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In order to reduce the unbalancing mass and the accompanying unbalancing vibration of diesel engine crankshaft system, the field
dynamic balancing method and its key technologies are presented in the paper. In order to separate the unbalancing vibration
signal from the total vibration signal of crankshaft system, the fundamental frequency signal fitting principle based on the least
square method was introduced firstly, and then wavelet noise reduction method was applied to improve the signal fitting precision
of least square method. Based on the unbalancing vibration signal analysis and assessment of crankshaft system, the influence
coefficientmethodwas applied to calculate the value and phase of the equivalent unbalancingmass in flywheel. To easily correct the
unbalancing condition of crankshaft system, the unbalancing adjustment equipment was designed based on the flywheel structure.
The balancing effect of field dynamic balancing system designed for the large diesel engine has been verified by field experiments.

1. Introduction

The large diesel engine is the important generating and
power equipment of ships. In practice, the unbalancing
mass of crankshaft system may be generated and beyond
the allowable range affected by the factors of machining
precision, installation precision, wear and deformation, and
so forth.Thehuge unbalancing vibration of crankshaft system
may be aroused by the unbalance mass of crankshaft system,
which can destroy the running stability of diesel engine and
then deteriorate the wear condition among the movement
units. So the suitable balancing method should be applied to
reduce the unbalancing mass and unbalancing vibration of
crankshaft system.

The balancing object of diesel engine crankshaft system
includes the reciprocating inertia force and rotation inertia
force. In general, the special balancingmechanism is installed
in diesel engine to balance the reciprocating inertia force.
In 1911, the double-shaft balance technology was invented by
Lanchester [1]. In 2002, a world class balance shaft system for
the 2AZ-FE enginewas achieved by Ishikawa et al. using resin
gears for the first time ever. Reliability was achieved by devel-
oping the high-strength resin optimal impact absorption

characteristics [2]. In 2007, the new concept of “thick-thin
double-shaft” balancing method for 4-cylinder diesel engine
was proposed by Fan et al. [3]. In 2009, Solferino proposed
an internal combustion engine with a crankshaft and first
and second balance shafts, which were gear driven from one
to the other, as a unilateral tensioning system applied to a
flexible drive extending between the engine’s crankshaft and
the first one of the balance shafts [4]. In 2015, Sajdowitz et al.
described a balance system for a single-cylinder engine, for
which the balance shaft included a primary balance shaft for
the first type of forces and at least one secondary balance shaft
for the second type of forces [5].

The counterweights are usually used to balance the
rotation inertia force, and the layout methods of coun-
terweights include sectioning balancing method, integral
balancing method, and irregular balancing method. In 2000,
the mass center displacement method was applied to study
the balancing performance of internal combustion engine
by Sun and Fang [6]. In 2007, the slipper type balancing
mechanism was applied to study and analyze the balancing
performance of single-cylinder diesel engine by Sun et al.
[7]. In 2009, the effects of counterweight mass and position

Hindawi
Shock and Vibration
Volume 2017, Article ID 7150472, 10 pages
https://doi.org/10.1155/2017/7150472

https://doi.org/10.1155/2017/7150472


2 Shock and Vibration

on main bearing load and crankshaft bending stress of an
in-line six-cylinder diesel engine were investigated using
multibody system simulation program, ADAMS, by Yilmaz
and Anlas [8]. In 2009, the model consisting of crankshaft,
connecting rod, and piston was introduced by Yang et al.
to separate the reciprocating mass and rotating mass of
connecting rod assembly based on the multibody dynamics
simulation [9]. In 2011, Liu and Huston presented a set of
formulae for determining the ring weights needed for bal-
ancing crankshafts of six-cylinder V60 degree engines [10].
In 2012, an optimal conceptual design of a balance shaft was
presented byKimet al. through determining locations of both
unbalance and supporting bearing [11]. In 2012, Karabulut
devised a three-degree-of-freedom dynamicmodel for a two-
cylinder four-stroke engine, which enabled the simultaneous
treatment of the piston-crankshaft mechanism and engine
block. A simple relation had been obtained to determine the
position andmass of counterweights used for eliminating the
vertical vibration of the block [12]. In 2015, Huo et al. built a
counterweight theoretical model of transmissionmechanism
to obtain the values of counterweight and counter-balanced
phase angle on crankshaft and output shaft [13]. In 2016,
Ipci and Karabulut conducted the conjugate thermodynamic
and dynamic modeling of a single-cylinder four-stroke diesel
engine, of which the counterweight mass and its radial
distance were optimized [14]. In order to study the balance
of offset crankshaft engine, a new equation was derived from
the traditional one for the kinematics analysis of piston-
crank system by Tang et al. in 2016, which was performed
on a 3-cylinder engine with single crankshaft and excessive
counterweight to calculate the phase relationship between the
balance shaft and the counterweight [15].

