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Abstract

The authors have proposed self-powered active vibration control systems that achieve active vibration
control using regenerated vibration energy. Such systems do not require external energy to produce a
control force. This paper presents a self-powered system in which a single actuator realizes active control
and energy regeneration.
The system proposed needs to regenerate more energy than it consumes. To discuss the feasibility of this

system, the authors proposed a method to calculate the balance between regenerated and consumed
energies, using the dynamical property of the system, the feedback gain of the active controller, the
specifications of the actuator, and the power spectral density of disturbance. A trade-off was found between
the performance of the active controller and the energy balance. The feedback gain of the active controller
is designed to have good suppression performance under conditions where regenerated energy exceeds
consumed energy.
A practical system to achieve self-powered active vibration control is proposed. In the system, the

actuator is connected to the condenser through relay switches, which decide the direction of the electric
current, and a variable resistor, which controls the amount of the electric current. Performance of the self-
powered active vibration was examined in experiments; the results showed that the proposed system can
produce the desired control force with regenerated energy, and that it had a suppression performance
similar to that of an active control system using external energy. It was found that self-powered active
control is attainable under conditions obtained through energy balance analysis.
r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Active vibration control has recently been applied to several vibration isolation devices [1].
Isolation performance has been better than that with passive control systems, but external energy,
which is not consumed by typical passive systems, is required. This is one of the drawbacks of an
active vibration control system. However, vibrating systems accumulate energy in the form of
elastic potential energy or kinetic energy, and while a decrement of vibration means dissipation of
a not small amount of energy; energy that in practice is not used at all. For example, simulation
results have indicated that the dissipated energy of four dampers of a passenger car traversing a
poor roadway at 13.4m/s reached approximately 200W of power [2,3].
One of the authors has proposed a system that achieves active vibration control using energy

absorbed by dampers [4,5]. By utilizing linear DCmotors, the authors realized a system, called a self-
powered active vibration control system, which achieved active vibration control with only the
regenerated energy [6,7]. In this system, the motor, called an energy regenerative damper, regenerates
vibration energy and stores it in the condenser. Another motor achieves active vibration control
using the stored energy. This system has already been applied to truck suspension systems [8].
Several papers have presented regenerative systems [9–14]. Wendel and Stecklein [9] proposed

regenerative systems in automobile suspensions, and discussed possible configurations. Saito et al.
[10] converted vibration energy to electric energy and accumulated it in a condenser. Harada et al.
[11] utilized a linear DC motor as a damper, which regenerated vibration energy. Kim and Okada
[12] improved efficiency of regeneration by using a pulse width modulated (PWM) step-up
chopper. Noritsugu et al [13] proposed to regenerate vibration energy by a pneumatic actuator for
automobile suspensions. Jolly and Margolis [14] proposed a regenerative vibration control system
with a pneumatic actuator. In these studies, the potential performances of the regenerative
systems and their applications to practical systems were discussed.
This paper proposes a new system that realizes self-powered active vibration control with a

single linear DC motor. In this system, the motor produces a control force with regenerating
vibration energy. The objectives of this study were:

(1) to predict the amount of energy required for active control and to obtain the conditions under
which the proposed system would be feasible.

(2) to design an active controller based on energy balance analysis.
(3) to propose an electric circuit for a motor that could achieve energy regeneration and active
control.

(4) to realize the proposed system and to examine the performance of this system through
experiments.

2. Schematic view of the proposed system

A new system that realizes self-powered active vibration control with a single electric motor is
proposed. This paper applies it to a two-degree-of-freedom active suspension. An electric motor is
installed in the secondary suspension and produces the control force. The motor generates power
when the speed of the armature is high. In this mode, the motor acts as a generator and simulates
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the desired output force with the reaction force of the armature. However, a typical motor system
dissipates the generated power in the resistance of the electric circuits, since the power source of
the motor cannot regenerate it. The authors propose a system that regenerates this energy. The
regenerated energy is utilized when the speed of the armature is low and the motor cannot
generate energy. When the motor generates more energy than it consumes, self-powered active
control is attainable. Fig. 1 shows the concept of the proposed system. To examine the feasibility
of the proposed system, the power consumption in active control systems is analyzed.

