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Abstract :

This paper presented a method to reduce the torsional vibration of a shaft system with dynamic
vibration absorber (DVA). A theoretical method was introduced to determine optimal parameters of the
DVA, which included spring stiffness, viscous coefficient of damper, mass moment of inertia of the
absorber, number, and radial position of springs and dampers. First, system equations of motion of the
shaft and the DVA were elaborated using Finite Element method (FEM) and solved by Runge-Kutta
algorithm to find the torsional vibration response. Then, the Taguchi method was applied for the
multivariable optimization problem. By using the Taguchi method, the DVA optimal parameters were
identified with objective functions of torsional vibration duration and amplitude. Analysis of variance
(ANOVA) was then carried out to evaluate the contribution percentage of each parameter on the shaft
vibration response. The obtained results showed that the radial position of spring was the most
influential factor on vibration of the shaft. DVA with optimized parameters remarkably reduced the

torsional vibration in the system.
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1. Introduction

The torsional vibration is particularly harmful
to machine parts and machines. There have been
many scientists focusing on this research. The
first scientists to open the research fields to
reduce the vibration in a passive way using TMD
device (Tuned Mass Damper) are such as Frahm,
Den Hartog, ... In 1909, Frahm proposed the
classic TMD model using springs only. Later, Den
Hartog discovered that just using the spring in the
model would not effectively reduce the oscillation
over a wide range of resonant frequencies. Den
Hartog recommends installing parallel a viscous
with springs [2], [3], who was the father of the
two fixed point method - one of the classic
analytical methods in oscillation analysis. Later, it
was developed and perfected by Brock [4] with an
optimal analytic solution in a simple form.

The steady state behavior of torsional
vibration used DVA was often considered in most
studies [5-11]. XT Vu [12] determined the optimal
parameter of the DVA attached the MDOF shaft
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system by developing algorithms two fixed
points.

This paper presents a theoretical method for
determining optimal parameters of a DVA, which
is used to reduce vibration of a shaft under time-
varying torsional moment. The equations of
motion for the shaft-DVA system are created
using FEM and solved using Runge-Kutta method
to determine vibration response of the shaft.
Orthogonal design based on the Taguchi method
[13] is then applied to identify the optimal
parameters of the DVA with objectives of
torsional vibration amplitude and duration. The
influence of each design parameter on overall
vibration of the shaft is characterized using an
analysis of variance method. Finally, vibration
behaviors of the shaft with and without optimal
parameters are evaluated to show the
effectiveness of the presented method.

2. Mathematical model of the shaft and DVA
system

Torsional vibration will be induced in the
shaft, which is the relative twisting angle between
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the shaft ends defined by 0=¢y- ¢;, where @; and
¢y are the rotational angle of left and right ends of
the shaft, respectively. Figure 2 shows the DVA
model, which consists of sets of linear springs and
dampers. The stiffness and the viscous coefficient
of the spring and damper are £k, and c,
respectively. n, represents the number of the
spring and damper sets. e; and e, indicate the
radial position of spring and damper, respectively.
v is the rotation angle at the shaft end, which is
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connected to the absorber of radius r. By
introducing a relative rotation angle between the
DVA and the shaft end (y), absolute rotation angle
of the DVA (@,). The model of shaft with N
elements and DVA is shown in Figure 3. An
element is connected to lateral ones via nodes.
The mass moment of inertia and stiffness of a
shaft element are J; and kg, respectively (i =
1,...,N).

rotor absorber
\ -

Figure 3. FEM model of the shaft - DVA system
All the shaft elements and the DVA are now
assembled to give the complete equations of

motion for the system, which are described by
Mg+ Cj+Kq=F (1)
where M, C and K are the mass, damping and
stiffness matrices of the system, respectively.
Those matrices are given as following

o 0 0 0 0 0
0 Jo 0 0 0 0O

M=l

0 0 0 Jjyw O 0O
0 0 0 0 J.-+]J, ]aJ the shaft is then found and calculated by
0 0 0 0 o Jalwer 0 =X, 0 (7
@ To solve the system equations of motion,
[8 8 8 8 8 8] Maple software was used in this study.
€ =nyeged| s | 3. The Optimal design of DVAs using Taguchi
o 0 0 O 0 O Method
[0 0 0 0 0 0} In this section, an optimization design for the
0.0 0 0 0 1wz DVA’s parameters based on the Taguchi method
G will be presented [9]. In this study, objective
functions of the optimization design are torsional
vibration amplitude and duration. Six design
parameters will be investigated including the
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By solving the equations of motion (1) using
Runge-Kutta method, the torsional vibration of



stiffness of spring (k,), the viscous coefficient of
damper (c,), the mass moment of inertia of the
DVA (J,), the number of spring and damper sets
(n,) and radial position of spring (e;) and damper
(e2). The design parameters are introduced in
following forms

_a % _Ja ®)
fl—r’fz—r;f3—js,
k c
fa=n4fs =k_j; fe =k_c:
In this paper, the number of design

parameters is six and the level of each parameter
i1s chosen as five. Therefore, total 25 trials are
selected for the optimal design based on the
Taguchi method (L,s array table). From the level
of six parameters in 25 trials, Taguchi proposed a
combination scheme for the set of trial parameters
to investigate the entire parameter space with a
small number of observations. The obtained
results are then transformed into a signal-to-noise
(S/N) ratio [9].

