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ABSTRACT
SSD (synchronized switch damping) is used for vibration control of the motorized spindle based
on piezoelectric stack. Moreover, inspired by self-powered SSDI, a self-powered SSDV circuit was
designed to overcome the disadvantages of requiring readjusting control parameters and sen-
sor re-positioning of SSDI (synchronized switch damping on inductor) and SSDV (synchronized
switch damping on voltage source). A simulation and an experimental were built, and the results
show vibration control performance of self-powered SSDV is better than self-powered SSDI and
is more flexible and effective than self-powered SSDI by adjusting the DC voltage to adapt to
different speeds of the motorized spindle.
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1. Introduction

Vibration damping of engineering structures has
received intensive attention and investigation in the
last few years [1–3]. The previous conventional method
of using damping materials has come to its limitation
due to their poor tunability and low-frequency perfor-
mance. It is more effective and flexible to use smart
materials such as magnetorheological liquid [4] and
shape memory alloy [5] for vibration suppressing of
structures. The most promising one among these intel-
ligent materials is piezoelectric materials because of its
small size and broadband tunability [6,7]. Using piezo-
electricmaterial with an electrical network for damping
vibration of structure is first proposed by Hagood [8].
Due to its high Curie temperature, good dielectric, fer-
roelectric, and piezoelectric properties, Lead Zirconate
Titanate (PZT) is widely used in vibration active damp-
ing of some smart structures, such as smart cantilevered
beam [9] and smart attitude and structural devices [10].
When the piezoelectric patch is connected with electri-
cal elements, the vibration energy can be consumed by
the resistor in the form of heat, which is the initial ver-
sion of piezoelectric shunt damping (PSD) [11]. After
that, considerably improved and optimized shunt cir-
cuits were designed, such as the parallel shunt [12–14],
multimode shunt damping [15], and structure opti-
mization [16–18]. Furthermore, to improve electrome-
chanical conversion efficiency, the concept of negative
capacitor [19] was introduced into PSD circuit, which

could overcome the inherent capacitive impendence of
piezoelectric materials.

In addition to those passive ways, PSD also can func-
tion as semi-passive and semi-active vibration control
methods. Typically, to broaden the frequency domain
of passive vibration control and achieve better con-
trol results, a status switching method (SSD) was pro-
posed by Richard and Clark [20,21]. Moreover, Richard
[22] proposed the connecting resistance-inductance
element to the two poles of the piezoelectric element,
namely inductance synchronous switching damping
(SSDI). Corr and Clark [23] obtained that the opti-
mal closing time of SSDI switch is half of the period of
the LC oscillating circuit composed of piezoelectric ele-
ments, capacitors, and inductors. These types of circuits
are classified as semi-passive vibration control because
no additional voltage or current sources are needed
in the circuit. To further improve the turnover volt-
age across the piezoelectric energy-conversion element,
Petit added a DC voltage source to the shunt circuits
[24]. After that, Lefeuvre added twoDC voltage sources
to the shunt circuit, namely voltage-type synchronous
switching damping (SSDV) [25]. Subsequently, Badel
and Lallart found that when the reaction force gener-
ated by piezoelectric ceramics owing to the existence of
inappropriate voltage sources is greater than the excita-
tion force of the system, the system becomes unstable
[26,27]. Therefore, an adaptive voltage source for the
synchronized switching technique was proposed [26],
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and a controllable DC voltage source was used tomatch
the input excitation force. Other than adaptive SSDV,
some other improved SSD techniques such as syn-
chronized switch damping on negative capacitance and
inductance (SSDNCI) [28,29] were continuously pro-
posed.

In some applications based on SSD, it is relatively
difficult to install additional sensors and controllers.
By utilizing the electronic switch technique in the con-
ventional SSDI control, Silva [30] proposed the self-
powered synchronized switch damping on inductance
(self-powered SSDI). Similarly, Shen et al. [31] real-
ized simultaneous damping, sensing, and powering by
using three piezoelectric transducers, and designed a
low-power autonomous SSDV circuit with energy har-
vesting and management. To realize vibration damping
with only one piezoelectric transducer, Lallart et al.
developed a self-sensing SSDI composed of an envelope
detector, comparator, and digital switch circuits [27].
Inspired by this technique, the self-sensing SSDV [32]
and SSDNC [33] were proposed. From these studies, it
is possible to realize a stand-alone system using SSD.
Recently, Ji et al. [34] proposed unsymmetrical bipolar
voltage with SSD based on a negative capacitance shunt
circuit for vibration control.

