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NOMENCLATURE 

M, K, C   Mass, stiffness and damping matrices 

kt,ke Thrust constant and back electromotive force coefficient of electromagnetic motor 

R, L, C Electrical resistance, inductance and capacitance 

Cd  The object's drag coefficient, 

f, µ Turning ratio, mass ratio of TMD 

ξ Damping ratio 

F, u        Excitation and control forces 

xs, x1 Displacements of structure and TMD 

 

ABSTRACT  

This paper studies the feasibility of self-powered active vibration control of structures with Tuned Mass Dampers 
(TMDs). Without consuming external energy, the proposed self-powered vibration control strategy can provide 
better performance than the passive TMD in mitigating the vibration of buildings induced by wind load. The 
vibration-dissipative element of TMD is replaced with an electromagnetic machine, which serves as actuator and 
harvester at the same time. First, the desired force is obtained by adopting Linear Quadratic Regulator (LQG) 
optimal control. Then, the self-powered active control strategy is designed based on the essence of the desired 
force, which can be passive or active types. The energy of the vibration can be harvested as electricity in energy 
harvesting mode, and pumped back into the mechanical system when instant active force is required. Switch 
based circuits with capability of bi-directional power flow are presented for the implementation of self-powered 
active TMDs. With taking the efficiency of the harvesting and driving circuits into account, numerical simulations 
are carried out based on a tall building with a TMD under random and harmonic excitations. The results indicate 
the feasibility and effectiveness of self-powered active TMDs.    

1. INTRODUCTION 

Vibration has been a serious concern since the early days when the tall buildings or long-span bridges were built.  
These structures are subjected to huge dynamic loadings from the winds, earthquakes, water waves, traffics, and 
human motions. The large vibration amplitude can damage the structures or the secondary components, or cause 
discomfort to its human occupants [1].  Extensive research has been conducted to mitigate this harmful vibration, 
by, for example, structure design [2], vibration isolation systems [3], and auxiliary damping systems. Among these 
methods, the TMD has been proved to be a very simple and effective vibration suppression device, with many 
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practical implementations on tall buildings, such as Taipei 101 in Taipei, Citi Group in New York, and many others. 
The original TMD, which was invented by Frahm in 1911 [4], only consists of an auxiliary mass and a spring 
connected to the primary system to mitigate vibration in a very narrow frequency range near the resonance. 
Ormondroyd and Den Hartog [5] increased the working frequency range by introducing an additional damper.   

Although TMD composes the greatest percentage of the supplemental damping systems currently in use, it has 
its inherent drawbacks. When the parameters of the primary systems change a small amount, the performance of 
TMDs will be greatly defected. It is so called off-tuning problem, which has been investigated by researchers, for 
example, Bergman [6] and Setareh [7]. Hence, active TMD is developed to handle this problem.  It has been 
proved that the active TMD can provide better vibration mitigation performance than the passive one, at the cost 
of large amount energy [8]. However, the active TMD system is more complex and costly, which limits its practical 
implementations. Particularly active TMDs suffer from the inherent disadvantage that it relies on external energy, 
which is not countable in the hazardous situations like earthquakes or hurricanes. Hybrid active TMD, which is 
composed of passive TMD and one additional actuator, can reduce the power consumption and increase the 
robustness in the event of power failure [9, 10]. 

Realizing both the vibration mitigation performance as well as the limitations of active TMDs, researchers 
proposed semi-active TMDs to provide better vibration mitigation performance than the passive one without the 
drawbacks of active TMDs. Semi-active control using Magneto Rheological (MR) or variable orifice dampers has 
been investigated by many researchers [11-15], especially in vibration control of buildings with TMDs [14] and 
vehicle suspension systems [15].  