3. Power consumption in active control systems

3.1. Motion equations

The following equations depict motion equations of a two-degree-of-freedom suspension model
as shown in Fig. 1. The electric actuator, installed in the system, produces control input f to
reduce vibration of the second mass m2: The equations of motions are represented as follows:

.x2 þ o22ðx2 � x1Þ ¼
f

m2
; ð1Þ

.x1 þ 2o1B1 ’x1 þ o21x1 ¼
m2

m1
o22ðx2 � x1Þ þ

f0

m1
�

f

m1
; ð2Þ

where

o1 ¼

ffiffiffiffiffiffi
k1

m1

s
; ð3Þ

o2 ¼

ffiffiffiffiffiffi
k2

m2

s
; ð4Þ

Fig. 1. Concept of the proposed system.
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B1 ¼
c1

2
ffiffiffiffiffiffiffiffiffiffiffi
k1m1

p ; ð5Þ

3.2. Model of an actuator

A linear DC motor is utilized as the actuator in the active control system. When the stroke
velocity of the linear motor is ’z; induced voltage is ei; electric current of the armature is i; and the
motor force is f ; the following equations depict the relationship in linear DC motors:

ei ¼ �j’z; ð6Þ

f ¼ ji: ð7Þ

The proportionality constant j is called the motor constant. Force is produced when the armature
of the motor, whose terminals are connected to each other, moves. It is obtained as

f ¼ �
j2

r
’z; ð8Þ

where r is resistance of the armature.
Eq. (8) indicates that the motor acts as a viscous damper. The damping coefficient of the motor

is called an equivalent damping coefficient and is symbolized by ceq: It is defined as

ceq ¼
j2

r
: ð9Þ

The equivalent damping ratio is defined as the ratio of the equivalent damping coefficient to the
critical damping coefficient. It is written as

Beq ¼
ceq

2
ffiffiffiffiffiffiffiffiffiffiffi
m2k2

p : ð10Þ

3.3. Active controller

The active controller decides the desirable force of the actuator. It is designed on the basis of a
skyhook control scheme [15,16], in which the desired actuator force is derived by

f � ¼ �csky ’x2; ð11Þ

where csky is the feedback gain of the controller. In the skyhook control system, the actuator
produces a damping force proportional to the absolute velocity of the controlled mass, while a
typical viscous damper generates a damping force proportional to its relative velocity. This
improves the system’s suppression performance. The ratio of the feedback gain to the critical
damping coefficient is symbolized by zsky: This is defined as

Bsky ¼
csky

2
ffiffiffiffiffiffiffiffiffiffiffi
m2k2

p ð12Þ

and is called the feedback gain ratio.
Fig. 2 shows the frequency response of the second mass displacement from the disturbance f0:

Values of the parameters are shown in Table 1. Note that m1 and o1 equal m2 and o2;

K. Nakano et al. / Journal of Sound and Vibration 260 (2003) 213–235216



respectively. This makes the model simple and we can clearly see the characteristics of the
proposed system. In the figure, n represents the ratio of the feedback gain to the equivalent
damping coefficient of the actuator. This is a non-dimensional feedback gain. The following
equation depicts the definition of n:

n ¼
csky

ceq

: ð13Þ

The response of the system without control is also shown. The isolation performance becomes
better as the feedback gain ratio becomes higher.

3.4. Power flow in electric actuator

When voltage of the power source is ep; output of the actuator is

f ¼ j
ep � j’z

r
ð14Þ

To obtain the desired force, f �; the following voltage is required:

ep ¼
r

j
f � þ j’z: ð15Þ

Then current of the armature is

i ¼
f �

j
: ð16Þ

When the actuator produces the desired force, the power source consumes the power, Ec; which is
described as

Ec ¼ epi ¼
1

ceq

f 2 þ f ’z: ð17Þ

Fig. 2. Frequency response of the displacement of the second mass with skyhook control.
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When ’za0; we define g as

g ¼
f

�ceq ’z
: ð18Þ

This is called the ‘‘mode variable’’. To simplify the example, we neglect the case of ’z ¼ 0: The
power consumption is derived as