Even though SSD has been widely investigated, it
can be seen that most of them are applied to can-
tilevers or plates by attaching a piezoelectric patch to
structures’ surfaces. And SSD has never been applied
to vibration control of motorized spindle up to now.
The vibration of motorized spindle mainly comes from
the rotor-bearing system. As an important component
of high-speed machining (HSM), the vibration char-
acteristics of the rotor-bearing system of the motor-
ized spindle under various input conditions directly
influence the dynamic performance of the motorized
spindle. Considering the precision of manufacturing,
it is certainly worthy of studying vibration control of
this type of rotating structure. However, compared to
those structures with flat surfaces, it is more difficult
to apply piezoelectric transducers because geometrical
complexity and high-speed rotation induce many dif-
ficulties for implementations. Although there are also
some studies reporting vibration control of spindle
using piezoelectric materials, most of them are based
on active vibration control (AVC) [35–38]. The advan-
tage of AVC is that the control effect is obvious, but the
control algorithm is complex and adjusting parameters
are difficult.

In this study, to overcome the control effect limita-
tion of SSDI which is difficult to improve conversion
efficiency owing to the quality of the inductor, a novel
semi-active vibration control method, self-powered
synchronized switch damping on voltage (self-powered
SSDV), was proposed based on self-powered SSDI
and applied to vibration control of motorized spin-
dle. The self-powered SSDV improves the self-powered

SSDI and yields more flexibility, and further realizes
semi-active vibration control based on PSD without
sensors or controllers. It is well known that the exces-
sive vibration of engineering structures tends to cause
a failure of the bearings, which may cause an acci-
dent [39,40]. This method presented in this paper pro-
vides an idea of vibration reduction, so this method has
potential engineering applications in vibration control
of high-speed rotor-bearing systems.

Themain contributions of this paper are as follows.

(1) Self-powered SSDV was proposed, and the rotor-
bearing system of motorized spindle was simu-
lated. The results show that self-powered SSDVhas
obvious vibration control;

(2) It is verified that self-powered SSDV has vibration
control and is superior to self-powered SSDI in
vibration control of motorized spindle;

(3) SSD was applied to the vibration control of motor-
ized spindle for the first time, and experiments
were conducted for different speeds and supply
voltages, which provide a novel idea and method
for the vibration control of motorized spindle.

The paper is organized as follows: In Section 1,
the vibration transmission model of motorized spin-
dle was analyzed. In Section 2, a brief background of
classic SSDI and SSDV was introduced to clarify the
originality of the proposed novel SSD. Subsequently,
the designed self-powered SSDV circuit was explained
and its performance was compared to the self-powered
SSDI from an angle of energy conversion. In Section 3,
an electromechanical coupling simulation uses the sin-
gle degree of freedom (SDOF) model designed in
MATLAB/Simulink which demonstrates the theoreti-
cal analysis. After that, the rotor-bearing experimental
platform was built to further verify and compare the
vibration control performance of self-powered SSDI
and SSDV in Section 4. Finally, some conclusions were
drawn based on simulation and experimental results.

2. Theoretical analysis

2.1. Modeling of rotor-bearing system of
motorized spindle

In motorized spindle, vibration mainly comes from
rotor-bearing system. A schematic diagram of the
rotor-bearing system is shown in Figure 1(a). To ana-
lyze the vibration transmission of the motorized spin-
dle, the vibration transmission model of the motorized
spindle in the vertical direction is shown in Figure 1(b).
For the whole motorized spindle system, it can be sim-
plified as mass, spring, and damping system. For the
rolling element of the bearing, the mass of the rolling
element is ignored, and the point contact between the
raceway and the rolling element is assumed in this
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paper. The motorized spindle vibration transmission
model is composed of motorized spindle, bearing inner
ring, bearing outer ring, and base. m1, m2, m3, and m4
are the mass of motorized spindle, bearing inner ring,
bearing outer ring, and base respectively. k1, k2, k3, and
k4 are the contact stiffness of the motorized spindle and
the bearing inner ring in the vertical direction, the stiff-
ness of the bearing in the vertical direction, the contact
stiffness of the bearing outer ring, and the base in the
vertical direction, and the structural stiffness of the base
in the vertical direction respectively. c1, c2, c3, and c4
are the contact damping of the motorized spindle and
the bearing inner ring in the vertical direction, the con-
tact damping of the bearing in the vertical direction,
the contact damping of the bearing outer ring and the
base in the vertical direction, and the damping of the
base in the vertical direction respectively. u1, u2, u3, and
u4 are the vibration displacement of motorized spin-
dle, bearing inner ring, bearing outer ring and base
in the vertical direction respectively. Fext is the exter-
nal force. Fp is the piezoelectric stacking force. Because
the piezoelectric stack is made of piezoelectric ceramic
flakes bonded by a special process, it can only withstand
pressure.

