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OPTIMUM DESIGN OF THE TUNED MASS DAMPER TO REDUCE
THE TORSIONAL VIBRATION OF THE MACHINE SHAFT SUBJECTED
TO RANDOM EXCITATION

Nguyen Duy Chinh
Hung Yen University of Technology and Education, Hung Yen, Vietnam

ABSTRACT
In practice, torsional vibration plays an important role in degrading the safety and stability of
structures under the effects of torsional torque such as machine shafts, turbine shafts, etc.
However, the study on the design of a tuned mass damper (TMD) for shafts is very limited in the
literature. In case of the shaft is excited by random excitation, there has been no study to reduce
the torsional vibration of the shaft. This paper presents an analytical method to determine optimal
parameters of the tuned mass damper (TMD), such as the ratio between natural frequency of TMD
and the shaft (tuning ratio), the ratio of the viscous coefficient of TMD (damping ratio). Two novel
findings of the present study are summarized as follows. First, the optimal parameters of TMD for
the shafts are given by using the minimum quadratic torque method. Next, a numerical simulation
is done for an example of the machine shaft to validate the effectiveness of the results obtained in
this work.
Keywords: Tuned mass damper, torsional vibration, pendulum, machine shaft, minimum
quadratic torque, random excitation.
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THIET KE TOIL UU BQ HAP THU DAO PONG PE GIAM DAO PONG XOAN
CHO TRUC MAY CHIU TAC DUNG CUA LUC KICH THiCH NGAU NHIEN

Nguyén Duy Chinh
Truong Dai hoc Sw pham ky thudt Hung Yén, Viét Nam

TOM TAT
Trong thuc te dao dong xodn déng vai trd quan trong trong vi€c lam giam sy an toan va 6n dinh
cua cac co cau dudi tac dong cua mo-men xodn, vi du nhu truc may, truc tuabin,... Tuy nhién,
nghién clru vé thiét ké bo hap thu dao dong (TMD) cho truc lai rat han ché trong cac tai ligu.
Trong truong hop truc chiu tac dung boi luc kich thich ngau nhién, chua c6 nghién ciru nao giam
dao dong xoan cho tryc. Bai bdo nay trinh bay mét phuong phap phan tich dé xac dinh cac tham s6
t6i uu cua b hap thu dao dong (TMD), chang han nhu ty sO gitra tan sb tu nhién cua bdo TMD va
truc (ty s6 diéu chinh), ty s6 can nh6t cua TMD (ty 1€ giam chan). Hai phat hién méi cua nghién
ctru ndy duge tom tit nhu sau. Dau tién, cac tham s t6i wu cia TMD cho céc truc dugc dua ra
bang cach st dung phuong phép cuc tiéu mo6 men bac hai. Tiép theo, mot mé phong sé duge thuc
hién cho mét vi du vé truc may dé xac nhan tinh hiéu qua cua cac két qua thu dugc trong nghién
clru nay.
Tiwr khoa: Bo hd'p thu dao dong, dao dong xodn, con ldc, truc may, cyc tiéu mé men bdc hai, kich
thich ngdu nhién
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1. Introduction

The study to reduction of shaft vibration is an
important and timely task [1-15]. From the
researches in [1-6], the author finds out that
there are many studies on the reduction of
torsional vibration with or without CPVA
(centrifugal pendulum vibration absorber),
CDR (centrifugal delay resonant) and DVA
(dynamic vibration absorbers). But these
studies just focus on the stability and motion
control of oscillating absorber systems, and it
has no research that uses the optimum
arithmetic calculations to calculate the
optimal parameters of absorbers for the main
system under torsional vibration. There are
some studies to reduce the torsional vibration
of the shaft by setting an absorber in different
forms. In these studies, authors also focused
on determining optimal parameters for the
DVA (or TMD) design. In [7, 8] have
determined the optimal parameters of the
absorbers set in the form of expressions,
reduce the torsional vibration for the shaft
from the effects of different excitation. Vu et
al. [7] have determined the optimal
parameters of the dynamic vibration absorber
(DVA) in case the shaft is subject to harmonic
excitation, under the harmonic excitation, the
fixed point method is used to determine the
optimal parameters. In case the shaft is
subject to impact excitation, Chinh [8] has
determined the optimal parameters of the
tuned mass damper (TMD) to reduce the
torsional vibration of the shaft by using the
principle of minimum Kinetic energy. The
results were given by