In practice, the unbalancing condition of crankshaft
systemmay be changedwhen the diesel engine runs for a long
time. In order to adapt the unbalancing condition variation
of crankshaft system, the field balancing was proposed by
Keizai Seminar et al. in the 1990s. Based on the field balancing
method, the unbalance of crankshaft system could be mea-
sured and corrected in field, and the balancing precision and
its timeliness could be ensured [16, 17].

2. The Separating Method of
Unbalancing Vibration Signal

In practice, a lot of harmonic and noise signals are included
in the vibration signal of crankshaft system. Different har-
monic signals represent different exciting factors, and the
unbalancing vibration signal belongs to the fundamental
frequency component confused in the total vibration signal
of crankshaft system. In order to analyze the unbalancing
condition of crankshaft system, the unbalancing vibration
signal should be separated from the total vibration signal
firstly. The traditional methods concentrated on the filtering
and noise reduction based on the Fourier transform. It has
been found that the fundamental frequency components of
other signals may be confused in the separated fundamental
frequency signal based on the traditional methods, and these
fundamental frequency components cannot be corrected by

the dynamic balancing method [18]. In order to reduce the
fundamental frequency components interference of other
signals, the least square method was applied to fit the
fundamental frequency signal of unbalancing vibration [18].

According to the Fourier series principle, we express the
vibration signal of the crankshaft system as the following:

𝑦 = 𝑏 + 𝑛∑
𝑖=1

𝑌𝑖 sin (2𝑖𝜋𝑓1𝑡 + 𝜑𝑖) . (1)

In (1), 𝑦 represents the vibration signal, 𝑏 represents the
constant term of the vibration signal, the amplitude and
phase of the 𝑖th order frequency component are, respectively,
expressed as 𝑌𝑖 and 𝜑𝑖 (𝑖 = 1, 2, . . . , 𝑛), 𝑓1 represents the
frequency of the fundamental frequency signal. According to
the trigonometric function calculation, we get

𝑦 = 𝑏 + 𝑛∑
𝑖=1

𝑌𝑖 cos𝜑𝑖 sin (2𝑖𝜋𝑓1𝑡)

+ 𝑛∑
𝑖=1

𝑌𝑖 sin𝜑𝑖 cos (2𝑖𝜋𝑓1𝑡) .
(2)

We linearize (2) as

𝑦 = 𝑏 + 2𝑛∑
𝑖=1

𝑎𝑖𝑥𝑖. (3)

The relationship of the parameters in (2) and (3) can be
acquired in (4) and (5).

𝑎𝑖 = {{{
𝑌𝑖 cos𝜑𝑖, 𝑖 = 1, 3, . . . , 2𝑛 − 1
𝑌𝑖 sin𝜑𝑖, 𝑖 = 2, 4, . . . , 2𝑛 (4)

𝑥𝑖 = {{{
sin (2𝑖𝜋𝑓1𝑡) , 𝑖 = 1, 3, . . . , 2𝑛 − 1
cos (2𝑖𝜋𝑓1𝑡) , 𝑖 = 2, 4, . . . , 2𝑛. (5)

We assume 𝑓𝑠 as the sample frequency and 𝑚 as the
sample length; then we can get the discrete equation of (5)
as the following:

𝑥𝑖,𝑗 =
{{{{{{{

sin(2𝑖𝜋𝑓1𝑗𝑓𝑠 ) , 𝑖 = 1, 3, . . . , 2𝑛 − 1
cos(2𝑖𝜋𝑓1𝑗𝑓𝑠 ) , 𝑖 = 2, 4, . . . , 2𝑛,

𝑗 = 1, 2, . . . , 𝑚.
(6)

According to the principle of the least square method, we
establish the target function as

𝜙 (𝑎1, . . . , 𝑎2𝑛, 𝑏) =
𝑚∑
𝑗=1

(𝑦 − 𝑦𝑗)2 . (7)

In function (7), 𝑦𝑗 represents the discrete value of the
sample signal. To take, respectively, function (7) partial
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(c) The simulation signal with periodic random noise signal

Figure 1: The simulation signal.

derivative with respect to 𝑎1, 𝑎2, . . . , 𝑎2𝑛, 𝑏 which is equal to
zero, we get the partial derivative equations as the following:

𝜕𝜙
𝜕𝑎1 =

𝑚∑
𝑗=1

2 (𝑦 − 𝑦𝑖) 𝑥1,𝑗 = 𝑏 𝑚∑
𝑗=1

𝑥1,𝑗

+ 𝑚∑
𝑗=1

𝑥1,𝑗
2𝑛∑
𝑖=1

𝑎𝑖𝑥𝑖,𝑗 −
𝑚∑
𝑗=1

𝑥1,𝑗𝑦𝑖 = 0
...