The kinematic differential equation of motorized
spindle is as follows:

Fext - c1(u̇1 − u̇2) − k1(u1 − u2) = m1ü1 (1)

The kinematic differential equation of bearing inner
ring is as follows:

c1(u̇1 − u̇2) + k1(u1 − u2) − c2(u̇2 − u̇3)

− k2(u2 − u3) = m2ü2 (2)

The kinematic differential equation of bearing outer
ring is as follows:

c2(u̇2 − u̇3) + k2(u2 − u3) − c3(u̇3 − u̇4)

− k3(u3 − u4) = m3ü3 (3)

The kinematic differential equation of base is as
follows:

c3(u̇3 − u̇4) + k3(u3 − u4) − c4u̇4 − k4u4 − Fp
= m4ü4 (4)

Equation (1) to Equation (4) were written together
in matrix form, and the result is as follows:

Mü + Cu̇ + Ku = Fext (5)

where M is

⎡
⎢⎢⎣
m1

m2
m3

m4

⎤
⎥⎥⎦, C is

⎡
⎢⎢⎣

c1 −c1
−c1 c1 + c2 −c2

−c2 c2 + c3 −c3
−c3 c3 + c4

⎤
⎥⎥⎦, K is

⎡
⎢⎢⎣

k1 −k1
−k1 k1 + k2 −k2

−k2 k2 + k3 −k3
−k3 k3 + k4

⎤
⎥⎥⎦, F is

⎡
⎢⎢⎣
Fext
0
0

−Fp

⎤
⎥⎥⎦,

and u is

⎡
⎢⎢⎣
u1
u2
u3
u4

⎤
⎥⎥⎦. The external energy input of the motor-

ized spindle is generated by Fext , and electromechan-
ical conversion energy is generated by Fp. According
to the kinematic differential equation of the rotor-
bearing system, to achieve vibration control, the exter-
nal input energy could be minimized by maximizing
electromechanical conversion energy. The basic prin-
ciple of SSD is to enhance the efficiency of conversion
between mechanical and electrical energy for damping
structural vibration.

In Figure 1, Fp is generated by piezoelectric stack.
When an electric field is applied in the polariza-
tion direction of the piezoelectric stack, the dielectric
deforms in a certain direction, which generates a force
in the piezoelectric stack. It is because the piezoelec-
tric stack deforms in the electric field that the force is

Figure 1. (a) Schematic of rotor-bearing system and (b) vibration transmission model of the motorized spindle.
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Figure 2. The schematic of classical SSDI control.

generated. This forcemeets electromechanical coupling
Equation (6). When the electric field is removed, the
force and deformation generated by the piezoelectric
stack disappear. {

Fp = αVP
I = αu̇ − CV̇P

(6)

where α is reaction factor coefficient, I and Vp are
current and voltage across the stack, respectively. The
reaction force coefficient α is related to the length and
the cross-sectional area of the piezoelectric stack, and
the piezoelectric constant.