In order to determine the optimal parameters
of the DVA, the S/N ratio will be determined
using commercial statistical software package
Minitab.

4. Parametric Study

In this section, the above theoretical analysis will
be applied for a sample shaft-DVA system. The
numerical results of the optimization design are

Table 1. Shaft and rotor parameters
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then obtained and discussed.

A sample shaft and a rotor are introduced whose
parameters are shown in Table 1 including outer
diameter (dg;) and length (Lg;) of each element.
Figure 4 shows the schematic of the shaft and
rotor. The corresponding torsional stiffness and
mass moment of inertia of a shaft element can be
calculated using following formulae

4 2
_0.16d mgd

kg = 5 Jsi =

Lgi 8

)

where mg; and G are mass of the shaft element and
shear modulus of material, respectively. In this
study, G is selected equal to 8.1010 N/m’. The
equivalent stiffness (k;) and mass moment of
inertia (J;) of the shaft are calculated by,
respectively

1 1
P ?:1; 3 I = Z?’=1]si (10)
S SL
f‘jﬁ f__/‘ 25 rotor
T “ " 7\

“

Q@

Figure 4. Schematic of the shaft and rotor
From the level of parameters shown in Table 2, a
combination scheme for the set of trial parameters
are obtained as shown in Table 3 and Table 4.

Parameter dg; (m) Lg; (m) Parameter dg; (m) Lg; (m)
Element (1) 0.040 0.03 Element (5) 0.040 0.03
Element (2) 0.045 0.03 Element (6) 0.035 0.03
Element (3) 0.050 0.05 Element (7) 0.030 0.05
Element (4) 0.055 0.02 Rotor 0.100 0.02
Table 2. Parameter level
Parameter Level
1 2 3 4 5
fi 0.2 0.4 0.6 0.8 1.0
b 0.2 0.4 0.6 0.8 1.0
fi 0.02 0.04 0.06 0.08 0.1
4 2 4 6 8 10
fs 0.001 0.025 0.128 0.404 0.987
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|j; ‘ 1.377E-06 | 1.885E-06 ‘ 1.953E-06 | 2.242E-06 |3.337E-06 ‘
Table 3. Layout of the trials using an L25 orthogonal array proposed by Taguchi
Level of parameter
Trial no.
f1 f2 f3 fa fs fe
1 1 1 1 1 1 1
25 5 5 4 3 2 1
Table 4. Values of parameters according to the combination scheme in Table 4
Value of parameter
Trial no.
f1 f2 f3 fa fs fe
1 0.2 0.2 0.02 2 0.001 1.377E-06
24 1.0 0.8 0.06 4 0.001 3.337E-06
25 1.0 1.0 0.08 6 0.025 1.377E-06

5. Result and Discussion

Figure 5 shows the S/N ratios for all trials
calculated. It is seen that the trial #24 provides the
highest S/N ratio. Thus the parameters of trial #24
are expected to be optimal parameters for the
DVA.
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Figure 5. S/N ratio of the trials

Figure 6 further displays the S/N ratio
response in which mean of S/N ratio obtained for
all levels of parameters f; (i = 1,..., 6) are derived.
From Figure 6, individual optimal level for each
parameter is obtained and summarized in Table 5,
along with the corresponding parameter value.

The optimal levels in Table 5 match with
those of trial #24 shown in Table 4. Therefore,
parameters in trial #24 are optimal in this design,
which are also in agreement with the results in
Figure 5. Tables 6 shows the mean S/N ratios
determined for all the levels, Delta and Rank.
According to the Taguchi method, the statistic

4|
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“Delta” defined as the difference between the
maximum and minimum mean responses is used
to determine the most influencing factor. The
“Rank” in Table 6 indicates the rank of each
Delta, where the first rank corresponds to the
largest Delta. According to this table, fl is the
most influential parameter on the shaft vibration.
Table 7 further shows the results of ANOVA in
which percentage of contribution factors for each
parameter are demonstrated. It is observed that a
good agreement is achieved between the results in
this table and Table 7’s.
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Figure 6. Mean of S/N ratios of the parameters

