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Abstract: Subjecting structures to external forces inevitably leads to the generation of
vibrations. For high-rise and flexible structures, excessive vibrations can significantly impact
their normal operation and structural integrity. To mitigate these undesirable vibrations,
structural vibration control is essential. Among various passive control methods, the tuned
mass damper (TMD) is widely used for its ability to reduce vibrations through resonance with
the structure. Meanwhile, the active mass damper (AMD) can also achieve an excellent control
efficiency by exerting active control force on structures. Hybrid control integrates the benefits
of multiple control strategies and applies the control forces on the same structure
simultaneously. Hybrid mass damper (HMD) combines the passive characteristics of TMD and
the active features of AMD, overcoming the limitations associated with using either system in
isolation. This paper proposes a novel hybrid control method based on virtual TMD algorithm
and optimizes the parameters of HMD by weighting the structural response and stroke of HMD
to improve the comprehensive control performance. The effectiveness of this optimization is
substantiated in the frequency domain. Additionally, numerical simulations are conducted to
compare the optimized HMD with the traditional TMD and the unoptimized HMD,
demonstrating both the effectiveness of the optimization and the superior control performance
of the optimized HMD. The numerical results indicate that the optimized HMD reduces stroke
by 15.6% compared to the unoptimized HMD on the premise that the control effect only loses
2.4%. Overall, the optimized HMD demonstrates superior comprehensive control performance
relative to the unoptimized HMD.

Keywords: vibration control; active-passive hybrid mass damper; virtual tuned mass damper;
weighted function; performance-based optimization; comprehensive control performance

1. Introduction

Actual engineering structures are located in complex environments and subjected
to various loads. The excessive vibrations caused by the external loads may affect the
normal service and safety of structures, especially for the high rise and flexible
structures. Therefore, it is essential to control the structure's vibration to avoid
excessive vibrational deformation that could impair its functionality. Structural
vibration control is an effective measure to reduce the undesired vibrations of
structures, and can be divided into passive, active, semi-active, and hybrid control [1]
according to whether external energy output is required.

Tuned mass damper (TMD) is one of the most commonly used passive control
methods in engineering, originating from a vibration device called dynamic vibration
absorber (DVA) invented by Frahm in 1909 [2]. The TMD device consists of a mass
block, spring and viscous damping. Owing to its straightforward structure and
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economical cost, the TMD is extensively employed in practical engineering structures.
For example, Tsai et al. and Rana et al. studied the optimal design parameters of TMD
under harmonic and seismic excitations respectively [3,4]. TMD has a good control
performance in the responses dominated by the fundamental frequency of structure
and widely used in the vibration of high rise and flexible structures. For example,
Murtagh et al. researched the control performance of TMD for vibration control of
wind turbines under random wind loads [5]. Kim et al. studied the passive control of
along wind response of tall building using TMD [6]. Dinh and Basu studied the
application of TMD in vibration control of floating wind turbines [7]. When the natural
frequency of TMD is tuned with the structure, it rapidly attenuates the dynamic
response of the structure by resonating with the structure and dissipating energy
through damping. Generally, when tuned with the structures, TMD has a good control
performance in the fundamental frequency of structures.

Active mass damper (AMD) or active tuned mass damper (ATMD) can achieve
an excellent control efficiency by exerting active control force on the structures [8—
10]. When AMD or ATMD is integrated with suitable active control algorithms, the
control effectiveness can surpass that of TMD, thus it is also extensively applied in
practical engineering. For example, You et al. researched the along wind-induced
vibration control using ATMD [8]. Fitzgerald et al. studied the vibration control of
wind turbine towers using ATMD and demonstrated the improvements in structural
reliability of the ATMD equipped wind turbine towers [9]. Cong adopted ATMD to
simultaneously control the vibrations in wind turbine blades and tower and
demonstrated that the ATMD has good control effect on blades and tower [10]. The
main components of an active control system include controllers, sensors, and
actuators. The controller is the key of the active control and AMD/ATMD combined
with effective and reasonable controllers can achieve excellent control performance.