𝜕𝜙
𝜕𝑎𝑘 =

𝑚∑
𝑗=1

2 (𝑦 − 𝑦𝑖) 𝑥𝑘,𝑗

= 𝑏 𝑚∑
𝑗=1

𝑥𝑘,𝑗 +
𝑚∑
𝑗=1

𝑥𝑘,𝑗
2𝑛∑
𝑖=1

𝑎𝑖𝑥𝑖,𝑗 −
𝑚∑
𝑗=1

𝑥𝑘,𝑗𝑦𝑖 = 0
...

𝜕𝜙
𝜕𝑎2𝑛 =

𝑚∑
𝑗=1

2 (𝑦 − 𝑦𝑖) 𝑥2𝑛,𝑗

= 𝑏 𝑚∑
𝑗=1

𝑥2𝑛,𝑗 +
𝑚∑
𝑗=1

𝑥2𝑛,𝑗
2𝑛∑
𝑖=1

𝑎𝑖𝑥𝑖,𝑗 −
𝑚∑
𝑗=1

𝑥2𝑛,𝑗𝑦𝑖 = 0

𝜕𝜙
𝜕𝑏 = 𝑚∑

𝑗=1

2 (𝑦 − 𝑦𝑖) =
𝑚∑
𝑗=1

𝑏 + 𝑚∑
𝑗=1

2𝑛∑
𝑖=1

𝑎𝑖𝑥𝑖,𝑗 −
𝑚∑
𝑗=1

𝑦𝑖 = 0.

(8)

Equation (8) is the (2𝑛 + 1) × (2𝑛 + 1) order linear
normal equations and can be solved through the Gauss
PCA elimination method. We can calculate the values of the

parameters 𝑎1, 𝑎2, . . . , 𝑎2𝑛, 𝑏 and then gain the values 𝑌𝑖 and𝜑𝑖 by solving
𝑌2𝑖 = 𝑎22𝑖−1 + 𝑎22𝑖
𝜑𝑖 = arctan( 𝑎2𝑖𝑎2𝑖−1) .

(9)

To test the precision of the method, we design the
signal simulation and fitting programs by Labview language.
The equation of the simulation signal is expressed as the
following:

𝑦 = 3 sin(20𝜋𝑡 + 𝜋
6 ) + 2 sin(40𝜋𝑡 + 𝜋

4 )
+ 1.2 sin(60𝜋𝑡 + 11𝜋

18 ) + 0.7 sin(80𝜋𝑡 + 3𝜋
4 )

+ 𝛿 (𝑡) .
(10)

In (10), 𝛿(𝑡) is the noise signal. In order to analyze
the signal fitting effect, the uniform white noise signal and
periodic random noise signal are added, respectively, in
simulation signal. The amplitude of noise signals is set as 0.4
for comparison purposes. The simulation signals are shown
in Figure 1.

Based on the signals of Figure 1, the least square method
is used, respectively, to fit the first 3 order components of the
simulation signals. The fitting results are shown in Table 1.

From Table 1 we can see that the least square method can
accurately fit the fundamental frequency signal. But the noise
signal has small effect on the fitting accuracy; therefore we
can adopt the suitable filtering method to reduce the noise
interference in the practical application.

Practice shows that the vibration signal of diesel crankshaft
system contains a large number of periodic random noise
signals and nonstationary signals, while the traditional
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Table 1: The amplitudes and phases of the first 3-order frequency component fitted by least square method.

Orders Without noise signal The uniform white noise signal is added The periodic random
noise signal is added

Amplitude Phase Amplitude Phase Amplitude Phase
1 3 30∘ 2.98 29.93∘ 2.66 25.61∘

2 2 45∘ 1.99 44.73∘ 2.29 37.85∘

3 1.2 110∘ 1.21 110.27∘ 1.38 125.84∘
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(b) The residual signal and its power spectrum after wavelet noise reduction

Figure 2: The filtering effect of wavelet noise reduction method.

Fourier transform method has great difficulties for detecting
nonstationary signals.

Studies showed that harmonic wavelet analysis could
analyze nonstationary and strong noise signals [19, 20].
Moreover the harmonic wavelet had phase keeping function
for each harmonic component, which was very important to
extract the vibration signals of rotor unbalance.

