
RESEARCH ARTICLE

Synchrophasing Vibration Control of Machines Supported
by Discrete Isolators

Di Huang1
& Tiejun Yang1

& Zhigang Liu1
& Michael J. Brennan2

& Xinhui Li1

Received: 11 October 2018 /Accepted: 25 March 2019 /Published online: 6 June 2019
# Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
This paper describes an analytical investigation into synchrophasing, a vibration control strategy on a machinery installation in
which two rotational machines are attached to a beam-like raft by discrete resilient isolators. Forces and moments introduced by
sources are considered, which effectively represent a practical engineering system. Adjusting the relative phase angle between the
machines has been theoretically demonstrated to greatly reduce the cost function, which is defined as the sum of velocity squares
of attaching points on the raft at each frequency of interest. The effect of the position of the machine is also investigated. Results
show that altering the position of the secondary source may cause a slight change to the mode shape of the composite system and
therefore change the optimum phase between the two machines. Although the analysis is based on a one-dimensional Euler–
Bernoulli beam and each machine is considered as a rigid-body, a key principle can be derived from the results. However, the
factors that can influence the synchrophasing control performance would become coupled and highly complicated. This condi-
tion has to be considered in practice.
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1 Introduction

The vibration and noise introduced by marine machines can
significantly affect the safety of ships, reliability of equipment
aboard, and comfort of passengers. For military ships, the
noise caused by low-frequency vibration can be particularly
harmful because it reduces the acoustic stealth of the ships.
With the development of a lightweight and large-scale hull

structure, the vibration and noise control has become increas-
ingly important.

Passive vibration isolators are widely employed to isolate
sources, such as rotational machines, from host structures to
reduce transmitted vibration. However, when different config-
urations are used, such as a floating raft isolation, traditional
passive isolators involve a tradeoff between the efficiency of
the isolation performance and the stability of the entire system.
To solve this problem, active vibration control has been pro-
posed, which introduces secondary sources to generate forced
vibration responses to cancel the primary vibration transmis-
sion (Fuller et al. 1997; Yang et al. 2004). However, a back-up
system is always needed no matter what kind of actuators are
used, thereby necessitating space and cost. Furthermore, the
control algorithm used in the process may diverge when the
vibration level changes substantially in a short time, thus in-
creasing the vibration.

As an alternative control method, synchrophasing is con-
sidered in this study. The principle of synchrophasing is not
complicated and is based on the idea of reducing the vibra-
tions originating from two engines of a steam ship by making
the two engines run at the same speed but in anti-phase
(Mallock 1905). Synchrophasing has been widely developed
for noise control in aircraft cabins (Fuller 1986) rather than for
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vibration control. Harada (1977) obtained a patent for a tech-
nique to reduce the blade passage tonal noise of two fans in a
duct by adjusting the relative angle between the two sets of fan
blades. Howard (2004) demonstrated experimentally that
synchrophasing can reduce the sound pressure level by
10 dB at the blade passage frequency or its harmonics.
Subsequently, several studies on noise control in aircraft
cabins (Jones and Fuller 1986; Efimtsov and Zverev 1992)
were published and two patents were registered for techniques
to reduce sound and/or vibration on multiple rotating ma-
chines (Pla and Goodman 1993, Pla 1998) by adjusting the
phase angle between the propellers or machines. The research
also extended to active synchrophasing. For example, micro-
phones and accelerometers were positioned throughout an air-
craft cabin to detect error signals in some adaptive algorithms
that were used to determine the optimum phase angle to min-
imize the cabin noise and vibration over a wide range of flight
conditions (Magliozzi 1995; Blunt and Rebbechi 2007;
Huang et al. 2015).

Only a few studies have been conducted on controlling
vibration transmission from a machinery raft to a host struc-
ture by adjusting the phase angles between the machines.
Several articles only discuss the effect of the phase angle be-
tween two machines installed on a raft (Song and Yu 2008; Fu
et al. 2012; Li 2015). Recent research by Dench et al. (2013)
on synchrophasing demonstrated the principle of this method
on a 1D structure. The researchers considered theoretically the
behavior of a machinery raft, and conducted an experimental
study to illustrate the application of synchrophasing to
multiple machines for a marine application. Yang et al.
(2018) subsequently investigated the effectiveness of the con-
trol strategy in the marine environment through an experimen-
tal study. A large-scale floating raft system supported on a
hull-like structure located in a laboratory setting was consid-
ered. Each machine was driven by a phase asynchronous mo-
tor and had two counter rotating shafts with adjustable eccen-
tric masses, which allowed the dynamic force generated by
each machine to be set independently. To reduce the vibration
transmitted to the hull-like structure, the electrical supply to
the motors was adjusted by a synchrophasing control scheme,
which used a genetic algorithm to determine the optimum
phases between the machines.