MKE __ 1 . MKE __ /,l
P2y’ S =7 2(1+2u7°)

1)
In case of the shaft is excited by random
excitation. To the best knowledge of the
author, there has been no study on the TMD
using minimum quadratic torque method for
the shaft. Perhaps a reason is that the

calculations in this case is too complicated.
This paper presents minimization of quadratic
torque to determine the optimal parameters of
the passive mass-spring-pendulum-type tuned
mass dampers (TMD) such as tuning ratio and
damping ratio. The results indicate that the
effectiveness in torsional vibration reduction
in case of the shaft is excited by random
excitation. The minimum quadratic torque
method in Reference [9] is wused for
determining the optimal parameters of the
TMD.

2. Shaft modelling and equations of
vibration

Fig. 1 illustrates a pendulum type TMD
attached to a shaft. The shaft has the torsion
spring coefficient is k,. A pendulum type
TMD has a concentrated mass 2m at the top,
spring constant K, and damping constant ¢,
the length of beam is 2L and the length mass
is 2m,. The TMD is installed in the shaft
through a mass rotor (the rotor is mounted
rigidly to the shaft), with radius p, mass M .
By considering the whole system, one can
conclude that the system is completely
determined if two coordinates ¢, and ¢, are
given. Thus, independent generalized
coordinates are absolute angle of rotation of
the rotor o, and relatively angel of rotation
of the TMD to the rotor o, .

A
2 5 N
5V

Figure 1. Shaft Model with Installed TMD

By applying the second-order Lagrange
equation, the differential equations for the
vibration system in Fig. 1 is established as [8]
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(M p? +§mt L2 +2mL?)d + 2(%mIL2 +mL*)@, = M (t) -k 0
)
2(% mL* +mL?)4 + 2(% mL* +mL?)@, =—k_ o, —2cL%p,

where: ¢, —p=0 3)
In which: 0 is torsional angle of the shaft, 0 is angular velocity of the shaft, 0 is angular
acceleration of the shaft.

Eq. (2) can be used in the design of the TMD

3. Determine optimal parameters of the TMD

The minimization of quadratic torque (MQT) applied to the impactor of the random excitation
moment with white noise M (t) has the spectral density S, .

We introduce [8]

m+m/

p2 m 2
\/2(m+ /)L “

’ aMQT d ' 7/:_

fMQT —
mt 0] Yo
2(m +?)a)d D

In which, op is the natural frequency of the shaft, my and EMQT respectively are the natural

frequency and the viscous damping ratio of the TMD, p is the TMD mass ratio, o™?" is the
tuning ratio of TMD, v is ratio between length of pendulum and radius of gyration of rotor.
The matrix equations (1, 2) can be rewritten as
MMQTq +CMQTq + KMQTq — FMQT (5)
{0 ! 6
Where q=10 ¢} (6)
The mass matrix, viscous matrix, stiffness matrix and excitation force vector can be derived as
MVeT — 1+ 2,”72 2,”72 - CMeT _ 0 0 .
1 1 0 2&"a"™ gy
: M (1) @
w5 0 —
KMot _ i =L Mp2
0 i)
0
From the oscillator equation in matrix form (5), the equation of state is constructed:
y(®) =By(®)+HM(t) (®)
Where: y(t) is the state vector corresponding to the response of the system and is defined as follows:
. . T
y:{@ @, 0 (02} (©))

The system matrix B has the form
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0 E
B :|:_(MMQT)—1 KMQT _(MMQT)—chQT:| (10)
where E is the matrix unit
Hence the B matrix can be obtained as