According to the wavelet transform definition, the
wavelet transform of a time domain signal 𝑥(𝑡) ∈ 𝐿2(𝑅)
related to wavelet function 𝑊𝑚,𝑛(𝑡) at a certain scale can be
expressed as

𝑊(𝑡) = ∫∞
−∞

𝑥 (𝜏) 𝜓∗𝑚,𝑛 (𝑡 − 𝜏) 𝑑𝜏. (11)

The harmonic wavelet transform of signal 𝑥(𝑡) can be
expressed as

𝑊(𝑚, 𝑛, 𝑘) = (𝑛 − 𝑚)∫∞
−∞

𝑥 (𝑡) 𝜓∗𝑚,𝑛 (𝑡 − 𝑘
𝑛 − 𝑚)𝑑𝜏. (12)

Equation (12) was the time domain harmonic wavelet
transform at 𝑚 and 𝑛 scales. 𝑀 and 𝑛 were equivalent

to the scaling factors of the harmonic wavelet transform.
Transforming equation (12) by the Fourier transformation,
we get

𝑊𝑥 (𝑚, 𝑛, 𝜔) = 𝑋 (𝜔) �̂�∗𝑚,𝑛 [(𝑛 − 𝑚)𝜔] . (13)

Equation (13) was the frequency domain harmonic
wavelet transform at 𝑚 and 𝑛 scales. For discrete signal
sequences 𝑥(𝑟), 𝑟 = 0, 1, . . . , 𝑁 − 1, the harmonic wavelet
transform was

𝑊(𝑚, 𝑛, 𝑘) = 𝑛 − 𝑚
𝑁
𝑁−1∑
𝑟=0

𝑥 (𝑟) �̂�∗𝑚,𝑛 [𝑟 − 𝑘
𝑛 − 𝑚] . (14)

It can be seen from (11) to (14) that harmonic wavelet
transform is relatively simple and easy to implement. After
the signal is decomposed by harmonic wavelet, the local spec-
trum of different frequency bands is refined and analyzed,
respectively, in different decomposition layers and on the
same layer. Then the signal is reconstructed to realize the
noise reduction. Figure 2 shows the time domain signal and
power spectrumbefore and after signal filtering of Figure 1(c).
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Table 2: The signal fitting accuracy of the initial signal and the denoised signal.

Theoretical
value

Fitting value of
initial signal

Error
value

Fitting value of
denoised signal

Error
value

The amplitude of fundamental frequency signal 3 2.6637 0.3363 3.0449 0.0449
The phase of fundamental frequency signal 30 25.6087 4.3913 28.3062 1.6938
The amplitude of second harmonic frequency signal 2 2.2977 0.2977 1.9665 0.0335
The phase of second harmonic frequency signal 45 37.8548 7.1452 47.7221 2.7221
The amplitude of third harmonic frequency signal 1.2 1.3839 0.1839 1.2967 0.0967
The phase of third harmonic frequency signal 110 125.842 15.8421 108.827 1.1732

Diesel engine

Computer

Signal acquisition unit

Eddy current sensor

Reference point

Flywheel
Crankshaft 

Photoelectric sensor 

Figure 3: The vibration signal measuring principle.

From Figure 2 it can be seen that the harmonic wavelet
denoising method can filter the high frequency noise signal.
Therefore, the harmonic wavelet denoising method is used
to reduce the noise signal of time domain signal firstly;
then the least square method is used to fit the fundamental
frequency signal of the denoised signal; therefore the signal
fitting accuracy can be improved significantly.

For the comparative analysis, the least square method
is, respectively, used to fit the fundamental and multiple-
frequency signals before and after being denoised in Figure 2.
The fitting results are shown in Table 2.

From Table 2, it can be seen that harmonic wavelet
denoisemethod can greatly improve noise ratio of fundamen-
tal frequency signal and then improve the fitting accuracy of
the least square method to the fundamental frequency and its
higher order harmonic signals.

3. Design of Vibration Monitoring System
and Unbalance Adjustment Mechanism for
Crankshaft System of Large Diesel Engine

3.1. Vibration Detecting System. Flywheel is the important
unit of diesel engine crankshaft system and connects with
output end of crankshaft. During diesel engine running, the
nonstationary and nonuniformity of crankshaft’s speed can
be reduced by flywheel. Based on the functional character-
istics of flywheel, the rotational inertia of flywheel is larger
than that of the crankshaft, so the crankshaft system can be
regarded as a single face dynamic balance system.