To simplify the detailed analysis, the application of
synchrophasing to vibration control is investigated on a 1D
structure used as the machinery raft, while each source is
assumed to be a smaller beam and supported by passive iso-
lators at each end. In this case, both forces and moments in-
troduced by the sources are considered, which effectively rep-
resents a practical engineering system. The effect of the posi-
tion of the machines is investigated using a numerical model.
The critical feature of the effect of various factors can be
determined although the situation would be more complex
in real applications.

2 Description of Isolation System

2.1 Model of Analysis Structure

Figure 1 presents the typical marine machinery installation,
which consists of machines, resilient mounts, floating raft,
and the ship body.

The idealized model used to investigate and determine the
performance of synchrophasing and the effect of position of
the sources is shown in Fig. 2. Two synchronous machines are
resiliently attached to a long raft, which is supported by two
identical elastic springs at the ends. The machines can be
considered as rigid bodies; therefore, only the displacement
and rotation of each machine should be considered. Previous
work (Dench et al. 2013) had investigated harmonic sources,
representative of rotating machines, where the sources were
directly applied to a receiving structure in a translational di-
rection only and the sources were not distributed but acted at
single point.

To be realistic, the raft should be considered as flexible,
which can be represented as a free–free beam shown in
Fig. 3. The beam subsystem has six external forces fi (i = 1–
6) acting on it at six points marked as xi (i = 1–6). The dis-
placements at the six positions denoted by wi (i = 1–6) can be
represented by the following equation (Dench et al. 2005):
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Fig. 1 Typical marine machinery installation
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is the receptanceof the free–free Euler–Bernoulli beam, that
is the displacement at position xi due to the force acting on
the beam at position xj, mb is the mass of the beam while
mm,k denotes the kth modal mass, Wk(x) is the mode shape
of the kth flexural mode of the free–free beam at the kth
natural frequency given by ωk, and η is the modal structural
loss factor that is assumed to be constant for all modes.
Equation (1) can be written in vector matrix form as

wb¼Yfbeam ð2Þ

where wb is the vector of displacement, Y is the receptance
matrix, and fbeam is the vector of excitation forces.

The six external forces are actually internal forces that are
introduced by the attached components in the entire system. In
this situation, the force vector

f beam ¼ f 1 f 2 f 3 f 4 f 5 f 6
T

becomes
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where wt
Iil and wt

I ir (i = 1 or 2) indicate the displacements of

the top ends of the left or right mounts that connect the ith
machine to the raft. The displacements of the bottom ends of
the left or right mounts are represented bywb

Iil andw
b
Iir (i= 1, 2),

respectively; wl and wr denote the displacements of the
mounts supporting the raft on its two ends separately;
and k1, k2, k3, k4, k5, and k6 are the stiffness of the springs
connected between the machine masses and the host struc-
ture and between the raft and the fixed ground.

By using compatibility condition, which requires the dis-
placement of each attaching point to be the same, Eq. (3) can
be rewritten as
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in which l1 and l2 are the lengths of the two machines; xi
¼ wMi θMif gT (i = 1, 2) is the vector of the movements of

the machines; wI1 ¼ w1 w2f gT, wI2 ¼ w3 w4f gT, and
wS ¼ w5 w6f gT are the vectors of displacements of the
attaching points of each mount on the raft. Substituting Eq.
(4) into Eq. (2) results in the following equation:
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For the rest of the system, the two machines are still con-
sidered as rigid bodies and excited by the external and internal
forces introduced by the mounts of each machine simulta-
neously. Thus, the motion of the machines can be represented
by
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where ZMi ¼ mi 0
0 J i

� 	
(i = 1, 2) is the inertia matrix of the

machines, in which mi, Ji (i = 1, 2) are the masses and the

Fig. 2 Model and parameters of system. Two machines are resiliently
mounted on a rigid beam of which the ends are supported by springs