2.2. Classic SSDI

Figure 2 shows the basic principle of SSDI. SSDI is a
switching circuit. When the switch is switched on, the
electrical boundary condition is electrical short circuit.
When the switch is switched off, the electrical bound-
ary condition is electrically open circuit. SSDV is also a
switching circuit, so its electrical boundary condition
is the same as SSDI. When the structural displace-
ment reaches the maximum, closing the switch SW1
forms an oscillating circuit comprising the piezoelectric

ceramic Cp and inductor L. The closing time ti is half
the circuit cycle, and the voltage across the piezoelectric
element changed from VM to −Vm. The calculation of
Vm is shown in Equation (8). VM and Vm are the two
peaks of the upper half of the piezoelectric patch volt-
age curve. When the voltage flip is completed, switch
SW1 is switched off. When the structural displacement
reaches the minimum, the closed switch SW2 changes
the voltage on the piezoelectric element from –VM to
Vm. The calculation of −Vm is shown in Equation (9).
This process enables the electromechanical energy con-
version of the piezoelectric ceramic to be completed in
one cycle. The variation curve of the voltage across the
piezoelectric ceramic and the vibration displacement
are shown in Figure 3.

ti = π

√
LCp (7)

Vm = −VMe−π/2Qi (8)

−Vm = VMe−π/2Qi (9)

Qi = 1
R

√
L
Cp

(10)

The closing time of the circuit switch and the
quality factor of the oscillating circuit are shown in
Equations (7) and (10). Equation (10) shows that the
quality factor of the oscillating circuit Qiis inversely
proportional to the resistance R. Therefore, the total
series resistance of the circuit affects the output voltage
amplitude.

2.3. Classic SSDV

To further enhance the turnover voltage across the
piezoelectric ceramic, Lefeuvre [25] connected two DC
voltage sources VC on the branch of SSDI, namely
SSDV, which enhances the effect of voltage flipping.
Figure 4 shows the conventional SSDV control, and
the control strategy of the SSDV circuit is the same

Figure 3. Piezoelectric patch voltage and the structural displacement of SSDI.
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Figure 4. The schematic of classic SSDV control.

as that of SSDI. When the switch SW1 is closed, the
voltage across the piezoelectric ceramic changes from
VM to –Vm instantaneously, and the equation of Vm is
shown in Equation (11). At the closing moment of the
switch SW2, the voltage at both ends of piezoelectric
ceramics changes from −VM to Vm, and the equation
of Vm is shown in Equation (12). The variation curves
of the voltage across the piezoelectric ceramic and the
vibration displacement are shown in Figure 5.

−Vm = −(VM + VC)e−π/2Qi − VC (11)

Vm = (VC − VM)e−π/2Qi + VC (12)

2.4. Comparison of SSDI and SSDV

The proposed self-powered SSDV was inspired by the
higher conversion efficiency of SSDV in comparison

with SSDI circuit. Hence, these two circuits from an
angle of energy conversion were analyzed and com-
pared. The energy transmitted by the piezoelectric
element and electric networks can reflect the control
effect directly. The energy transmitted by the piezo-
electric ceramic is the integral of the output voltage
and the vibration displacement of the circuit, which is
expressed in Equation (13).

∫
αVpu̇dt =

∫
αVpdu (13)

Figures 6 and 7 are the comparisons of voltage out-
put and transmitted energy cycles between SSDI and
SSDV circuits respectively. The figures show that the
output voltage across the piezoelectric element in the
SSDV circuit is higher than that of SSDI. The two ver-
tical lines in the transmitted energy cycles of Figure 7
are the voltage turnover process of the piezoelectric
ceramic during the closing time of the switch, and the
two oblique lines indicate that the voltage across the
circuit is proportional to the vibration displacement
when the circuit is open. The energy transmitted by the
SSDI and SSDV control can be determined by calculat-
ing the area of the rectangle, whose equation is shown
in Equation (14). Based on Equations (8) and (9), the
energy consumed by SSDI is a function of the displace-
ment u, whose equation is shown in Equation (15). As
indicated by Equations (11) and (12), the energy con-
sumed by SSDV is a function of displacement u and
voltage VC, whose equation is shown in Equation (16).

Equations (8) and (12) show that the SSDV circuit
has one more turnover voltage amplitude

Figure 5. Piezoelectric patch voltage and the structural displacement of SSDV.
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Figure 6. Voltage outputs of the SSDI and SSDV circuits.

Figure 7. Transmitted energy cycles of the SSDI and SSDV.