In practice, the structure of crankshaft system is very
compact, and it is not convenient to install the noncon-
tact sensor directly to measure the vibration signal of

the crankshaft. Therefore, the unbalanced vibration of the
crankshaft system is investigated by directly monitoring the
vibration state of the flywheel in the paper. The principle of
signal measurement is shown in Figure 3.

In Figure 3, the eddy current sensor is used to measure
the radial vibration displacement signals of the flywheel,
and a photoelectric sensor is used to measure the reference
signal. Each sensor acquisition signal is connected with
the signal acquisition card through the high-performance
shielding cable. Finally, the channel signals are collected
through program software and analyzed in the computer. In
the course of vibration signal analysis, the rising edge position
of first pulse signal in the reference signal is taken as the
reference zero point.

3.2. The Unbalance Adjustment Mechanism. The unbalance
adjustmentmechanism is designed to trial weight and correct
the unbalance vector of crankshaft system. In order not to
change the structure of diesel engine spindle system, the
unbalance adjustment mechanism is designed as Figure 4
shows.

Themechanism is based on the flywheel at the nonoutput
of the crankshaft. Four positions are drilled and tapped
radially at 0∘, 90∘, 180∘, and 270∘ of flywheel. A long bolt is
installed on each hole.Three nuts are fitted on each long bolt,
of which nut 2 is used to lock the long bolt with flywheel and
nut 3 to adjust and lock the radial unbalance of the long bolt.
When four radial positions of nut 3 are adjusted properly, the
unbalancing vector of the crankshaft system can be adjusted
in 360∘.

If equivalent unbalancing vector of crankshaft system is
assumed as →𝑈𝑥 = 𝑈𝑥∠𝛼𝑥 and the radial equivalent unbalance
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(1)

(2)

(3)

(4)

(5)

(a) The correcting mechanism

Correcting
vector

Unbalancing
vector

Y

X
→p

→q1

→
Up

→q4

→q2

→q3

→
Ux

→x

(b) The correcting principle

Figure 4: An adjustable dynamic balancing mechanism. Notes. (1) Crankshaft, (2) lock nut, (3) adjusting nut, (4) flywheel, and (5) long bolt.

vectors at 0∘, 90∘, 180∘, and 270∘ of flywheel are set as →𝑞1 =𝑄1∠0∘, →𝑞2 = 𝑄2∠90∘, →𝑞3 = 𝑄3∠180∘, and →𝑞4 = 𝑄4∠270∘, (15)
can be got based on vector synthesis and mechanism balance
principle.

→𝑈𝑥 = − (→𝑞1 + →𝑞2 + →𝑞3 + →𝑞4) . (15)

And then, the amplitude equation (16) and phase equa-
tion (17) can be got based on (15).

𝑈𝑥 = √(𝑄1 − 𝑄3)2 + (𝑄2 − 𝑄4)2 = √Δ𝑄2𝑥 + Δ𝑄2𝑦
Δ𝑄𝑥 = 𝑄1 − 𝑄3, Δ𝑄𝑦 = 𝑄2 − 𝑄4

(16)

𝛼𝑥

=
{{{{{{{

180∘ + tan−1
Δ𝑄𝑦
Δ𝑄𝑥 , 𝛼𝑥 ∈ [0, 90∘) ∪ (270∘, 360∘]

tan−1
Δ𝑄𝑦
Δ𝑄𝑥 , 𝛼𝑥 ∈ [90∘, 270∘] .

(17)

Based on (16) and (17), the required correcting vectorsΔ𝑄𝑥 and Δ𝑄𝑦 on the 𝑥- and 𝑦-axis of the correcting device
can be calculated.

4. Calculation of Correcting Vector Based on
Influence Coefficient Method

The influence coefficient can be defined as the unbalance
vibration change of the measuring point when exerting the
unit unbalance in the trial-weight face. Dynamic balancing
method of influence coefficient is an experimental method
in essence. The principle and process of single face influence
coefficient method are described as the following.(1) Adjust the speed of the crankshaft system to the
balancing speed, measure the vibration of the flywheel and
the reference signal without trial-weight, and extract the
initial unbalanced vibration of the crankshaft as →𝑉0 = 𝑉0∠𝜙0

with the balance speed as the fundamental frequency. Mean-
while, the initial unbalance of the crankshaft system equiva-
lent to the flywheel is assumed as →𝑈0 = 𝑈0∠𝛼0.(2) Adjust the equivalent unbalancing vector of the
correcting mechanism as →𝑈 = 𝑈∠𝛼 and the synthetic unbal-
ancing vector of the crankshaft system and correcting vector
is assumed as →𝑈1 = 𝑈1∠𝛼1. Adjust the crankshaft speed to
the balance speed, and then the unbalancing vibration vector
(assumed as →𝑉1 = 𝑉1∠𝜙1) of the crankshaft system can be
measured and extracted.

