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Abstract: A previous study proposed an optimal vibration isolator for self-excitation, but the solution
results showed a critical drawback for the basement input. Because the plant system is exposed to self-
excitation and basement input, the vibration isolator characteristics must meet all the requirements of
both excitation cases. Two performance indices of the vibration isolator were introduced to evaluate
the vibration control capability over two excitation cases, self-excitation and basement input, using
the theoretical linear model of the electric power generator. The compromise strategy was devoted to
enhancing the vibration control capability over the basement input, owing to the acceptable margin
for self-excitation. The modification of the mechanical properties of the vibration isolator focused on
the isolator between the mass block and the surrounding building. Simulation results revealed that
an increase in the spring coefficient and a decrease in the damping coefficient of the vibration isolator
beneath the mass block could enhance the vibration reduction capability over the basement input.

Keywords: vibration isolator; compromise strategy; theoretical linear model; performance index;
electric power generator; basement input; self-excitation

1. Introduction

A vibration isolator is necessary to control the vibration transmissibility between
two connected systems. The mechanical property of the vibration isolator is the key
design parameter for determining the vibration transfer from one system to another. The
passive-type vibration isolator is widespread in industries owing to its low cost and simple
installation. Therefore, passive-type vibration isolators are utilized in many applications
to control the transmission of harsh excitations to protect supporting systems or preserve
quiet environments [1-6]. The active-type mount device also performs well in many
applications [7-10]. However, a proper control algorithm should be integrated into the
mechanical—electronic system after rigorous identification of the supporting system [11-16].
In addition, the high cost of installation or maintenance is a critical hurdle for the increase
in noise and vibration engineering market share.

The mechanism of the vibration isolator plays an essential role in fulfilling the objec-
tives of vibration control over a complicated supporting system. Certain nonlinear factors
may prevent the controllability of the supporting system, so novel mount design strategies
are used to prevent technical problems [17-19]. A recent study proposed a simplified
mount system that included a mass block adjacent to the vibration isolator and applied it to
a power plant system [20]. The simplified vibration isolator was compared to the original
multilayered isolator, including the mass block, using the measured response accelerations
during full-payload operation. A response index was proposed and evaluated by varying
the damping coefficient, and the feasibility of the proposed simple vibration isolator was
discussed. However, the optimal condition of the vibration isolator was only effective for
controlling the excitation from the power plant system and was ineffective for excitation
generated from the basement location. The vibration isolator should be equally effective
for both excitation cases, the power plant system, and the surrounding building.
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This study selected an electric power generator that uses a combustion engine when
an unusual power shortage occurs in a building as the target support system. The electric
power generator was manufactured by the DAEHUNG Electric Machinery Company in
South Korea, with a maximum capacity of up to 75 kW. The specific production was the
same as described in a previous study [20]. Figure 1 shows the electric power generator.

Figure 1. Image of the electric power generator [20].

The combustion engine produces indispensable excitation during electric power gen-
eration at a constant rotational speed of 1800 rev/min. Six vibration isolators are used to
support the electric power generator to prevent excitation transmission into the surround-
ing building, as shown in Figure 2.

Figure 2. Image of vibration isolator [20].

The present vibration isolator showed reasonable efficiency in vibration control over
self-excitation during operation, but the complex structure prevented quick maintenance
service. To overcome this disadvantage, a previous study proposed a novel and simple
mount structure without a mass block and compared it using the response index derived
from the transmissibility formula for the basement response [20]. However, neither vibra-
tion isolator could evaluate any vibration-control capability under basement excitation. If
an unexpected basement input is assigned, the supported electric power generator may
fail to achieve structural stability owing to external perturbations from the basement. To
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overcome these shortcomings of the original vibration isolator, a compromise strategy was
applied in this study to select mechanical coefficients in the supporting isolators. This
study established a theoretical linear model of the electric power generator to simulate the
dynamic response or frequency response function (FRF) under several excitation conditions.
Two performance indices were derived from the transmissibility between the two responses
at different locations and under different excitation conditions. The first performance index
represented the capability of the vibration isolator over self-excitation under operation
between 30 Hz and 120 Hz, and the second index denoted the vibration control perfor-
mance of the isolator over the basement input. The dynamic analysis of the electric power
generator was focused on the modification of the mechanical properties, both the spring
and damper coefficients, of the vibration isolator beneath the mass block. The compromise
strategy was to reduce the second performance index while allowing an increase in the first
performance index for a frequency range between 1 Hz and 120 Hz. However, because
the proposed compromise strategy is only valid for the vibration isolator located at the
bottom of the mass block, it may not be valid if the mechanism of the vibration isolators or
supported plant system is changed.