In this paper, we proposed a self-powered active vibration control of TMD, which can provide better vibration 
mitigation performance than the passive TMD, without consuming external energy. The auxiliary damper of 
classic TMD is replaced with an electromagnetic motor, which acts both actuator and harvester in this self-
powered active TMD. The kinetic energy of vibration is harvested and stored, and then used when instant active 
force is required. At first, the feasibility of self-powered active vibration control is studied. We classify the desired 
force obtained by LQG optimal control design into two categories: passive force and active force, resulting two 
working modes of self-powered active TMD, named as energy harvesting mode and driving mode.  A switch 
based circuit is proposed to realize the bi-directional power flow control.  With taking the efficiency and parasitic 
power of the circuit into account, numerical simulations are carried out based on a tall building with TMD. The 
results under random and harmonic excitation show that the self-powered active TMD more effective than the 
passive one in mitigating the vibration.  

This paper is organized as follows: In Section 2, the feasibility of self-powered active vibration control of TMD will 
be conducted, using LQG optimal control methods. The realization of self-powered active TMD is introduced in 
Section 3, where the circuit capable of bi-direction power flow is also discussed. In Section 4, the extensive 
numerical study will be carried out, where the vibration performances of building structures with passive and 
active TMDs are compared and the energy balance is also analyzed with taking the efficiency and parasitic power 
into account. Then conclusions follow as Section 5. 

2. FEASIBILITY STUDY OF SELF-POWERED ACTIVE TMD  

Figure 2.1 shows the modeling of building with TMD, where the building is considered as single degree-of-
freedom (SDOF) system and the damper of the TMD is replaced with an electromagnetic motor. The primary 
structure is subjected to the wind load disturbance F. The force u is exerted by the electromagnetic motor. Then, 
the dynamics equations of this building with TMD can be written as: 
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which can be further expressed in the following form: 
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Figure 2.1 - Modeling of Building with TMD  

Defining the state space as # 
  q�, q&, q' , q(!" 
  x�, x�, x	 �, x	 �!", (2) can be further written in the state space form: 

#	 �)� 
 *#�)� � +,F�t� � +-u�t�                                                                     (3) 

where * 
 � . /�01� �01��, +, 
 � .�01��, +- 
 � .�01��. 
Tall buildings are usually subjected to tremendous wind load disturbance, which accounts as the main reason for 
the overall vibration of the building, since the local load is governed by the seismic stress and the overall motion is 
governed by the wind load [16]. The amplitude of dynamic wind load on the structures can be calculated as [17]: 

F 
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where 2 is the air density, V is the wind speed, and A is the projected area of the building perpendicular to the 

wind velocity, Cd is the object's drag coefficient, which depends on the shape of the object (about 1 for a cylinder). 
The wind force is usually very large, for example, using (4), the dynamic load of breeze at the speed of 12 MPH 
on a high-rise building of 1440ft (Taipei101) height and slenderness (height to width) ratio 9 is estimated to be 
400kN, or 40 tons. Besides, the frequencies of wind load vary in a range, which can be modeled as Gaussian 
white noise with certain power density. Hence, it is more suitable to use LQG control as the optimal control 
strategy. The feedback measurements we choose are the accelerations of the main structure and auxiliary mass. 

First, the desired active force udes is obtained by LQG active controller design. Then udes is clipped into two 
categories: passive force and active force. Then the self-powered active control strategy is design to make the 
actual force follow the desired force as much as possible. To get the desired force, the root-mean-square (RMS) 
value is used as the performance index to evaluate the output performance, where the output is the acceleration 
of the primary system, expressed as: 
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Hence the performance index in chosen to minimize the RMS acceleration of the building under limited control 
effort: 
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where T is obtained as: 
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By minimizing the quadratic cost, we can minimize the response to Gaussian white noise input. Denoting O 

�8′�8, P 
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 988′988 � r, the optimal control law is expressed: 

uRS� 
 R0��+-KT � PK�#�)� 
 �#�)�                                                                  (8) 

where S is the solution of the algebraic Riccati Equation (ARE): 

*KT � T*  �T+- � P�R0��+-KT � PK� � O 
 0                                                      (9) 