0 0 1 0
0 0 0 1
B= (11)
~p 2u @'y 0 Auyt &)@y,
Loy ~@Q2uy") @) @) 0 =20+ 2uy*)(EM )@ " )y |
The matrix of excitation force is obtained as [12]
- o -
0
_ 1
HfM(t)_|:(MMQT)lFMQT:| —->H, = Mpz (12)
3 1
| Mp®
The quadratic torque matrix P is a solution of the Lyapunov equation [9]
BP+PB' +S,H,H] =0 (13)
Substituting Egs. (11) and (12) into Eq.(13), The matrix P can be determined as:
R, R Ry R
P— P21 Pzz P23 P24 (]_4)
P31 P32 P33 P34
PAl P42 P43 P44
where
1 MQT \4 1 2\2 MQT \ 2 1 2 MQT \ 2 1 MQT \2
1 51 Z+(a )(§+W) +(u(2(S™) —5)7 +(&™) —5)(04 )
P == 15
11 2 ,Ll72 (gMQT)(aMQT )Q?[:)M 2p4 ( )
:[Z(GMQT)272ﬂ+(0{MQT)2 _jl_:|Sf P20 - p- S; (16)
12 8ﬂ]/2§MQTaMQT COS M 2p4 LK ) 14 4a)éM 2,04/J7/2
_[2@" )+ @) 1S, _ S, )
21 8ﬂ72§MQTaMQngM 2p4 ! 22 8aMQTﬂ}/2§MQTa)gM 2,04
Py = i , Pu=0,; P,=0;P,= > (18)
23 460; M 2p4,U]/2 ' 24 ! 31 ' 32 40)%'\/' 2,04#7/2
1 Sf I:Z(aMQT)47/2/J+ (aMQT)4 n 4(aMQT)2(§MQT)2 _ 2(aMQT)2 +1:|
P33 ~a 2 ZMQT _ MQT 2 4 (19)
8 uy & a™ oM p
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1 Sf I:(aMQT)Z _1:| .
3 1 E T M iy M2 p* » Py
1 Sf I:(aMQT)Z _1]
43 :5 yngMQTaMQTa)DM 2p4
Minimum conditions are expressed as [9]

alDﬁl.l aI:)il.l
aa MQT agMQT

P

=0 ;

MQT ___ MQT
Aot =

4 =

MQT MQT
éoth = 9

S

The optimal parameters of the TMD were determined by solving the Egs. (15,22)

aMQT _aMQT _ \l1+/'l7/2

o 1+ 2uy’?

Sopt =

§MQT:1J H(2+3py?)
2\ @+ py YA+ 2p7%)

“aMi (20)
% %W?Mjfoﬂm M?p’ (21)
- (22)
(23)

(24)

Table 1. The optimal parameters of the tuned mass damper for various mass ratios and ratio between the
length of pendulum and radius of gyration of the rotor.

H 4 Tt Sopt. Dot Sopt
0.01 0.1 0.9998 0.0070 0.9981 0.0071
0.02 0.2 0.9984 0.0196 0.9925 0.0200
0.03 0.3 0.9946 0.0352 0.9836 0.0367
0.04 0.4 0.9874 0.0525 0.9721 0.0563
0.05 0.5 0.9756 0.0707 0.9583 0.0783
0.06 0.6 0.9586 0.0891 0.9429 0.1023
0.07 0.7 0.9358 0.1073 0.9262 0.1277
0.08 0.8 0.9071 0.1249 0.9089 0.1542
0.09 0.9 0.8728 0.1419 0.8914 0.1814
0.10 1.0 0.8333 0.1581 0.8740 0.2087

From equations (23, 24), we obtain the
optimal parameters of the TMD to reduce the
torsional vibration of the shaft by using the
minimum quadratic torque method, which is
different from the optimal parameters of the
TMD to reduce the torsional vibration of the
shaft by using the principle of minimum kinetic
energy in the reference [8]. This asserts with a
shaft model with installed TMD, but applying
different methods to find optimal parameters
gives different analytical results.