2. Theoretical Linear Model of Supported Electric Power Generator

The capability of a vibration isolator can be identified from the dynamic response of
the supporting system or attached basements. The performance of a supporting vibration
isolator is possible with transmissibility between interesting responses using a theoretical
model of an electric power generator. The supported electric power generator (M) is
supported by a vibration isolator, which is attached to a mass block (My), as illustrated
in Figure 3. The vibration isolator designed to support the power generator was modeled
as linear mechanical elements, and both the stiffness coefficient K, and damping coeffi-
cient Cp, and the connection between the mass block (M) and the surrounding building
(Mp), were represented by the linear elements, the stiffness (Kjs), and the damper (Cy;).
The responses of the three masses were defined as X, Xy, and Xp for the supporting
power generator, mass block, and surrounding building, respectively, and Xp could be
moved with the virtual spring coefficient (Kp) connected to the ground. The excitation
forces from the supporting power plant and surrounding building were defined as F, and
Fp, respectively.
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Figure 3. Equivalent electric power generator model supported by vibration isolators.
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The dynamics of the supported power generator in Figure 3 can be simulated with
theoretical modeling under the linear formulation of connection elements, coefficients of
stiffness proportional to the displacement, and a viscous damping coefficient proportional
to the velocity. All inertia terms, i.e., the power plant, mass block, and surrounding building,
were assumed to be concentrated masses because the theoretical system model was focused
on evaluating the vibration isolator alone. The governing equation for each concentrated
mass is expressed as:

MpXp + CpXp + KpXp = CpXpr + KpXpt + Fp, (1)
MumXum + (Cp + Cut) Xt + (Kp + Knt) Xt = CpXp + KpXp + CuXp + KnXp,  (2)
MBXB+CMXB+(KM+KB)XB = CMXM+KMXM+FB 3)

These equations can be expressed using the Laplace transformation in the s-domain to
solve the responses under no initial values (both displacements and velocities), as shown
in Equations (4)—(6).

[2My +5Cp + Ky | Xy (5) = [sCp + Ky Xu(s) + Fy(s), @)

[s*Mm +5(Cp + Cm) + (Kp + Kir) | Xm(s) ®)
= [SCP + Kp] XM(S) + [Scp + Kp] XM(S)/

[SZMB +5C + (Kt + KB)} Xp(s) = sCuXm(s) + KyXn + Fp(s) ©6)

The governing equations can be simplified using the three temporary terms in
Equations (7a)-(7c), and the FRF of the supporting power generator can be derived from
Equation (8) over the power plant input F,(Fg = 0) and surrounding building response Xp.
In addition, the FRF between the excitation F and the response at the power plant Xp can
be derived, as shown in Equation (9).

a(s) = s*Mp +sCp + Kp, (7a)

B(s) = s*Mp +5(Cp + Cum) + (Kp + Kur), (7b)

Y(s) = s>Mp 4+ sCp1 + (Ky + Kp), (7¢)

XB(s) — Hy, — (SCM + KM) (st + Kp) , ®)
Fp(s) b w(s)B(s)v(s) —ch(s:)(sCM—l—KM)2—'\y(s)(st—i—K]g)2

Xp(s) _ Hy — B(s)¥(s) — (sCum + Km)? ©)
Fp(s) " w(s)B(s)v(s) — a(s)(sCam + Knp)? — 7(s) (sCp + K )

3. Evaluation Indices for Vibration Isolator

If the electric power generator is operated under the rated operational condition,
self-excitation can be represented by F, under no basement force (Fp; = 0). Two vibration
isolators can passively control self-excitation and the transmissibility between Xp and
X, can be formulated into the first performance index (I;) using Equations (8) and (9).
Here, I; denotes the vibration transmissibility from the power plant to the surrounding
building. This means that the first performance index in Equation (10) represents the
vibration isolator’s capability to control the power generator’s excitation. The smaller the
first index value, the better the self-excitation performance of the vibration isolator.