The vector diagrams of →𝑉0, →𝑈0, →𝑈, →𝑈1, and →𝑉1 are shown in
Figure 5.

From the geometric relation in Figure 5, the following
equations can be gained.

𝛽 = 𝜙0 − 𝜙1
𝑈1𝑈0 =

𝑉1𝑉0
𝑈2 = 𝑈20 + 𝑈21 − 2𝑈0𝑈1 cos (𝛽)

= 𝑈20 + 𝑈20 (𝑉1𝑉0)
2 − 2𝑈20 (𝑉1𝑉0) cos (𝛽)

𝑈0 = 𝑈1
√1 + (𝑉1/𝑉0)2 − 2 (𝑉1/𝑉0) cos𝛽

𝛾 = arccos(𝑈2 + 𝑈21 − 𝑈202𝑈𝑈1 )
𝛼0 = 𝛾 + 𝛽 + 𝛼.

(18)

Based on the definition of influence coefficient, the
amplitude influence coefficient of the unbalanced vibration
is shown in

𝑅 = 𝑈0𝑉0 . (19)
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Figure 5: The vector relation between the exciting factors and response.

Moreover, the lag angle of the unbalanced vibration phase
of measuring point lagging behind the correction vector is
shown in

𝜑 = 𝛼0 − 𝜙0. (20)

The above parameters 𝑅, 𝜑 are, respectively, stored as the
influence coefficients in the system to estimate the equivalent
unbalance of the crankshaft system.(3) Set the measured unbalanced vibration signals of
the crankshaft system as →𝑉𝑥 = 𝑉𝑥∠𝜙𝑥; then the equivalent
unbalance on the flywheel of crankshaft system can be
calculated by the following equations:

𝑈𝑥 = 𝑅𝑉𝑥
𝛼𝑥 = 𝜑 + 𝜙𝑥. (21)

Based on the calculated results, adjust the equivalent
correcting vector of the adjustment mechanism equal to
−→𝑈𝑥 = −𝑈𝑥∠𝛼𝑥, and then the unbalancing vector of crank-
shaft system can be corrected.

Based on the above analysis, the application steps of field
dynamic balance technologies are summarized as follows for
large diesel engine crankshaft system.

Step 1. The suitable correcting mechanism should be
designed for trial-weight test and unbalancing adjustment.
The suitable detection method should be designed to
measure the vibration and reference signals of crankshaft
system.

Step 2. The testing speed of crankshaft system is selected, and
then the vibration and reference signals of monitoring points
are acquired through series of experiments.

Step 3. The measured vibration signals are filtered by the
harmonic wavelet noise reduction method.

Step 4. The least square method is used to fit the amplitude
and phase of fundamental frequency signal of denoised
signal, and then the actual phase of fundamental frequency
signal can be calculated combining with the reference signal.

Step 5. Based on the principle and process of single face influ-
ence coefficient method, the influence coefficient between
correcting mechanism and crankshaft system can be tested
and calculated according to Steps 2–4.

Step 6. Adjust the synthetic unbalancing vector of correcting
mechanism equal to zero, and test the actual phase and
amplitude values of crankshaft system vibration, and then
the correcting vector can be calculated through the influence
coefficient method.

Step 7. The synthetic unbalancing vector of correcting mech-
anism should be adjusted equal to the correcting vector.

Step 8. The vibration experiments are carried out to test the
balancing effect.

5. Experimental Analysis

Based on the vibration monitoring and measuring principle
of Figure 3, the field measuring picture is shown in Figure 6.

Based on the above experimental principle and proce-
dure, the correcting vector is firstly adjusted to zero in the
adjustment mechanism. And set the experimental speed of
diesel engine as 300 RPM, sampling frequency 1000Hz, and
sample length 1000 points, then the vibration signals and
reference signals of the measuring points are measured as
Figure 7.

It can be seen from Figure 7 that the amplitude of
the monitored signal is larger. Comparing with the refer-
ence signal, the fundamental frequency characteristics of
the vibration signal at the measuring point are obvious,
which indicates that the unbalancing vector is larger in the
crankshaft system of the diesel engine. In order to improve
the separating accuracy of unbalanced vibration signals, the
harmonic denoise method is first used to reduce the noise
signal of Figure 7. The signals are contrasted as shown in
Figure 8 before and after noise reduction.