Table 1 presents the optimal parameters
obtained by the two methods according to the
various mass ratios and ratio between the
length of pendulum and radius of gyration of
the rotor. We see that the tuning ratio of TMD is
approximately 1, indicating that the optimized

TMD has the natural frequency s
approximately the natural frequency of the
shaft. With the design of this TMD will reduce
the vibration of the shaft in the best way.

From table 1, we again assert that the same
shaft model with installed TMD is the same
with the values of the various mass ratios and
ratio between the length of pendulum and
radius of gyration of rotor, the optimal
parameter is obtained by two methods of the
principle of minimum Kinetic energy and the
minimum quadratic torque method is different.
Therefore, when applying the optimum
parameters to reduce the vibration of the shaft,
we must see the machine shaft is subject to the
force of any excitation to apply the method of
optimal parameters for the appropriate.
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4. Numerical simulation study shown in Eq. (23) and Eg. (24). To
In this section, numerical simulation is demonstrate the above analysis, computations

employed for the system by using the ~ Will be performed for a system with
achieved optimal parameters of the TMD, as  Parameters given in Table 2 [8].

Table 2. The input parameters for shaft and TMD

Parameters M ol ki m; M L

Value 500kg 1.0m 10°Nm/rad 15kg 10kg 0.9m

The dimensionless parameters can be calculated and shown in Table 3
Table 3. Value of the dimensionless parameters

Parameters U y
Value 0.03 0.9
Table 4 shows the optimization results calculated by the present method.

Table 4. The optimal parameters of the TMD

Optimal Parameters MQT MQT c k
P aopt gopt "
Value 0.965 0.108 44.34 Ns/m 4527.35Nm/rad

* Simulation Results

Numerical simulations for torsional vibration of the machine shaft using the Maple are
implemented in different operating conditions in case of the shaft is excited by random excitation

1(t-a)?

\/Ee_E b?

M (t) =15.10° ~————(N); a = 10"; b = 10"° (25)

J7b
Table 5 shows the different operating conditions of the machine shaft. In the case 1, simulation is
implemented with initial torsional angle of g, =0.002(rad) . Secondly, simulation results of initial
torsional angle ¢, =0.0(rad) and initial angular velocity of g =0.05(rad/s) is shown. Finally,
simulation study presents the simulation with initial torsional angle g, =0.002(rad) and initial
angular velocity of g =0.05(rad / s).
Table 5. The different operating conditions of the machine shaft

Cases 1 2 3
& 2x10(rad) 0.0(rad) 2x107(rad)
4, 0.0(rad /s) 5x102(rad /) 5x107(rad /s)
0 002~
= 00014
=
=
-0.0014
0002
]

With TMD — — without TMD |

Figure 2. Vibration of the machine shaft with & = 2x10 (rad) in the case of random excitation M(t)
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Figure 3. The vibration of the TMD with ¢, = 2x10‘3(rad) and 9'0 =5x10"(rad / s) in the case of random
excitation M(t)
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Figure 4. The vibration of the machine shaft with ¢, = 2x10'3(rad) and 90 =5x10"%(rad / s) in the case of
random excitation M(t)

The responses of the shart are shown in Figs
2, 3 and 4. The results show that the TMD can
reduce the torsional vibration of the shaft in
all case.

5. Conclusions

In this paper, the minimization of quadratic
torque (MQT) has been examined for a shaft
model. The same procedure as in the
conventional MQT theory has been used to

derive the optimum tuning and damping ratios
of the device. It was found that the optimum
tuning and damping ratios have an analytical
form. Research results are verified by
numerical simulation with high reliability.
The optimal parameters were determined in
analytical form and furthermore lead to the
simple explicit formulas in Egs. (23, 24).
Paper has studied, analyzed and evaluated the
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effect of reducing the vibration of the shaft in
the case of without and with TMD is mounted
oscillating with the optimal analysis solution
found the TMD. From the simulation of the
vibration amplitude over time in case of the
shaft is excited by random excitation, it was
found that the torsional vibration amplitude of
the machine shaft when the TMD was
installed according to the optimal parameters
found by equations (23, 24) was effective in
reducing vibration for the machine shaft.
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