Fig. 3 Separated beam subsystem on which the machine positions are
marked as x1 and x2, respectively
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rotational inertias around the centers of the two machines. The
excitation of each machine is assumed to be introduced by the
rotational motion of an out-of-balance motor, which produces
an equivalent vertical force and a moment for each machine
that is assumed to be harmonic and at the same circular fre-

quency ω . Here, qM1 ¼ F1 F1σ1f gTe jωt and qM2 ¼
F2e

− jφ F2σ2e
− jφ

� 
T
e jωt are the external force vectors

generated by the two machines, where F1 and F2 are the am-
plitudes of the forces generated by the machines and σ1, σ2 are
coordinate values of the excitation forces in each local coor-
dinate system of the machines, which provide the moment
excitation, and φ is the phase between the two out-of-
balance sources, with the reference source being the source
on mass A.

Equations (5) and (6) can be combined to indicate the dis-
placement of each position to which the other components are
attached as
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The natural frequencies of the composite system can be
determined easily by the solution of

j I þ YKt þ YTkTp
� �−1

YTkP0ð Þj ¼ 0 ð8Þ

Equation (7) can be expanded to general situations by
adding the number of submatrices according to the number
of machines. The transfer function matrix Y, which presents
the structural characteristics of an Euler–Bernoulli beam, can
also be changed to a transfer function matrix of other types of
beam or even a 2D structure.

2.2 Cost Function Definition and Choice of Vibration
Control

A possible requirement for vibration control may be the re-
duction of the transmitted forces though the isolations of the
raft. This condition would suggest reducing the motions at the
attaching points.

To describe the motion of the raft for subsequent compar-
ison of the response under different synchrophase situations, a
suitable cost function can be given as

J ¼ w˙
H
b w

˙
b ð9Þ

for which ẇb is the vector of the velocities of the raft at the
points where external components are attached and the super-
script H denotes the Hermitian transpose. Thus, the cost func-
tion J becomes the sum of the squares of the modulus of the
velocities. Substituting Eq. (7) into Eq. (9) results in

J ¼ −ω2f HαHαf ð10Þ
for which α = (I + YKt + YTkTp)

−1(YTkP0) is the receptance
matrix between the six connection points and the external
forces acting upon the two machines.

Eq. (10) can be rewritten as

J ¼ ΦHΓHΓΦ ð11Þ

where Γ = jωαA and A ¼

F1 0 0 0 0 0
0 F1σ1 0 0 0 0
0 0 F2 0 0 0
0 0 0 F2σ2 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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are the amplitude of the forces present, while the phase of

the forces is given by Φ ¼ 1 1 e− jφ e− jφ 1 1
� 
T

.
In this case, as the transfer function matrix Γ is independent
of the phase between the forces introduced by the machines,
determining the optimum phase angle φop of the secondary
source with respect to the primary source at a certain frequen-
cy or working conditions is easy.

3 Numerical Simulations

This section aims to determine the influence of the phase angle
between the two machines and the effect of the position of the
secondary machine.

3.1 Performance of Synchrophasing

For numerical simulations and results, the following parame-
ters are assumed: m1 = 2.2 kg, m2 = 1.75 kg, mb = 8.4 kg, L =
1.2 m, l1 = 0.25 m, l2 = 0.2 m, x1 = 0.05 m, x2 = 0.7 m, k1 =
k2 = k3 = k4 = 2.34 × 104 N/m, and k5 = k6 = 1.94 × 104 N/m.
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The rotational inertia of the two machines are consequently
calculated to be J1 = 0.0115 kg·m2 and J2 = 0.0058 kg·m2. In
this particular case, the two machines are on opposite sides of
the center of mass of the raft.

The numbers can be directly substituted into Eq. (8) to
calculate the 10 resonance frequencies denoted by ωn, which
are shown in Table 1, compared with the results of finite ele-
ment method (FEM). The corresponding mode shapes of the
system are shown in Figs. 4a–j, in which the dash lines indi-
cate the original position of the raft and machines while the
modal deflection shapes are represented by the solid line.

For the resonance frequencies, a good agreement is ob-
served between the analytical and FEM models. The differ-
ence is less than 2%, which gives confidence in the analysis
used in this paper.