As shown in Figure 8, the signal curve after noise
reduction is relatively smooth, which indicates that most of
the noise signals have been filtered out.
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(a) The initial vibration signal of crankshaft system
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(b) The reference signal of crankshaft system

Figure 7: The initial vibration signal and reference signal of crankshaft system.
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(b) The residual vibration signal after wavelet noise reduction

Figure 8: The filtering effect of crankshaft vibration signal based on wavelet noise reduction method.

The least square method is used to fit the fundamental
frequency signal from the denoised signal, and the fitting
result is shown as follows.

→𝑉0 = 212.984 𝜇m∠57.569∘ = 250.963 + 220.624𝑖. (22)

In order to calculate the system influence coefficient,
the unbalancing vector of trial weight is set as →𝑈 =
436 g⋅mm∠45∘.

Under experimental rotating speed the unbalanced vibra-
tion signals and benchmark of crankshaft system are mea-
sured as in Figure 9.

The harmonic denoise method was used to reduce the
noise signal in Figure 9; then the least square method was
used to fit the fundamental frequency signal to obtain the

unbalanced vibration signal of the crankshaft system as the
following:

→𝑉1 = 334.152 𝜇m∠41.319∘ = 114.22 + 179.767𝑖. (23)

According to the influence coefficient principle, the
influence coefficient of the correction plane relative to the
measuring point can be calculated as

𝑈0 = 650.843
𝑅 = 𝑈0𝑉0 =

650.843
212.984 = 3.0558

𝛼0 = 85.923∘
𝜑 = 85.923∘ − 57.569∘ = 28.354∘.

(24)
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(b) The reference signal of crankshaft system

Figure 9: The vibration signal and reference signal of crankshaft system after trial weight.

0.90.2 0.3 0.4 0.5 0.6 0.7 0.8 10 0.1

Time (s)

−300
−400

−200
−100

0
100
200
300

A
m

pl
itu

de
 (

m
)

(a) The residual vibration signal of crankshaft system

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

Time (s)

0

2.5

5

7.5

10

12.5

15

A
m

pl
itu

de
 (V

)
(b) The reference signal of crankshaft system

Figure 10: The residual vibration signal and reference signal of crankshaft system.

Taking the initial unbalanced vibration of the spindle as
the correction target, the correcting vector of the correcting
face is calculated as

→𝑈𝑝 = 650.848∠265.923∘. (25)

According to the calculation result of the correcting
vector, adjust the correcting vector of the adjustment mech-
anism, restart the diesel engine to the experimental speed,
and then the detected vibration signal of the diesel engine
crankshaft system is shown in Figure 10.

Compared with the signal in Figure 7, the amplitude of
vibration signal in Figure 10 reduces obviously, and the noise
signal is obvious. The harmonic wavelet denoise and least
square method are used to get the fundamental frequency
vibration signal in Figure 10, which is 35.2869 𝜇m∠29.9338∘.
The residual unbalance vibration is small, indicating that the
dynamic balance is effective.

6. Conclusions

(1) Accurate extraction of unbalanced vibration signals of
crankshaft system is the premise of dynamic balancing.
Simulation analysis shows that the least square method can
accurately fit the fundamental frequency and the higher order
doubling frequency signal in the vibration signal, but the
noise signal in vibration signal has some influence on the
fitting precision of least square method.(2)Harmonic wavelet noise reduction method has better
function of “phase locking.” The harmonic wavelet is used
to reduce the noise signal of vibration signal, which does
not affect the phase of the fundamental frequency signal.
Therefore, the harmonic wavelet denoise combining with the
least square method can improve the fitting accuracy of the

fundamental frequency signal. Simulation analysis shows the
superiority of this method in the paper.(3) Based on the structural characteristics of crankshaft
system of large diesel engine, the unbalancing vector of diesel
crankshaft system can be equivalent to the flywheel. In this
paper, the method of vibration detection and unbalancing
adjustment mechanism is designed based on flywheel, and
then the field dynamic balance can be realized in diesel
crankshaft system. The experimental results show that field
dynamic balancing method can effectively reduce the vibra-
tion amplitude of the flywheel.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (no. 51605332), the Science and Tech-
nology Funds from Tianjin Municipal Education Commis-
sion (no. JWK1717), and the Innovation Team Training Plan
of Tianjin Universities and Colleges (no. TD12-5043).

References

[1] F. W. Lanchester, Valve-gear of internal-combustion engines,
United States Patent, US19110668055(1911).

[2] M. Ishikawa, Y. Nakamura, N. Kodama, and H. Hosoi, “Devel-
opment of resin gear balance shaft system for 2AZ-FE engine,”
Jsae Review, vol. 23, no. 1, pp. 27–32, 2002.