Ec ¼ ceq ’z
2gðg� 1Þ: ð19Þ

The power consumption is allowed to be negative. When the power consumption takes a
negative value the power source regenerates energy. Fig. 3 shows the correlation between g and Ec.
According to the value of g, the characteristic of the actuator changes [17,18].
To understand the power flow in the actuator, we introduce the power output of the actuator,

Mc; which is defined as

Mc ¼ f ’z ¼ �ceq ’z
2g: ð20Þ

When 0ogo1; both Mc and Ec become negative. This indicates that the actuator accepts energy
from the suspension and delivers it to the power source. The actuator acts as a generator and
regenerates vibration energy. This mode is labelled as ‘‘regeneration mode’’.

Table 1

Specifications of the model

Description Symbol Value

Mass m1;m2 1.6 kg

Angular natural frequency o1;o2 27.6 rad/s

Damping ratio z 0.3

Motor constant j 9.8N/A

Resistance r 4.7O

Fig. 3. Correlation between the mode variable and power consumption.
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When gp0; both of Mc and Ec are greater than or equal to zero. The actuator transfers the
energy to the suspension from the power source. This mode is called ‘‘drive mode’’.
When gX1; Ec is greater than or equal to zero, while Mc is less than or equal to zero. The

actuator accepts energy from the suspension and the power source. Then the energy is dissipated
in the resistance of the armature. The actuator produces a large damping force with energy
supplied by the power source. This mode is called ‘‘brake mode’’.
When the system regenerates energy in the regeneration mode and uses it in the drive or brake

modes, it can achieve active vibration control without external energy. In this way, one actuator
achieves self-powered active control.

4. Analysis of energy balance

4.1. Average power consumption

When the power source accepts more energy than it releases, the average electric power
consumption becomes negative. This, then, is the necessary condition for the proposed self-
powered active vibration control system. Estimating the average power consumption is called
energy balance analysis, and this needed to be conducted before we could design the active
controller. The average power consumption %Ec is obtained from Eq. (21).

%Ec ¼ lim
t-N

1

t

Z t

0

1

ceq

f 2 þ f ’z

� �
dt: ð21Þ

It is expressed as

%Ec ¼
1

p

Z
N

0

ecðoÞP0ðoÞ do; ð22Þ

where

ecðoÞ ¼
1

ceq

jGf ðjoÞj2 þ jGf ðjoÞjjG’zðjoÞjcosðFf ðoÞ � F’zðoÞÞ: ð23Þ

In this paper, Gi and Fi represent the transfer function and the phase angle of i; respectively.
Power spectral density of the disturbance is symbolized by P0ðoÞ:

4.2. Characteristics of power consumption

When m1 ¼ m2 and o1 ¼ o2; Gf ðjoÞ and G’zðjoÞ of the two-degree-of-freedom suspension
system under skyhook control are obtained by

Gf ðjoÞ ¼ �2 � Bsky �
jo0

½ð1� o02Þ2 � o02 � 4o02BskyB1� þ j2o0ð1� o02ÞðBsky þ B1Þ
; ð24Þ

G’zðjoÞ ¼
1

m2o2

�o02Bsky þ jðo0 � o03Þ

½ð1� o02Þ2 � o02 � 4o02BskyB1� þ j2o0ð1� o02ÞðBsky þ B1Þ
; ð25Þ
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Ff ðoÞ ¼ tan�1
ImðGf ðjoÞÞ
ReðGf ðjoÞÞ

; ð26Þ

F’zðoÞ ¼ tan�1
ImðG’zðjoÞÞ
ReðG’zðjoÞÞ

; ð27Þ

where

o0 ¼
o
o2

: ð28Þ

Then

ecðoÞ ¼
2Bsky

m2o2

ðn � o02Þo02

½ð1� o02Þ2 � ðmþ 4B1BskyÞo02�2 þ 4o02ð1� o02Þ2ðBsky þ B1Þ
2

( )
: ð29Þ

Fig. 4 represents the relationship between o0 and ecðoÞ when n ¼ 0:5; 1:0 or 2.0. From Eq. (29) and
Fig. 4, we can see that ecðoÞ is less than zero when o0 is greater than

ffiffiffi
n

p
:

From Eq. (22), the average power consumption is obtained by

%Ec ¼
2Bsky

pm2
:

Z
N

0

ðn � o02Þo02

½ð1� o02Þ2 � ðmþ 4B1BskyÞo02�2 þ 4 � o02ð1� o02Þ2ðBsky þ B1Þ
2

( )
P0ðo0Þ do0: ð30Þ

Assuming that disturbance is white noise, which contains a constant spectral density over all the
frequency range, then the average power consumption is obtained from the integral of ecðoÞ with
respect to angular frequency. When P0ðo0Þ ¼ 1; the average power consumption is

%Ec ¼
2Bsky

pm2
:

Z
N

0

ðn � o02Þo02

½ð1� o02Þ2 � ðmþ 4B1BskyÞo02�2 þ 4o02ð1� o02Þ2ðBsky þ B1Þ
2

( )
do0: ð31Þ

Then we define q as

q ¼ lno0: ð32Þ

By substituting o0 for eq; we obtain

%Ec ¼
2Bsky

pm2
�

Z
N

�N

ðn � e2qÞe2q

½ð1� e2qÞ2 � ðmþ 4B1BskyÞe2q�
2 þ 4e2qð1� e2qÞ2ðBsky þ B1Þ

2

( )
eq dq: ð33Þ

We define the function Q(q) as

QðqÞ ¼
ðn � e2qÞe2q

½ð1� e2qÞ2 � ðmþ 4B1BskyÞe2q�
2 þ 4e2qð1� e2qÞ2ðBsky þ B1Þ

2
eq: ð34Þ
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The average power consumption is written as

%Ec ¼
2Bsky

pm2

Z
N

�N

QðqÞ dq ð35Þ

From Eq. (34), we obtain

Qð�qÞ ¼
ðn � e�2qÞe�2q

½ð1� e�2qÞ2 � ðmþ 4B1BskyÞe�2q�
2 þ 4e�2qð1� e�2qÞ2ðBsky þ B1Þ

2
e�q

¼
ðne2q � 1Þe2q

½ð1� e2qÞ2 � ðmþ 4B1BskyÞe2q�
2 þ 4e2qð1� e2qÞ2ðBsky þ B1Þ

2
eq: ð36Þ

Then

QðqÞ þ Qð�qÞ ¼
ðn � 1Þðe2q þ e4qÞ

½ð1� e2qÞ2 � ðmþ 4B1BskyÞe2q�
2 þ 4e2qð1� e2qÞ2ðBsky þ B1Þ

2
eq: ð37Þ

From Eq. (37), we find the following relations:

QðqÞ þ Qð�qÞ > 0 ðn > 1Þ; ð38Þ

QðqÞ þ Qð�qÞ ¼ 0 ðn ¼ 1Þ; ð39Þ

QðqÞ þ Qð�qÞo0 ðno1Þ: ð40Þ

Then the average consumption becomes

%Ec > 0 ðn > 1Þ; ð41Þ

%Ec ¼ 0 ðn ¼ 1Þ; ð42Þ

%Eco0 ðno1Þ; ð43Þ

Fig. 4. Relationship between o0 and ecðoÞ when n ¼ 0:5; 1.0 or 2.0.
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For example, when n ¼ 2:0; 1.0 and 0.5 %Ec becomes 0.12, 0.0 and �0.04W/N
2 respectively. These

results follow the theoretical analysis. The average power consumption, the energy balance
analysis, represents energy balance between charged and discharged energies.