Semi-active control can reduce the vibrations of structures and maintain the
tuning state by changing the stiffness or damping of control devices [11-17].
Compared to passive control, semi-active control is tunable and reduces the risk of
detuning. When combined with suitable semi-active control algorithms, its
effectiveness can rival that of active control. Consequently, numerous scholars have
investigated different semi-active control devices and algorithms to achieve high-
performance control. For example, Hrovat et al. studied the semi-active control of civil
engineering structures and proposed rules for semi-active control systems to achieve
the active control performance as much as possible [11]. Nagarajaiah and Varadarajan
proposed a mechanical semi-active variable stiffness tuned mass damper to realize the
semi-active control of high-rise buildings under wind loads [12]. Sun et al. applied
magnetorheological elastomer in TMD to achieve the semi-active control and
conducted an experiment under earthquake excitation [13]. Yang et al. also utilized
the semi-active control characteristic of magnetorheological elastomer TMD to control
the wind induced vibrations of constructing bridge towers [14]. Wang et al. utilized
the variable stiffness and damping characteristics of semi-active control to reduce the
earthquake and human induced vibrations [15—17]. Generally, semi-active control can
change its own dynamic parameters to avoid the risk of detuning and can achieve
excellent control performance with appropriate semi-active control algorithms.

Hybrid control contains the characteristics of two or more control measures, and
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applies the control forces on the same structure simultancously. The hybrid mass
damper (HMD) combines the advantages of both TMD and AMD, and has attracted
the attention of many scholars [18-20]. Li and Cao studied the application of HMD to
attenuate the undesirable vibrations of structures under the ground acceleration [18].
Collette and Chesne proposed that adding an active control force between TMD and
structure to make the TMD device a hybrid mass damper with active-passive
characteristics [19]. Hsieh et al. combined TMD tuned to the fundamental frequency
and tuned liquid damper (TLD) tuned to the forced frequency to form HMD and
researched the control performance for offshore wind turbines [20]. HMD combines
the advantages of TMD and AMD, and reduces the limitations of using TMD or AMD
systems alone. Moreover, and the control effect of HMD is similar to that of active
control and with lower energy consumption and power output requirements.

While TMD devices offer effective narrowband control, their performance is
significantly compromised if detuning occurs due to changes in the structure's
fundamental frequency. Although AMD and ATMD can deliver excellent control
results, they necessitate substantial external energy input. Semi-active control
techniques can provide continuous real-time tuning, but their range of tuning
capability is also limited. The HMD combines the characteristics of both TMD and
AMD, thereby minimizing the risk of detuning while maintaining robust control
efficiency. Therefore, it is valuable to research the HMD in the structural vibration
control.

This paper introduces an HMD device utilizing a virtual TMD control algorithm
based on the vibration reduction principles of TMD and ATMD, and optimizes the
design of the HMD by weighting the control effect and actuation stroke. Compared to
existing HMD devices, the HMD device in this article aims to achieve the control
effect of TMD devices with high mass ratios (=5%) through the passive and active
parts of the HMD without increasing the actual physical mass, where the passive part
is the restoring force provided by stiffness and damping, and the active part is the
active control force based on actuators. This paper first studied the hybrid control
based on virtual TMD and validated the feasibility by frequency domain analysis.
Then, this paper optimized the design parameters of HMD by considering the
responses of structure and the stroke of control device in a weighted manner.
Subsequently, the feasibility of the optimized design parameters was verified through
numerical example. The results showed that the optimized HMD almost has the same
control effect of the unoptimized HMD, while the stroke of the optimized HMD is
much lower than that of the unoptimized HMD.

2. Hybrid control based on virtual TMD

TMD has good control performance in the responses of the fundamental
frequency of structure and the control effect increases as the mass of TMD increases.
While in actual engineering, the mass of TMD will be limited by the economy and
installation space, which limits the control performance of TMD. This paper applies
the control force of TMD with large mass onto structure to form AMD to improve the
control effect without increasing the actual mass of control device. Afterwards, by
replacing part of the control force with stiffness and damping, AMD is transformed
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into HMD without changing the control effect to possess both active and passive
control characteristics. The schematic diagram of SDOF structure with HMD is shown

in Figure 1.
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Figure 1. Schematic diagram of SDOF structure with HMD.