Since we use acceleration feedback, not all the states are available as feedback.  LQG state-estimator is 

employed to estimate the state vector q(t) in (3). The feedback measurement U�)� can be expressed in the form of 

U�)� 
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This LQG state-estimator is so called Kalman filter, the equation of which can be expressed as: 
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where #V�X� is the estimated state vector. The observer gain matrix L is obtained as: 

Y 
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where V is the covariance matrix of the measurement noise, and P is the solution of ARE: 
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In order to verify the feasibility of self-powered active vibration control, the numerical simulation using the active 
controller design described above is carried out based on Taipei101, one of the tallest buildings in the world. It is 

installed with TMD of 730 tons (mass ratio µ=0.78%), where µ is ratio of total auxiliary masses over the modal 

mass of the primary system, which is typically 1/3 of the building mass [16]. The parameters of the stiffness and 
damping coefficient of the passive TMD are optimized using the method in the paper by Warburton [18], where 

the tuning ratio f1 and damping ratio ζ1  are given by: 
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For the active TMD, the tuning ratio is the same as the passive one. However the damper is replaced with an 
electromagnetic motor. The active TMD is obtained using the LQG control design described above, when 
subjected to a wind load disturbance with the power spectral density of S0=4·10

14
N

2
s. Without considering 

practical implementation, the power is estimated by multiplying the desired force and relative velocity between the 
auxiliary mass and primary structure. 
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Figure 2.2 shows the transient response of energy and power using active control, when the building is subjected 
to random wind load disturbance. It can be seen from the figure that the power on the transducer may be positive 
or negative, which means the power flow is bi-directional. From the total energy goes through the transducer, we 
can see that it is negative after 40 seconds, which means the system is still dissipating energy. Ideally, more 
energy can be harvested than that used for active force. It should be noted that Nakano and Suda [19] 
investigated self-powered active control of vehicle suspension using sky-hook control and Scruggs [20] also 



investigated the feasibility based on PID control law. From figure 2.2, we can also conclude that there is minimum 
value of the capacity of the external reservoir. At the beginning, active force is required more frequently. As time 
goes by, the external reservoir is charged and the energy can be further used for active control.  Without the initial 
energy reservoir, the system will be uncontrolled at the beginning, however, after a while the reservoir will be 
charged and the system can work continuously. And the excessive harvested energy can be used for other 
purposes, for example, to power the utilities or feed the electricity grid. 

 

Figure 2.2 - Transient response of force, velocity, energy and power active TMD under random excitation 

3. DESIGN OF THE SELF-POWERED ACTIVE TMD 

In section 2, we discussed the feasibility of self-powered active vibration control of TMD, and found that even the 
pure active controlled TMD is essentially dissipative, which means system is still dissipating energy. In this 
section, we are discussing the realization of self-powered active TMD, including the control strategy of the 
switches based circuit, which is capable of bi-directional power flow. 

 

Figure 3.1 - Schematic of the self-powered active TMD system  

Figure 3.1 shows the schematic of the self-powered active TMD, with the mechanical system coupled with electric 
circuit, which is controlled by the switches S1-S6.  The electromagnetic motor is modeling as a voltage source with 
the inherent conductor Lm and resistor Rm connected in series. The relative motion between the two masses can 
induce a voltage e>  in the coils, which is proportional to the relative velocity of stator and rotor kl 
  n	�  n	i. 
Magnification mechanisms may exist, therefore, the relative speed between the stator and mover can be M times 
the relative motion between the TMD and the structure. 
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where kS is the back electromotive force coefficient (EMF) of the electromagnetic motor. Meanwhile, the current 
flows inside of the motor coil will induce a back electromotive force proportional to the current: 
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 qrXt                                                                                   (18) 

where kt is thrust constant of electromagnetic motor.  