As shown in Fig. 4, the fundamental mode of the system is
mainly the vertical displacement of the raft while the second
mode involves rotation of the raft. The third and fourth modes
are primarily the vertical displacements of the machines and
the rotation of the raft with different rotation centers. The fifth
and sixth modes involve only the rotation of each machine,
which means that for these two particular modes, the forces
introduced by the machines may not affect the motion of the
raft. At the seventh and higher-order natural frequencies, the
modes of the composite system are basically the bending
modes of the raft as shown in Figs. 4g–j.

For the simulations, the force and moment introduced
by machine A are considered as the reference excitation,
and the forces generated by machine B are the control
sources. In addition, because the machines are of rotary
type, in which the imbalance leads to excitation, the mag-
nitudes of the forces are proportional to the square of the
rotational speeds of the machines, and the moment ampli-
tudes are products of the forces and coordinate values of
the sources around the machine mass centers. Therefore,
in the numerical simulations, we can assume that the mag-
nitudes of forces F1 and F2 are proportional to 3ω2 and
2.5ω2, respectively, and the coordinate values are 0.2 m

and 0.15 m, respectively. The loss factor, which is as-
sumed to be constant, is equal to 0.01.

A full search through the phase angle from 0° to 360° in
step size of 3.6° (0.02π) was conducted to determine the op-
timum phase angle between the two machines to minimize or
maximize the value of the cost function in the frequency band
of 1 Hz to 1 kHz, which covers the first six rigid-body reso-
nances and the first four flexural resonances. Figure 5a shows
the minimum and maximum values of the cost function and
Fig. 5b presents the phase angle.

As shown in Fig. 5a, the minimum (blue solid line) and
maximum (red dash line) of the cost function and Fig. 5b
indicates the corresponding phase angles. The blue circles
show the phase that minimizes the cost function and the red
squares show the phase that maximizes the cost function. As
shown in Fig. 5a, a considerable reduction occurs in the fre-
quency range from 0 to 1 kHz, especially at the first two rigid
bodies and the third and fourth flexural natural frequencies.
The reduction can be up to 25 dB. In Fig. 5b, the phase angle,
either to minimize or maximize the cost function between the
reference source and the control source, is either 0° or 180°,
respectively.

Comparing Figs. 5a and b, we can observe that the phase
angle to minimize ormaximize the cost function shifts from 0°
to 180° or vice versa at the frequencies of approximately 11.2,
30.5, 39.5, 44.1, 51.6, 362, and 731.5 Hz. Moreover, the dif-
ference between the minimum and maximum of the cost func-
tion at these frequencies is quite small, which means that
around these particular frequencies, changing the phase of
the two machines would not make much difference to the
value of the cost function.

The main reason for the phase-change is that two different
dominant mode shapes require an opposite phase angle to
minimize the cost function at the two sides of these frequency
points in the frequency axis. For instance, at the first phase-
change frequency (fc1 = 11.2 Hz), the translational and rota-
tional motions of the raft are equally dominant. As the two
sources are positioned at each end of the raft, changing the

Table 1 Comparison of natural
frequencies obtained analytically
with that using FEM

Mode No. Analytical ωn/Hz FEM ωn/Hz Difference/Hz Percentage difference/%

1 8.4 8.5 0.1 1.20

2 14.4 14.4 0 0

3 30.1 29.8 0.3 1.00

4 31.5 30.9 0.6 1.90

5 40.1 40 0.1 0.30

6 45.2 45.1 0.1 0.20

7 93.9 94.4 0.5 0.50

8 250.3 249.6 0.7 0.30

9 488 485.2 2.8 0.60

10 805.8 797.2 8.6 1.10
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phase angle of the secondary source may reduce the vertical
displacement of the raft but increase the rotation of the raft or
vice versa.

Generally, the optimum phase angle depends on the num-
ber of nodal points between the machines. Depending on the
moment, the two forces applied to the raft introduced by each
machine are actually not equal to each other. Therefore, when
the number of nodes between the dominant forces introduced
by the machines is odd, the optimum phase is 180°, and the
phase is 0° when the number is even.