10 Shock and Vibration

[3] W.-X. Fan, B.-C. Zhang, X.-D. Zhang, and G.-T. Yang, “Opti-
mum of the balance mechanism for a four-cylinder in-line
diesel engine,”Chinese Internal Combustion Engine Engineering,
vol. 28, no. 3, pp. 52–54, 2007.

[4] V. P. Solferino, Internal combustion engine with dynamic bal-
ancing system, United States Patent, US20090504699 (2009).

[5] S. C. Sajdowitz, C. D. Thorn, J. T. Bykowski, T. W. Leroy, and
R. W. Albert, “Single cylinder balance system,” European Patent
Applications, vol. EP2977644, 2015.

[6] M. Q. Sun and Y. F. Fang, “Study on shaking force balance of
internal combustion engines by total mass center displacement
method,” Journal of Northern Jiaotong University, vol. 24, no. 4,
pp. 87–90, 2000.

[7] X. J. Sun, K. Q. Li, and X. F. Wang, “Study on an eccentric
slide block balancing mechanism in a single-cylinder engine,”
Journal of Sound and vibration, vol. 26, no. 7, pp. 97–100, 2007.

[8] Y. Yilmaz and G. Anlas, “An investigation of the effect of coun-
terweight configuration on main bearing load and crankshaft
bending stress,”Advances in Engineering Software, vol. 40, no. 2,
pp. 95–104, 2009.

[9] C. Yang, Z. Hao, and G. Zheng, “Balance mechanism design of
single cylinder engine based on continuousmass distribution of
connecting rod,” Transactions of Tianjin University, vol. 15, no.
4, pp. 255–259, 2009.

[10] C. Q. Liu and R. L. Huston, “Theoretical and practical aspects
for balancing crankshafts of six-cylinder V60 degree engines,”
International Journal of Vehicle Noise and Vibration, vol. 7, no. 1,
pp. 68–89, 2011.

[11] C.-J. Kim, Y. J. Kang, B.-H. Lee, and H.-J. Ahn, “Determination
of optimal position for both support bearing and unbalance
mass of balance shaft,”Mechanism andMachineTheory, vol. 50,
pp. 150–158, 2012.

[12] H. Karabulut, “Dynamic model of a two-cylinder four-stroke
internal combustion engine and vibration treatment,” Interna-
tional Journal of Engine Research, vol. 13, no. 6, pp. 616–627, 2012.

[13] J. Huo, H.Wu,W. Sun, J. Chen, and L. Wang, “Improved design
of the transmission mechanism of the of 4-cylinder double-
acting Stirling engine,” Journal of Vibroengineering, vol. 17, no.
2, pp. 643–654, 2015.

[14] D. Ipci and H. Karabulut, “Thermodynamic and dynamic
modeling of a single cylinder four stroke diesel engine,” Applied
Mathematical Modelling, vol. 40, no. 5-6, pp. 3925–3937, 2016.

[15] R. D. Tang, Y. L. Xu, B. F. Zu, J. Liu, C. L. Hao, andD. S. Li, “The-
oretical analysis of balancing of the offset crankshaft 3-cylinder
engine,” Chinese Internal Combustion Engine Engineering, vol.
37, no. 4, pp. 92–96, 2016.

[16] Y. Kang, Y.-P. Chang,M.-H. Tseng, P.-H. Tang, and Y.-F. Chang,
“Modified approach based on influence coefficient method for
balancing crank-shafts,” Journal of Sound and Vibration, vol.
234, no. 2, pp. 277–296, 2000.

[17] W. G. Liu, F. Dong, and D. W. Zhao, “New concept for the
balance of the second-harmonic inertia forces in an in-line,
four-cylinder diesel engine,” Internal Combustion Engines, vol.
18, no. 3, pp. 7-8, 2003.

[18] S. Zhang andY.Cai, “Anewdouble-face online dynamic balance
device and its control system for high speed machine tool
spindle,” Journal of Vibration and Control, vol. 22, no. 4, pp.
1037–1048, 2016.

[19] Z. B. Hu, M. X. Xu, G. D. Jiang, and D. S. Zhang, “Analysis
of non-stationary signal of a sudden unbalanced spindle based

on wavelet noise reduction and short-time Fourier transforma-
tion,” Journal of Vibration and Shock, vol. 33, no. 5, pp. 20–23,
2014.

[20] Y. Liao, G. Lang, F. Wu, and L. Qu, “An improvement to
holospectrum based field balancing method by reselection of
balancing object,” Journal of Vibration and Acoustics, Transac-
tions of the ASME, vol. 131, no. 3, pp. 987–1002, 2009.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