Assuming the mass of the single degree of freedom (SDOF) structure is ms, the

stiffness is ks, and the damping is ¢;. The total mass of the control device is m;, the
virtual mass of TMD is mys, the virtual stiffness is kvs, and the virtual damping is cus.

The dynamic equation of the controlled SDOF structure is:
meXs + csXs + ksxs — f =D
m(Es+X)+f=0 (1)
f = kVSxVS + CVSx"VS

The control equation of virtual TMD is:
MsXs + CsXs + KsXs — CysXys — KysXys = P
oL . (2)
mVS(xS + xVS) + CVSxVS + kVSxVS = O
Combining Equations (1) and (2), the expression of the control force can be

obtained as:
k,.m CycM My — M My — M
vs!itt vsiitt . VS t VS t .
f= X¢ + Xy — (kvs Xs + Cys xs) (3)
VS mVS mVS

mVS
From the expression of control force based on virtual TMD, the active control
force based on the positive feedback of the relative state of the control device is similar

to the control equation of TMD. Therefore, the control force can be replaced by
stiffness and damping elements. The parameters of the stiffness and damping

components for the replacement part are as follows.
k,;m CysM
kt — s t; = vs'Tit (4)
mVS mVS
The expression of the active force after replacement is:
mys —m mys —m
= txs + cvsvs—tfcs = axs + bxg 5

fre = ey ——
ac Vs
mVS mVS

Then, the dynamic equation of SDOF structure controlled by HMD based virtual
(6)

TMD is:
{msjc's + X + kgXg — kyxy — X + axg + bxg =p
mt(jés + jét) + ktxt + CtJ'Ct - axs - bJ'CS - 0
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Denoting that ks/mg = w¢, cs/ms = 2&5ws, a/mg = Wiy, b/mg = 28eqweq,
ke/me = wi, cp/my = 2§, M/Mmg = p, 0/ w5 =V, 0/ws = A, Weq/Ws =Y, the
transfer function of SDOF structural response controlled by HMD based virtual TMD
can be obtained.

|Hs (iw)| =
1 (V2=22)2+(2&vA)2 (7)
ks [([(14Y2=22) (02 -22)~ 46022 (Es+Eeq?)|” |, [2600A(14Y2=A2)+2A(Es +Eeq) (W2 -22)]
FV2 (Y2 A2 HAEEequy A2 ] F|-26eqyv2aregwac-y2-uaz) ]
The transfer function of HMD stroke is:
. V2 /u+ 22)? + 2EeqyA/W)* |
|H(iw)| = ( 7 - >— |Hs(iw)] (8)
(v* = 2%)% + (2§wh)
The design parameters of TMD are set as follows:
1 3u
9

UTMD = 1+'u»fTMD = m

The design parameters of HMD based on virtual TMD are set as follows:

v = 1 f= 3u =\/Mvs_llf — B#VS(HVS_#) (10)
T+t B+ T T T B )’

It can been that when y = pvs, y = &q = 0 and Equation (7) is the transfer function
of TMD controlled SDOF structure. When u« = 0.01, s = 0.05 or 0.1, the amplitude
of transfer functions of TMD and HMD controlled SDOF structural responses are
displayed in Figure 2. The amplitude of transfer functions of TMD and HMD strokes
are shown in Figure 3.
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Figure 2. Amplitudes of TMD and HMD controlled SDOF structural responses. (a) ks|Hs(iw)| with g = 0.01, pvs =
0.05; (b) ks|Hy(iew)| with 1= 0.01, ptys=0.1.
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The results show that the HMD based on virtual TMD does not change the mass
of device and realizes the improvement in control effect. The control performance of
HMD based on virtual TMD increases with the increase of virtual mass ratio zs, while
the stroke will also increase. From Equations (7) and (8), it can be seen that the control
performance and stroke of HMD are influenced by parameters y, &g, 0 and &. In order
to balance the control performance and the stroke of HMD, the next chapter will
optimize those parameters of HMD considering the structural response and the stroke
in a weighted manner.