4.3. Experiments to measure energy balance

Experiments were carried out to measure energy balance. Fig. 5 shows a schematic view of the
experimental two-degree-of-freedom suspension system set-up. The secondary suspension
contains a linear DC motor, which acts as an actuator. The linear DC motor under the basement
produces vibration. Two laser displacement sensors measure the displacement of each mass. The
electric current of the armature and the supplied voltage are measured. These measured data are
transmitted to a personal computer through the analog digital converter. The computer calculates
the desired control force and sends the signal to the power source through a digital analog
converter. Then the motor produces the control force. The specifications of the experimental set-
up are the same as those in Table 1.
Power consumption when the system was subjected to a sinusoidal force was measured as the

product of the current in the armature and the voltage of the power source. Dividing the power

Fig. 5. Schematic view of the experimental set-up.
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consumption by the power spectral density of the sinusoidal force, we obtain ecðoÞ; which is
defined in Eq. (23). Fig. 6 indicates ecðoÞ when the feedback gain ratio is n ¼ 0:5; 1.0 or 2.0.
Normal lines and lines with symbols represent calculated values and experimental results,
respectively. It is found that the experimental results show good agreement with the results of the
theoretical analysis.
Power consumption when the system was subjected to random vibration was measured in the

experiments. To render the results more universal, we define the following power consumption
ratio:

l ¼
%Ec

%Ei

; ð44Þ

where %Ei is the average power inputted from disturbance and obtained by

%Ei ¼ lim
t-N

1

t

Z t

0

f0 ’x1 dt

¼
1

p

Z
N

0

jG ’x1ðjoÞjcosðF ’x1ðoÞÞP0ðoÞ do: ð45Þ

Fig. 7 shows the power spectral density of the disturbance force. The spectral density is
approximately constant from o ¼ 0:3o2 to o ¼ 3:0o2: The characteristic of the disturbance is
similar to that of white noise. Fig. 8 indicates the power consumption when the feedback gain of
the controller is equal to the equivalent damping coefficient (n ¼ 1). Vertical and horizontal axes
represent consumed power and time, respectively. The experiment started at 0 seconds, the average
power consumption is �0.5mW and the average power inputted from the vibration exciter is
68.0mW. Then the non-dimensional power consumption ratio l is –0.01, which is nearly 0.

Fig. 6. Power consumption ecðoÞ:
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4.4. Chart of energy balance

Fig. 9 shows a contour plot of the power consumption when the vibration shown in Fig. 7 is
inputted. The vertical axis is the feedback gain ratio zsky; and the lateral axis is the equivalent
damping ratio zeq: Contour lines are calculated values. Symbol marks indicate the conditions
under which the experiments were carried out. The power consumption ratio is written besides the
mark.

Fig. 7. Power spectral density of the disturbance.

Fig. 8. Power consumption under random vibration.
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Because the disturbance utilized in the experiments was not an ideal white noise, the condition
that makes the power consumption ratio negative is slightly different from the theoretical analysis
presented in Section 4.2. However, the experimental results still yield good agreement with the
calculated values.
From this chart, we find that the average power consumption decreases with the equivalent

damping ratio and increases with the feedback gain ratio. The results indicate that the actuator
with larger equivalent damping coefficient is required to realize self-powered active control that
has a larger feedback gain.

5. Design of the self-powered active controller

5.1. Schematic view of the system

An area was found in which the average power consumption takes a negative value. In this
area, self-powered active vibration control seemed to be attainable. However, the model used in
the energy balance analysis was an ideal model. In practical systems, it is difficult to continuously
control the voltage of the rechargeable power source. In this section, a control scheme to achieve
self-powered active vibration control in practical systems is proposed. Fig. 10 shows the schematic
view of such a system. A condenser is used as the device to accumulate energy. The circuit of the
actuator includes a variable resistor in which the resistance can be controlled by a computer. This

Fig. 9. Chart of power consumption: contour line represents power consumption ratio lU

K. Nakano et al. / Journal of Sound and Vibration 260 (2003) 213–235 225



controls the electric current to obtain the desired motor force. Relay switches symbolized by A
connect the motor to the condenser or to the shortcut circuit. Those symbolized by B change the
direction of the electric current.

5.2. Control scheme

The active controller calculates the desirable control force from data measured by the
displacement sensors and then decides the mode. In regeneration mode, the controller charges the
condenser, while in the other modes it discharges the condenser to produce the control force. The
algorithm of the self-powered active controller is shown in Fig. 11.