For the third, fourth, and fifth changing points (fc3 =
39.5 Hz, fc4 = 44.1 Hz, and fc5 = 51.6 Hz), the dominant mode

in the nearby frequency band is the rotation of one of the
machines. Thus, energy is barely transmitted to the raft, as
indicated in Fig. 5a, which shows that a small reduction of
the cost function can be acquired in this frequency range.
Thus, the changes in the optimum phase cannot lead to further
reduction.

In fact, the sign of coordinate value of each excitation force
indicates a different direction moment. In Figs. 6, 7, and 8, the
cost functions and corresponding phase angles are shown
when the coordinate value of each excitation force is changed.

As shown in Figs. 5a, 6a, 7a, and 8a, no significant differ-
ence exists among the maximum cost functions while the

(a) Mode 1                     (b) Mode 2                     (c) Mode 3 

(d) Mode 4                     (e) Mode 5                     (f) Mode 6 

(g) Mode 7                     (h) Mode 8                     (i) Mode 9  

(j) Mode 10 

Fig. 4 Rigid-body modes and first four flexural modes of composite system

200 Journal of Marine Science and Application



moments are in different directions. However, when the coor-
dinate values of excitation forces are − 0.2 and 0.15 m, an
improved vibration control performance can be acquired es-
pecially at the second and seventh resonance frequencies. The
reason is that altering the phase angle between the machines
can reduce the vibration caused by the vertical forces and
moments simultaneously. On the other hand, when the change
of the phase reduces the vibration introduced by the forces but
strengthens that caused by the moments, the synchrophasing
does not achieve good vibration reduction.

More importantly, the optimum phase angles to reduce vi-
bration vary under different situations. Apparently, the value
of the optimum phase depends on the dominant part of the
vibration caused by the forces or moments.

When the coordinate values of the two machines are set to
0, only forces generated by the machines act on the raft. The
corresponding results are shown in Figs. 9a and b, which are
similar to Figs. 5a and b.

A distinct difference in the cost function curve can be ob-
served in the high-order resonances. As the fifth and sixth
resonances of the system are the rotation modes of each ma-
chine, the motion of the raft becomes quite small because no
moment is acting on it. According to the flexural mode of the
raft, the two mounts of each machine are often located near or

across flexural mode nodes. Thus, the vibration of suchmodes
is not easily excited by the machines to a certain extent.

3.2 Effect of Position of Secondary Machine

Changing the position of machine B may affect the optimum
phase to minimize the cost function if the mode shape and
resonance frequency of the composite structure does not change
greatly, especially in the high-frequency range. Figure 10 shows
the changes in the optimum phase when the excitation frequen-
cy varies from 1 Hz to 1 kHz and the position of machine B, x2,
changes from 0.3 to 1 m. As shown in the figure, three values of
the optimum phase angle are used to minimize the cost function,
namely, 0°, 180°, or 360°, which are represented by blue, green,
and yellow circles, respectively.

As shown in Fig. 10, the first phase-change frequency due
to the first and second rigid-body resonance modes of the raft
moves from 14.6 to 10.7 Hz as the position of machine B
changes. The reason is that the frequency of the rotational
rigid-body mode shifts to a lower frequency and the rotation
center is still located between the two machines. The third and
fourth resonance frequencies of the composite system also
change slightly when the secondary machine moves, which

(a) Cost function 

(b) Phase angle 

Fig. 5 Plots of minimum (blue solid line) and maximum (red dash line)
cost function and corresponding phase angles. The two locations of the
excitation forces are 0.2 and 0.15, respectively

(a) Cost function 

(b) Phase angle 

Fig. 6 Plots of minimum (blue solid line) and maximum (red dash line)
cost function and corresponding phase angles. The locations of the
excitation forces are − 0.2 and 0.15 m, respectively
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leads to the shift of the frequency of the second phase-change
frequency. However, the reason for the change in the optimum
phase angle is the same as mentioned above.

The variety of machine B’s position does not change
the frequencies of the fifth mode and those at higher
frequencies. Therefore, as the fifth and sixth modes of
the system involve the rotation of the two machines, the
motion of the raft is always insensitive to the adjustment
of the phase of machine B in the 38–50 Hz frequency
range.

