa-
tion is solved to obtain the dynamic response of the system.
As shown in Fig. 17, after considering the power loss, the
average value and fluctuation of the gear pair meshing force
and bearing force did not change significantly, indicating that
the power loss caused by meshing friction has little effect on
the dynamic response of the system.

The power loss is related to the power transmission path
and power allocation. It is assumed that the total output
power of the two engines with two shafts is 1800 kW, and
the input speed of two engines is 1500 rpm. Setting the out-
put power ratio of two propeller shafts as 1:9, 2:8, 3:7
and 4 : 6, the power flowing through the cross-connect gear-
box (CCG) is 1440, 1080, 720 and 360 kW. The greater the
mean value of the meshing force of the gear pairs of the two
input gearboxes, box 1 and box 5, and the greater the input
power, the greater the system power loss. Combining Fig. 18
and Table 4, it can be seen that the average meshing force
of the no. 1 meshing element in box 1 is unchanged, and
the input power is unchanged. The mean meshing force of
the no. 21 meshing element in box 5 increases with the in-
crease of the power flowing through the CCG, so the total in-
put power of the system increases. This is because, when the
power transmission path is unchanged, the greater the trans-
mitted power, the greater the power loss, and the more input
power is required. Therefore, the more power that the multi-
gearbox system flows through the CCG, the greater the sys-
tem power loss. In the design, it is advisable to try to avoid a
high power distribution ratio.

This paper reviews the typical configurations of multi-engine
multi-gearbox of marine gear transmission systems. The in-
fluences of the models and key factors on the coupled vibra-
tion characteristics of the systems are introduced and ana-
lyzed. The results show that the coupling influences of mul-
tiple excitations of the systems on the dynamic responses
should draw more attention in the process of low noise de-
sign. The main findings are summarized as follows: (1) at low
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speeds, the coupling vibration of the system is obvious. Re-
ducing the stiffness of the coupling can reduce the vibration
transmission between gearboxes. The shaft frequency exci-
tation caused by the vibration dislocation between the boxes
plays a major role when the system is high speed. (2) As the
speed increases, the coupled vibration of the system gradu-
ally weakens. (3) The vibration response of the system with
a symmetrical configuration is the same at the symmetrical
position. (4) The meshing friction has little effect on the dy-
namic response of the system. When considering the system
power loss of the meshing friction, the greater the power
flowing through the CCG, the greater the system power loss.

The prospects of the research on the multi-engine multi-
gearbox system are as follows: (1) it is imperative to establish
more effective models for the analysis of multi-engine multi-
gearbox transmission systems. (2) There are a few kinds of
excitations in multi-engine multi-gearbox marine gear sys-
tems. It is of great significance to study the coupling vibra-
tion characteristics under multiple excitations and to explore
the vibration transfer laws along with the longitudinal and
axial directions for vibration and noise reduction of the sys-
tems. (3) Marine gear transmission is developing towards

higher speed, higher power density and longer lifespan and
reliability. The robust design methods of the transmission
systems under different working conditions and transmission
forms are necessary to keep the systems at a relatively low
vibration level.
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