The energy is harvested and first stored in battery B1 with low voltage level and then the voltage is further 
boosted to charge the battery B2 with high voltage level, which is used to drive the motor when active force is 
required. The self-powered active TMD works in three different modes: (1). energy harvesting mode. When the 
desired force has the opposite direction of the relative velocity between the two masses, the desired force is 
essentially a passive force. In this mode, the electromagnetic motor works in driven mode, acting as energy 
harvester and the switch S5 is switched to contact 1. (2). driving mode. When the desired force has the same 
direction as the relative velocity, the desired force should be realized by active force. The electromagnetic motor 
works as actuator and S5 is switched to contact 2. (3). passive mode. The voltage generated by the 
electromagnetic motor maybe not large enough to overcome the battery voltage VB1. The electromagnetic motor 
is set to be closed-circuit by switching S5 to contact 3. In these three modes, the control schemes of the switches 
S1-S6 are different. 

3.1. ENERGY HARVESTING MODE 

When the desired force and the relative velocity have the opposite direction and the voltage generated by the 
electromagnetic mode is larger than the voltage of the first battery VB1, the system will work in energy harvesting 
mode.  In this mode, S5 is switched to contact 1. Energy is harvested and stored in battery B1 and booster DC-DC 
converter is used to step-up the voltage to further charge the battery B2 which has high voltage. 

 

Figure 3.2 - Energy harvesting mode (em>0) 

 

Figure 3.3 - Energy harvesting mode (em<0) 



Figure 3.2 and figure 3.3 show the circuit in this mode. Either switch pair S1 and S4, or S2 and S3 is involved, since 
the direction of the relative velocity varies. In this way, the two switch pairs serve as synchronous rectifier. The 
corresponding passive force can be expressed as follows, when the inductance Lm is negligible: 

_p 
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where sign() is the signum function. In energy harvesting mode the passive force is composed of a viscous 

damping component q&rXrhkl/�p  and a force utvw�kl�4��/�p  due to the battery B1. Vibration mitigation 
performance can be further improved, if the actual force can be controlled to follow the desired force, by applying 
Pulse-Width Modulation (PWM) to the switch pairs. Hence, the force provided by the electromagnetic motor can 
be controlled by adjusting the duty cycle of the switch pair S1 and S4, or S2 and S3. The work principle is similar to 
the switching amplifier. Hence the force can be expressed as: 
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The duty cycle corresponding to the desired force udes can be expressed as: 
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The passive damping force can be provided in this mode is limited due to the fact that D should be smaller than 
one. The damping force is set to be maximum (D=1) when it is out of the limitation: 
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3.2. DRIVING MODE 

When the desired force and the relative velocity have the same direction, the self-powered active TMD will work in 
driving mode, where the electromagnetic motor acts as actuator. The circuit involved in this mode is actually 
classic D amplifier [21], where the direction and amplitude of the voltage applied on the electromagnetic motor 
can be controlled.  

 

Figure 3.4 – Driving mode (fm>0) 

 

Figure 3.5 – Driving mode (fm<0) 



As shown in figure 3.4 and figure 3.5, the direction of the voltage is controlled by switching the two pairs of 
switches. The voltage amplitude is controlled by the duty cycle of the PWM applied on the switch pair. The circuit 
is classic D amplifier, the output voltage of which is proportional to the duty cycle. Hence, the output active force 
of the electromagnetic motor is: 
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The duty cycle provided by the controller in order to follow the corresponding desired force udes can be expressed 
as: 
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3.3. PASSIVE MODE 

 

Figure 3.6 - Passive mode 

When the desired force and the relative velocity have the opposite direction, however, the voltage generated by 
the electromagnetic motor is not large enough to overcome the voltage of the first battery VB1, the system will 
work in this mode.  In this mode, the switch S1 and S4 is switched on and S5 is switched to contact 3. In the 
passive mode, the electromotive force will appear to be an ideal viscous damping force:               
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4. NUMERICAL SIMULATIONS 