Although the frequencies of the fifth and higher-order
modes do not vary with the position change of machine B,
the mode shape changes slightly especially the positions
of the nodes, thereby eventually affecting the control
phase angle. For the first bending mode of the raft, for
which two nodes exist, the value of the optimum phase
angle only changes once. As shown in Fig. 4g, when x2
varies from 0.3 to 0.6 m, one of the nodes always occurs
between the two mounts of machine A. A dominant force
exists between the two forces introduced by each machine
to the raft due to the action of the moment. Therefore, in
this situation, the dominant force generated by machine A
is on the same side of the nodal point with the forces
introduced by machine B, which leads to the optimum

value of the phase being 180°. On the other hand, when
the x2 changes from 0.6 to 1 m, the control phase is al-
ways 0°. Owing to changes in the position of machine B,
the nodal points of the first bending mode of the raft
changes, but a node always exists between the two dom-
inant forces generated by the two machines.

When the motion of the raft mainly consists of the flex-
ural bending, the optimum value of the phase angle basi-
cally depends on the number of nodes between the two
machines, especially the dominant forces introduced by
each machine due to the moment. For example, with an
excitation frequency of 487 Hz, which is the third flexural
resonance frequency, the optimum phase changes twice
when the position of the secondary machine, x2, varies
from 0.3 to 1. In this situation, a total of four nodes exist,
which are approximately located at 0.15, 0.4, 0.75, and
1.05 m. Therefore, between the two mounts of machine
A, a node always exists, and a node is also between the
mounts of machine B when x2 changes from 0.3 to 0.5 m
and from 0.85 to 1 m. Furthermore, the number of nodes
between the two machines are 0 and 2, which means that
the two pairs of attaching points of the machines are in
anti-phase. Therefore, the optimum phase angle is 0° in
these situations. Similarly, the motions of each pair of

(a) Cost function 

(b) Phase angle 

Fig. 7 Plots of minimum (blue solid line) and maximum (red dash line)
cost function and corresponding phase angles. The two locations of the
excitation forces are 0.2 and − 0.15 m, respectively

(a) Cost function 

(b) Phase angle 

Fig. 8 Plots of minimum (blue solid line) and maximum (red dash line)
cost function and corresponding phase angles. The locations of the
excitation forces are − 0.2 and − 0.15 m, respectively
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connection positions are the same when x2 varies from 0.5
to 0.85 m. Thus, the phase angle to minimize the cost
function becomes 180°. In addition to these findings,
two particular situations occur in which no node exists
between the mounts of machine B when x2 is around
0.5 m and 0.8 m. The value of the optimum phase angle
then depends on the number of nodes between machine B
and the dominant force generated by machine A. For 1 or
2 nodes, the optimum phase is 0° or 180°, respectively.

4 Conclusions

A study was conducted on synchrophasing vibration con-
trol on an aluminum extruded box section beam in which
two rotary machines were each resiliently attached by two
rubber mounts. This type of machinery installation is com-
mon in practice such as that on a ship. The 1D structure
was chosen to represent the machinery raft because it
would simplify the analysis when both forces and moments
introduced by the machines were considered.

This study has demonstrated theoretically that adjusting
the relative phase angle between the machines can reduce
the cost function, which is the sum of the squares of veloc-
ities of attaching points on the raft at each frequency of
interest. The phase angle needed to minimize the cost func-
tion is always 0° or 180°. Several frequencies exist at
which the cost function does not vary with the change of
phase angle between the machines because the dominant
motion of the raft changes from one mode of the system to
another. This condition occurs because changing the phase
at these frequencies enhances one mode of the system and
attenuates the other one or vice versa. Besides, the moment
introduced by each machine can significantly affect the
performance of synchrophasing and the optimum phase
angle, especially when the moments are anti-phase with
the force in-phase. The main reason is that altering the
phase angle between the machines may not only reduce
the vibration caused by the vertical forces but also enhance
vibration caused by moments, which cannot be ignored in
practice.

The numerical model has shown that altering the posi-
tion of the secondary source may cause a slight change to
the mode shape of the composite system, thereby changing
the optimum phase between the two machines. At positions
where the control phase changes from 0° to 180° or vice
versa, the motion of the raft is insensitive to the variation
of the phase angle of the secondary machine with respect to
the primary machine.

Although these conclusions have been obtained from
numerical results based on a 1D structure, they are also
applicable to a general structure. However, when the struc-
ture is complex, the coupling of the factors of the excita-
tions would be complex also.
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