3. Optimization of hybrid mass damper

From the previous section, it can be seen that when u and ps are ascertained, the
control effect of HMD is influenced by four parameters, i.e., active parameters (y and
&eq) and passive parameters (v and &). Figures 4 and 5 give the influences of active
parameters on the structural response and stroke of HMD. Figures 6 and 7 give the
influences of passive parameters on the structural response and stroke of HMD.

(@) 1= 0.01, us = 0.05.
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Figure 4. Influences of active parameters on the structural response. (a) ¢ cq/Eeqo With g = 0.01, pvs = 0.05; (b) Ceg/Eeqo
with = 0.01, uvs = 0.1.
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The values on the contour lines in Figures 4-7 represent £, times the area of the
transfer function, and the parameters on the coordinate axis are as follows.

_ 3u _
ftO - 8(1 +H)3,y0 -

It can be seen in Figures 4 and 5 that the structural response and HMD stroke

1

- Vs T K
1+u’

1+ pys

3Hvs (#vs - H)

8(1 + uys)? (h

) ’ fer =

basically do not change with the variation of &g, while almost linear variation with y.
As Figures 6 and 7 shown, the structural response has an optimal value and the
structural response changes little near the optimal value, while the HMD stroke
changes a lot with the variation of v and &. It is worth noting that near the optimal
value of structural response, the structural response almost keeps unchanged, while
the HMD stroke changes a lot. Therefore, it can be achieved by weighting and
optimizing the structural response and HMD stroke without significantly changing the
control effect in structural response.
In order to weight the structural response and HMD stroke, this article normalized
the structural response and HMD stroke, and then weighted them in the performance
index function as follows.
Ji=cC Asij Aygj
TN Ay 2 Acij
where, Cs and C, are the weighted coefficients of structural response and HMD stroke

+ G, ,Cs+Co=1 (12)

respectively, 4s,; and A, ; are the k; times the area of the transfer function of structural
response and HMD stroke respectively when v = vy, & = &.i.
When the weighted coefficients of structural response and HMD stroke are 0.9
and 0.1 respectively, the optimized results after weighting are displayed in Figures 8—
10. Figure 8 is the optimized results of performance index function with different
passive parameters, the optimal parameters for HMD are the parameters corresponding
to the minimum value in Figures 8—10 give the amplitudes of structural responses and
strokes with TMD control, unoptimized HMD (UHMD) control and optimized HMD
(OHMD) control under the optimal situation considering the balance of structural
response and stroke of HMD. The parameters of UHMD are calculated using Equation

(11).
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From the optimized results in Figures 9 and 10, it can be seen that the control
effect of OHMD is slightly decreased but not significantly decreased compared
UHMD, while the stroke of OHMD is lower than that of UHMD. When u = 0.01, gys
= 0.05 or 0.1, the control effect of OHMD decreased by 1.0% and 0.6% compared to
UHMD, while the stroke of HMD decreased by 9.6% and 5.8%. That is to say,
weighting and optimizing the structural response and HMD stroke is a feasible
optimization method for HMD based on virtual TMD without sacrificing too much

control performance.

4. Numerical example

The previous chapter optimized the HMD by weighting the structural response
and HMD stroke, reducing the stroke of the HMD without significantly changing the
control effect, and verified the feasibility of the optimization in the frequency domain.
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Force(N)

PSD

This chapter uses the optimization method from the previous section to optimize the
HMD and verifies its control performance in the time domain.