5.3. Regeneration mode

When 0ogo1; the actuator produces the control force with regenerating vibration energy.
When the condenser voltage is ec and resistance of the variable resistor is rvar; output of the
actuator is

f ¼ j
ðsec � j’zÞ

r þ rvar

: ð46Þ

It is found that resistance rvar that realizes the desirable force f � is

rvar ¼
j
f �ðsec � j’zÞ
				

				� r; ð47Þ

where

s ¼ 1 ð’zX0Þ;

s ¼ �1 ð’zo0Þ:
ð48Þ

When jjðsec � j’zÞj � jf �jro0; the actuator cannot produce the desired force. In this mode, the
actuator halts regenerating energy. As it is connected to the shortcut circuit, it acts as a viscous

Fig. 10. Self-powered active vibration control circuit.
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damper, and by controlling the variable resistor it produces the desired force. Output of the
actuator is

f ¼ j
�j’z

r þ rvar

: ð49Þ

Resistance rvar is decided as

rvar ¼
�j2

f � ’z

				
				� r: ð50Þ

Fig. 12 shows the electric circuit when 0ogo1 and ðjjðsec � j’zÞj � jf �jrÞX0; and Fig. 13 shows
one when 0ogo1 and ðjjðsec � j’zÞj � jf �jrÞo0: The circuits presented in Fig. 12 are when ’z > 0:
When ’zp0; the actuator is connected to the condenser in the opposite direction.

Fig. 11. Algorithm of self-powered active controller.
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5.4. Drive mode

When 0Xg, the actuator produces a negative damping force using energy stored in the
condenser. Output of the actuator is

f ¼ j
ðsec � j’zÞ

r þ rvar

: ð51Þ

Resistance rvar is obtained by

rvar ¼
j
f �ðsec � j’zÞ
				

				� r ð52Þ

When rvar becomes less than zero, the resistance of the resistor is assigned to be zero and the
system cannot produce the desired force. Furthermore, when ecojj’zj; the electric current flows
from the actuator to the condenser. To prevent this counter current, the actuator is insulated from
the condenser. In this mode, the actuator produces no force. Figs. 14 and 15 show the circuit when
0Xg and ecXjj’zj and that when 0Xg and ecojj’zj; respectively.

Fig. 12. Circuit in regeneration mode when jjðsec � j’zÞj � jf �jrX0:

Fig. 13. Circuit in regeneration mode when jjðsec � j’zÞj � jf �jro0:
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5.5. Brake mode

In the case of 1pg; the actuator increases its damping force using the energy accumulated in the
condenser. Output of the actuator is written as

f ¼ j
ð�sec � j’zÞ

r þ rvar

: ð53Þ

Resistance of the variable resistor is decided as

rvar ¼
j
f �ð�sec � j’zÞ
				

				� r ð54Þ

When resistance rvar is less than zero, rvar is assigned to be zero. In this case, the actuator cannot
produce the desired force.
In brake mode, the system has a chance to apply reverse voltage to the condenser. When a

polar-type condenser is utilized, this should be avoided. The threshold of the condenser voltage,
emin; is then decided, and when it is lower than the threshold, the actuator is connected to the
shortcut circuit. Resistance of the resistor is kept at a minimum value, that is, zero. Output of the

Fig. 14. Circuit in drive mode when ecXjj’zj:

Fig. 15. Circuit in drive mode when ecojj’zj:
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actuator is

f ¼ j
�j’z

r
: ð55Þ

In this case the output is not identical to the desired value.
Fig. 16 shows the circuit when 1pg and ecXemin:When ecoemin; the circuit is same as shown in

Fig. 13.