Xp(s)  Hx, _ (sCam + Kum) (sCp + Kp) (10)

his) = Xp(s)  Hx,  B(s)y(s) — (sCum + Km)*
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The performance of the vibration isolator over the basement input can be derived for
the no external force condition (Fy; = Fp = 0) because the basement input was assigned as
the displacement or velocity of basements [21,22]. Under the no external force condition,
the ratio between X, and X can be derived using Equations (4) and (6), as shown in
Equation (11). The second performance index (I;) represents the vibration reduction
capability of the vibration isolator under basement input conditions. The smaller the
second index value, the better the vibration isolator performance for the basement input.

Xp(s) _ v(s)(sCp+Kp)
Xp(s)  a(s)(sCm+ Kpm)

I(s) = (1)

4. Dynamic Simulation of Supported Power Plant Model

The simulation model of the power generator was studied for the same specifications
considered in a previous study [20]. The theoretical model of the power generator is used
for the linear formula in Figure 3, and the mechanical properties of the vibration isolator, C,
and K, were obtained experimentally using a test machine (835 model/MTS systems, Eden
Prairie, Minnesota, United States). Other linear connecting elements were tuned using the
response accelerations during full-load operation of the min constant 1800 rev/ internal
combustion engine. The parameters defined in Table 1 are verified based on experimental
data from a previous study [20].

Table 1. Specification of theoretical power plant model [20].

Variable Value
Mp(kg) 6070
My (kg) 6900
Mg (kg) 10 x My,
Kp (KN/m) 940 (1 Hz), 1050 (30 Hz), 1245 (60 Hz), 1881 (90 Hz), 4399 (120 Hz)
Ky (kN /m) (5% 10°) x K,
Kp (kN/m) 1071 x K,
Cp (Nsec/m) 603 (1 Hz), 376 (30 Hz), 216 (60 Hz), 184 (90 Hz), 158 (120 Hz)
Cpm (Nsec/m) (1.5 x 10°) * Cp

The dynamics of the theoretical power plant model can be evaluated via the FRFs
formulated using Equations (8) and (9). The frequency of interest was set between 1 Hz and
120 Hz under the operational speed of the combustion engine, and the simulation result is
plotted in Figure 4.
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Figure 4. FRF of the theoretical power plant model. S X, =% Hy,.
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The FRFs showed that the supported electric power generator model had no resonance
frequencies for the frequency range of interest, so the original mechanical coefficients of
the vibration isolator, C,, K, Cp, and Ky, were suitably selected. The performance of the
vibration isolator is also evaluated using the first and second performance indices, plotted
in Figures 5 and 6, respectively. Both indices indicated that the transmissibility from the
power plant to the surrounding building was very small. In contrast, the transmissibility
from the mass block to the power plant was relatively high for the frequency range of
interest. Therefore, the controllability of the vibration isolator was reliable when excitation
was induced from the supporting power plant side. However, the capability of the vibration
isolator to control the excitation from the basement side is not acceptable under the original
mechanical property conditions (see Table 1).
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Figure 5. Variation in the first performance index as a function of frequency.
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Figure 6. Variation in the second performance index as a function of frequency.

To overcome the poor capability of vibration control over the vibration input from the
mass block, revised mechanical properties of the vibration isolator were required for the
power plant model. In particular, the mechanical properties of the two vibration isolators
cannot be arbitrarily modified from a physical point of view because it is challenging
to achieve most mechanical coefficients using isolator specimens, springs, or dampers.
Therefore, the modification of coefficients in the vibration isolator should be increased
or decreased in proportion to the measured dynamic stiffness and damping coefficient.
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Between the two vibration isolators, the vibration isolator beneath the mass block (Cys, Kpy)
was selected to evaluate the two performance indices in different modification coefficient
situations. The vibration isolator (C;, Kp) to the electric power generator was not considered
because the effect of the mass block and the related adjacent joint was considered in a
previous study [20] and owing to the high cost of installation or maintenance of the electric
power generator. Four vibration isolator cases are selected from the original values, as
summarized in Table 2.

Table 2. Modified mechanical properties of vibration isolator.