In general, spring position parameter (f;) has
contribution with 36.85 %,
subsequently to damper position parameter (f;)
with 20.91 %. The spring stiffness, mass moment

a maximum

of inertia and viscous coefficient parameters (fs, f3
and fg) show an approximate contribution of 12.29
%, 11.91 % and 11.66 %, respectively.
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Figure 7. Torsional vibration of shaft without DVA and
DVA of the trial #24

Finally, the number of spring and damper sets
shows a least influence with a contribution
percentage of 6.38%. In this section, the optimal
parameters of trial #24 are selected for simulation
of shaft
comparison,

torsional vibration responses. For
the shaft with

parameters of other trials and without DVA are

vibrations of

also calculated.
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Figure 8. Torsional vibration of shaft without DVA and
DVA of the trial #4

Figures 7-8 display the torsional vibrations of
the shaft assembled with DVA of trials #24 and
#4, the shaft without DVA,
respectively. Figures 7 shows that trial #24

along with

significantly reduces both the required time for
vibration cancelation. It is clear that the vibration
reduction effectivenss of the optimal design
parameters are remarkable.

Table 5. Optimum level and value for each parameter

Parameter h f £ fa fs fs
Optimal level 5 4 3 2 1 5
Value 1 0.8 0.06 0.001 3.337E-06
Table 6. Response table for S/N ratio
Mean S/N ratio (dB)
Level
S S S Js fs fs
1 54.78 42 40 72.96 80.84 62.22
2 57.20 0.06 71.77 73.49 69.17 64.68
3 65.80 1.90 79.05 64.38 59.27 65.42
4 74.29 7.99 62.13 69.67 65.08 66.67
5 8.62 5.32 59.34 60.18 66.32 81.70
Delta 3.83 3.58 19.71 13.31 21.57 19.48
Rank 1 2 4 6 3 5
Table 7. Results of ANOVA
Error degrees | Sum of squared .
Parameters L. % of contribution | Rank
of freedom deviations (SS,)
fi 4 3803.4 36.85% 1
fH 4 2158.3 20.91% 2
£ 4 1229.1 11.91% 4
fa 4 658.4 6.38% 6
fs 4 1268.5 12.29% 3
fs 4 1202.9 11.66% 5
Total 24 10320.6 100.00%
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5. Conclusion.

An optimal design using the Taguchi
method for determining the optimal parameters
of a DVA has been presented in this study.
Design optimization is implemented for
multiple parameters of the DVA with the
objectives of vibration cancellation time and
amplitude. The system equations of motion of
the torsion shaft is determined by FEM. The

calculation  results show  that design
optimization of DVA is of great importance to
obtain the desired effectiveness of torsional
vibration reduction. Calculation of torsional
vibration with the obtained optimal parameters
clearly magnifies the effectiveness of the
presented method, which can be successfully
applied for optimization of other mechanical
systems.
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NGHIEN CUU GIAM DAO PQONG XOAN CHO TRUC MAY
SU DUNG KET HQP NHIEU BQ TAT CHAN PONG LUC
Tom tiit:

Bai bdo trinh bay mét phwong phdp d@é giam dao déng xodn ciia hé thong truc véi bé hdp thu dao
déng (DVA). Mot phwong phdp 1y thuyét da dwoc gidi thiéu dé xdc dinh cdc thong s6 t6i wu ciia DVA, bao
gom dg cimg ciia 10 xo, hé s6 giam chdn nhot, mémen qudn tinh khoi leong ciia chdt hdp th, sé lwong va
vi tri ldp cua 10 xo va ddu giam chan. Pdu tién, cdc phwong trinh dao dong ciia hé thong truc va DVA
dwoe xdy dung bang phwong phdp phan tir hitu han (FEM) va dwoc gidi bang thudt todn Runge-Kutta dé
tim dap vmg dao dong xodn. Sau d6, phwong phdp Taguchi dwoc dp dung cho bai todn t6i wu héa da bién.
Bang cdch sir dung phwong phdp Taguchi, cdc tham sé t6i wu DVA dad dwoc xdc dinh véi cde ham muc
tiéu vé thoi gian va bién dé dao dong xodn. Phan tich phwong sai (ANOVA) sau dé dwoc thue hién dé
danh gid ty 1¢ phan tram dnh huong cia timg thong sé trén dén hiéu qua giam dao déng xodn. Két qua
thu dwoc cho thdy vi tri ldp ciia 16 xo la yéu t6 anh hudng 1ém nhdt dén @6 rung cia truc. DVA véi cdc
théng 6 t6i wu hoa lam giam ddang ké dao dong xodn trong hé thong.

Tir khéa: hap thu dao dong, dao déng xodn, thiét ké toi wu, FEM, phuong phdp Taguchi.

6| Khoa hgc & Cong nghé - S6 24/ Thang 12 —2019 Jornal of Science and technology