Considering a SDOF structure with fundamental frequency f; = 0.2 Hz and with
damping ratio & = 1%. The load for SDOF structure is the Gaussian white-noise load
with a standard deviation of 0.1 and a mean value of 0. The load time-history and its
power spectral density (PSD) are displayed in Figure 11. The dynamic equation of the
SDOF structure is:

¥+ 28 weX + wix =p (13)
where, ws = 27fs, p represents the random load.
Rewriting Equation (13) into state space equation.
Z=AZ+DpZ={x #",A= [_2)52 —zéws]'D = {(1)} (14)
The state space equation of the controlled SDOF structure is:
Z=AZ+Bu+Dp,B={0 1} (15)

where, u is the control force of control device acting on the SDOF structure.

The weighted coefficients of structural response and HMD stroke are 0.9 and 0.1
respectively. In addition, in order to reduce the random errors in the calculation
process, this paper simulated the responses of SDOF structure under 10 different
random loads, as well as the control performance and stroke of HMD devices. the
simulation results are given in Figures 12—18 and Table 1.
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Figure 12. Displacement time-history and its PSD.
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Table 1. Control performances of TMD, UHMD and OHMD.

Displacement (m) Stroke (m) Active control force (103 N)  Active control power (1072 W)

Average RMS Average Peak Average RMS Average Peak Average RMS Average Peak Average Mean Average Peak
WwC 0.168 0.502 - - - -

™D  0.100 0.329 0.606 1.826 - - - -
UHMD 0.079 0.273 0.886 2.854 2413 8.329 0.214 2.499
OHMD 0.083 0.278 0.748 2.385 2.518 8.473 0.201 2.231

Figures 12 and 13 display the structural displacement time-history and stroke
time-history of without-controlled (WC), TMD controlled, UHMD controlled and
OHMD controlled SDOF structures under one sample load. Figures 15 and 16
summarize the root mean square (RMS) and peak values of structural displacement
and stroke under 10 sample loads. From the results, it can be seen that the control
effect of OHMD is better than TMD and almost the same as UHMD, while the stroke
of OHMD is much lower than UHMD. The average control effects in RMS values of
UHMD and OHMD controlled structural displacements are 53.0% and 50.6%
respectively, and average control effects in peak values of UHMD and OHMD

11
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controlled structural displacements are 45.6% and 44.6% respectively. Figure 14
gives the active control force and power time-histories of UHMD and OHMD. Figure
17 shows the RMS and peak values of active control forces of UHMD and OHMD
and Figure 18 exhibits the mean and peak values of active control powers of UHMD
and OHMD. The active control force of OHMD is much higher than UHMD, while
the active control power of OHMD is much lower than UHMD.

Generally speaking, the control effect of OHMD loses 2.4% in RMS value and
0.8% in peak value compared to UHMD, while the stroke of OHMD reduces 15.6%
in RMS value and 16.4% in peak value compared to UHMD. The active control force
of OHMD increases 4.4% in RMS value and 1.7% in peak value compared to UHMD,
while the active control power of OHMD decreases 6.1% in mean value and 10.7% in
peak value compared to UHMD. The comprehensive control performance of OHMD
is better than UHMD. That is to say, the optimization of HMD through weighting the
structural response and stroke is feasible. This optimization method can improve the
comprehensive control performance of HMD without significantly reducing the
control effect.

5. Conclusion

This paper proposed a hybrid control algorithm based on virtual TMD and
verified its feasibility through frequency domain analysis, and then optimized the
parameters of HMD by weighting the structural response and stroke to improve the
comprehensive control performance. In order to further demonstrate the
comprehensive control performance of the optimized HMD, this paper conducted time
history analysis under 10 different white noise random loads. The simulation results
demonstrated that the optimized HMD has a better comprehensive control
performance than the unoptimized HMD. The main conclusions are as follows.

1) HMD based on virtual TMD control algorithm can achieve excellent control
effect than passive TMD with large mass ratio (=5%) in the premise of unchanging
the actual physical mass of the control device.

2) Without changing the original control effect, by replacing some of the active
control force with stiffness and damping, the active control force of HMD can be
further reduced.

3) After weighting and optimizing the structural response and HMD stroke,
although the control effect of HMD is slightly reduced, the HMD stroke is also
significantly reduced. Overall, the comprehensive control performance of the
optimized HMD has been improved.
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