6. Self-powered active vibration control performance

6.1. Laboratory test

Self-powered active vibration performance was examined in experiments. The experimental set-
up is the same as utilized in the energy balance analysis shown in Fig. 5, except for the electric
circuit attached to the linear DC motor, which is shown in Fig. 10. The capacity of the condenser
is 0.044F. The variable resistor takes 15 different values: 0.0, 2.3, 6.2, 12.1, 18.3, 24.7, 36.9, 48.5,
61.2, 73.8, 98.3, 123.5, 181.9, 295.7, and 622.3O. Furthermore the resistor can insulate the circuit
and the computer can change these values in real-time.
The laboratory test was carried out for 15 s. The vibration shown in Fig. 7 was utilized as the

disturbance. The feedback gain of the skyhook controller was 0:8ceq; since the energy balance
analysis estimated power consumption to be less than zero. Fig. 17 shows the output of the
actuator and its desired force. It can be seen that the actuator force follows the desired force well,
indicating that self-powered active vibration control has been reached.

6.2. Condenser voltage

Fig. 18 shows the condenser voltage. Initial voltage was 0V. After the self-powered active
vibration control started, it rose with fluctuations and reached 0.14V at 15 s. The fluctuations
occurred because the three modes changed alternately.

Fig. 16. Circuit in brake mode when ecXemin:
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6.3. Suppression performance

Transmissibility of the second mass displacement from the disturbance was obtained from the
experimental results. It was derived by

jGx2ðjoÞj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Px2ðoÞ
P0ðoÞ

s
: ð56Þ

Fig. 17. Actuator force compared with desirable force.

Fig. 18. Condenser voltage.
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Fig. 19 shows transmissibilities of the self-powered active control system, an active control system
using the external power source, and a system without control. Although performance of the
proposed system is slightly inferior to that of the active control with external power, it has a better
isolation performance than a system without control.

7. Discussion

Fig. 20 shows the actuator force along with the desired force when n ¼ 0:5: The actuator force
follows the desired force well. The actuator force and the desired force, when n ¼ 2:0; are shown in
Fig. 21. It is clear that the actuator force cannot follow the desired force. The system with n ¼ 0:5 is in
an area where the average power consumption is less than zero, while the average power consumption
of the system with n ¼ 2:0 is greater than zero (Fig. 9); the result validates our claim that a self-
powered active vibration controller should be designed based on an energy balance analysis.

8. Conclusions

(1) The proposed energy balance analysis predicting the feasibility of self-powered active
vibration control was validated by the experimental results.

(2) A practical system to produce control force with regenerating vibration energy was proposed.
(3) The experimental results indicated that the proposed system could be achieved under suitable
conditions derived from the energy balance analysis.

(4) The procedures to design a self-powered active control were set out.

Fig. 19. Transmissibility of the proposed system compared with systems with or without active control.
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Fig. 20. Actuator force compared with the desired force (n ¼ 0:5).

Fig. 21. Actuator force compared with the desired force (n ¼ 2:0).

K. Nakano et al. / Journal of Sound and Vibration 260 (2003) 213–235 233



Appendix A. Nomenclature

c capacity of condenser
c1 damping constant
ceq equivalent damping coefficient
csky feedback gain of skyhook controller
ep voltage of power source
ei induced voltage
Ec power consumption
%Ec average power consumption
%Ei average power inputted from disturbance

f actuator force (control input)
f0 disturbance
f � desired actuator force
Gfa

transfer function of control input to disturbance
G ’x1 transfer function of velocity of primary mass to disturbance
G’z transfer function of stroke velocity to disturbance
i electric current
j imaginary number (j2 ¼ �1)
k1 spring constant of primary suspension
k2 spring constant of secondary suspension
m1 primary mass
m2 secondary mass
Mc actuator output power
n feedback gain ratio
P0 power spectral density of disturbance
Px2 power spectral density of second mass displacement
r resistance of armature
rvar resistance of variable resistor
x1 displacement of primary mass
x2 displacement of secondary mass
z stroke of actuator
g mode variable
l power consumption ratio
Ff phase angle of control input
F ’x1 phase angle of primary mass velocity
F’z phase angle of stroke velocity
j motor constant
o angular frequency
o’ non-dimensional angular frequency
o1 natural frequency of primary suspension
o2 natural frequency of secondary suspension
z1 damping ratio of primary suspension
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zeq equivalent damping ratio
zsky feedback gain ratio
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