Case Value
I Cm=10,Kp =10
1I Cym ~10,Kp x 10
111 Cm x 10, Kp =10
v Cm x 10, Ky x 10

Two indices of the theoretical power generator model were calculated for the selected
frequency range in all four cases. The variation in each performance index was calculated
as the ratio of the modified index to the original value. The detailed calculation results are
summarized in Tables 3 and 4.

Table 3. Ratio of the first performance index for four vibration isolator cases.

Ratio of the First Performance Index (I7)

Case
1 (Hz) 30 (Hz) 60 (Hz) 90 (Hz) 120 (Hz)
1 - 3.2 1.6 14 1.6
1I - 3.2 1.7 15 1.6
11T - 3.2 1.6 14 1.6
v - 3.2 1.6 14 1.6

Table 4. Ratio of the second performance index for four vibration isolator cases.

Ratio of the Second Performance Index (I)

Case
1 (Hz) 30 (Hz) 60 (Hz) 90 (Hz) 120 (Hz)
1 1.3 1.0 1.2 15 2.0
1I 1.3 0.9 0.9 0.8 0.8
111 1.3 1.0 1.0 1.0 1.0
v 1.3 1.0 1.0 1.0 1.0

The two performance indices exhibited different values in the frequency range of
interest by varying the element coefficients. Because the two ratios of performance indica-
tors show the amount of change compared to the reference vibration isolator condition, it
can be concluded that the smaller the value, the better the vibration isolator performance
under the applied stiffness or damping coefficients. Conversely, when the ratio of index
value is greater than 1, it can be determined that the vibration isolator performance is
degraded compared to the reference condition. The index ratio at 1 Hz was not consid-
ered because self-excitation from the electric power generator was observed only between
30 Hz and 120 Hz. The optimal result is Case II, where the damping coefficient decreases
and the stiffness coefficient increases. The other three cases showed similar results for the
two performance indices; therefore, the combination of an increase and a decrease in the
mechanical coefficients is essential for vibration control from the vibration isolators.
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5. Compromise Strategy of Vibration Isolator

The selected target power generator has been reported to have more than ten times the
margin at the basement response under full-load operation [20]. However, the capability of
vibration control over the basement input was not guaranteed at all. The objective vibration
isolator was preliminarily selected for the isolator (Cys, Kjs) located beneath the mass block,
and the upper vibration isolator (Cp, K,) was not changed. The simulation results revealed
that the best condition for the vibration isolator was an increase in the spring coefficient and
a decrease in the damping coefficient. For a ten-fold increase in the spring coefficient and a
ten-fold decrease in the damping coefficient, the second performance index was reduced
by up to 20% in the high-frequency range; the first performance index was increased up
to 320% at 30 Hz. Because the first performance index has a large margin of more than
ten times that of the original vibration isolator equipment, the second performance index
can be effectively decreased by following the modification guideline with an increase
in the stiffness coefficient as well as a decrease in the damping coefficient at the lower
vibration isolator. Therefore, it can enhance the vibration control capability of the vibration
isolator over a basement input, while decreasing the vibration control performance for
self-excitation of the electric power generator.

However, this compromise strategy has some drawbacks. First, the second perfor-
mance index increased at 1 Hz, which may coincide with the critical frequency for earth-
quake events. Second, the theoretical linear model was not validated for a low-frequency
range of less than 30 Hz. Third, the experiments did not fully verify the feasibility of
the design modification of the vibration isolator for Case II. Additional performance en-
hancement is possible with the modification of the upper vibration isolator (Cp, K;) in
future work.

6. Conclusions

The compromise strategy regarding the vibration isolator for an electric power genera-
tor was investigated via simulation of a theoretical linear model. Two vibration isolators
(upper and lower) were modeled as linear connecting elements—the spring and damping
coefficients. The supporting targets were simplified as concentrated masses. All mechanical
specifications followed the system parameters verified in a previous study, and four cases
of coefficient modifications were selected for the lower vibration isolator (Cy, Kpg). The
simulation results revealed that the best case was derived for the combination of isolator
coefficients that increases the stiffness coefficient and decreases the damping coefficient,
which is expected to decrease the second performance index by 20%. In the same case,
the first performance index was increased to 320% at 30 (Hz), so a compromise strategy
should be applied to this situation. A previous study verified that the acceptable response
margin could be expected to be up to ten times that of the original equipment. Therefore,
conditions in Case II were found to be appropriate for the electric power generator.
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