The simulations are carried out based on the building Taipei 101. The parameters of Taipei 101 have been 

described in section 2 (m1=730 tons, mass ratio µ=0.78%). And the damping ratio of the primary system is 

assumed to be 1% [22]. For the electromagnetic motor, the thrust constant kt, Back-EMF constant ke and the 
resistance Rm are the inherent parameters of the electromagnetic motor. From the specification data of 
commercialized IC44 series linear electromagnetic motors manufactured by Kollmorgen [23], kt ranges from 
72.7N/A to 1210 N/A, ke ranges from 59.3V·s/m to 988 V·s/m, Rm ranges from 0.37Ω to 38.6Ω. Hence, in this 
simulation kt and ke are chosen to be 700N/A and 700V·s/m. Rm is 20 Ω and the motion magnification mechanism 
M is set to be 2. Figure 4.1 compares the transient response of the structure’s acceleration when subjected to the 
random wind disturbance with the power spectral density of S0=4.0x10

14 
N

2
s. And the RMS of the output for 

structures with different TMDs is shown in Table 4.1.  

 

 



 

Figure 4.1- Transient acceleration response under random excitation 

Table 4.1 – RMS acceleration of the building under random wind load excitation with the power spectral 
density of S0=4.0x10

14 
N
2
s 

TMD type RMS of the acceleration (m/s
2
) 

Uncontrolled 0.018903 

TMD 0.008267 

Active TMD 0.006805 

Self-powered active TMD 0.007345 

 

Figure 4.2 shows the transient force response of self-powered TMD and the active TMD. As we can 
seen from the figure, there are three types of forces expressed by (20), (23), (25), corresponding to the 
threes working modes: harvesting, driving, and passive.  

 

Figure 4.2- Transient force response under random excitation. (Passive mode is a small segment marked 
in the harvesting mode in this figure when the relative velocity |vr| is less than MkeVB1/Rm.) 



Because of the nonlinearity of self-powered active control law, the system is no longer linear. However, 
we find that the excitation amplitude has little effect on the frequency response of transmissibility ratio, when the 

wind load disturbance is large. Figure 4.3 shows the transient response of the primary system subjected to 
harmonic excitation with a frequency of 0.146 Hz (natural frequency of the building) and amplitude of 250kN. As 
seen from Figure 4.3, the transient response of the self-powered active TMD can go into steady state after a few 
periods. This figure also indicates that at this frequency the self-powered active TMDs can reduce the vibration to 
56.6% over the passive TMD. For this reason, we compare the frequency responses of transmissibility ratios of 

different TMDs. Figure 4.4 shows the frequency response of the self-powered TMD, compared with the passive 
and active TMD.  

 

Figure 4.3 – Transient response under harmonic excitation 

 

Figure 4.4 Frequency responses of transmissibility ratio ms�� � /F. 
As discussed in section 3, the circuit is actually classic D amplifier in driving mode. The classic D amplifier has 
very high power conversion efficiency, usually>90% [24]. In the energy harvesting mode, the booster DC-DC 
converter has a typical efficiency of 78%, accounting for the main power loss. With taking both the self-powered 
active control law and parasitic power loss into account, we plotted the instant power and accumulated energy of 
the system in figure 4.5. shows that the self-powered active control is still feasible when subjected to random 
disturbance with the power spectral density of S0=4.0x10

14
N

2
s. The system can harvest more energy than needed 

for the active control part. 



 

Figure 4.5 Power and energy transient response. The ideal case is the one doesn’t consider the any 
power loss, while the practical take the efficiency of both harvesting and driving circuit into account. 

 

5. CONCULSION 

This paper investigated the feasibility and realization of self-powered active control of TMD. Without consuming 
external energy, the proposed self-powered active TMD can provide better vibration mitigation performance 
compared with the passive TMD. Switch based circuits with capability of bi-directional power flow are presented 
for the implementation of self-powered active TMD. The power balance is analyzed with taking the efficiency of 
circuit and parasitic power loss into account. It also should be noted that a pre-charged energy reservoir may be 
used to jump-start the system before the system maintains the performance itself, but this pre-charged energy 
reservoir is not necessary. 
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