(1 + e−π/2Qi)VC than SSDI circuit. In other words,
the voltage source VC directly increases the flip volt-
age between the two ends of piezoelectric ceramics. As
implied by Equations (15) and (16) within one cycle,
the SSDV circuit converts more energy than the SSDI
circuit. Therefore, it is expected that SSDV can offer a
better damping effect.∫ T

0
αVdu = 2αum(VM + Vm) (14)

∫ T

SSDI
αVdu =

(
4
α2

Cp
u2m

)
1 + e−π/2Qi

1 − e−π/2Qi
(15)

∫ T

SSDV
αVdu =

(
4
α2

Cp
u2m + 4αumVC

)
1 + e−π/2Qi

1 − e−π/2Qi

(16)

2.5. Self-powered SSDV

Conventional SSDV switch control requires the mea-
sured vibration displacement or velocity of the structure

as the control signal. To measure the amplitude vari-
ation of the piezoelectric ceramic in a spindle system,
a displacement sensor needs to be installed in a small
space accurately, which is difficult in real engineer-
ing. If the displacement sensor is installed in a differ-
ent location deviating from the piezoelectric ceramic
stack, the wave peak or trough measured by the dis-
placement sensormay not necessarily coincide with the
one of piezoelectric ceramic stack because of geometric
error in the machining of the spindle profile. Con-
sequently, the SSDV controller might not work effec-
tively. To achieve the synchronized switch technique in
environmental vibration energy harvesting, an analogic
switch was used to automatically control the synchro-
nized switch in synchronized switching harvesting on
inductor (SSHI) according to the variation of the output
voltage across the piezoelectric element [41,42]. Fur-
thermore, automatic switch control was proposed in the
conventional SSDI control [30].

However, as mentioned in the previous section,
there is a limitation of control effect for SSDI damping
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Figure 8. Circuit design of self-powered SSDV.

Table 1. Self-powered SSDV circuit parameters.

Symbol Quantity Parameter

Cp PZT capacitor 2 F (±20%)
Red(R1, R2) Charging resistance 1 k�
Ced(C1, C2) Charging capacitance 100 nF
D1–D8 Diode 1N4007
Q1–Q4 PNP transistor TIP42C and TIP41C
L Inductance 200mH
R Resistance moment 300�

V1, V2 DC power supply (3,6,9,12) V

technique. To improve the performance of the syn-
chronized switch, self-powered SSDV was proposed
based on self-powered SSDI. In the self-powered SSDV,
two additional external DC voltage sources were con-
nected in series with the switch, directly increasing the
turnover voltage of piezoelectric ceramic stack.

The self-powered SSDV circuit is shown in Figure 8,
where Vpis the voltage across the piezoelectric ceramic
stack, andVC1 andVC2 is the voltage across the capaci-
tor C1 and C2 respectively. In the self-powered SSDV
circuit, a pair of complementary transistor topologi-
cal structures were used for the direct envelope detec-
tion of the voltage Vp across the piezoelectric stack.
In other words, the structures were used to detect the
maximum and minimum voltage of the piezoelectric
ceramic through theMaxDetectormodule and theMin
Detector module respectively. Another pair of comple-
mentary transistor topological structures were applied
as theMax Switch andMin Switch of the output voltage
across the piezoelectric stack respectively. The exter-
nal DC voltage sources V1 and V2 in Figure 8 are the
maximum and minimum loop voltage sources respec-
tively. The main parameters of the circuit are shown
in Table 1. Because of the lack of theoretical support
for the appropriate voltage source matching problems,
some trial-and-error experiments were used to find
the appropriate voltage source. The result implies that
voltages can be selected in the range from 3V to 12V.

As can be seen from Figure 9, during the positive
half-cycle, when the structure is subjected to an exter-
nal exciting force and the circuit is opened, voltageVp is
generated across the piezoelectric ceramic stack andVp
charges the piezoelectric ceramic capacitor Cp as well
as the circuit capacitors C1 and C2. When the vibra-
tion displacement gradually increases to the maximum
value, the voltage Vp across the piezoelectric ceramic,
VC1 and VC2 across the capacitors also reach the max-
imum value Vmax. As the vibration displacement grad-
ually decreases, Vp, VC1, and VC2 decrease at the same
time. Because the capacitor is capable of retaining the
voltage to some extent,VC1 andVC2 would not drop as
rapidly as Vp. Therefore, when the difference between
VC1 and Vp is greater than VD+VBE (the threshold
voltage across the triode and the diode), the switch
of the triode Q3 is closed to connect the circuit, and
the left half of the circuit completes voltage turnover
at the maximum displacement. Similarly, in the neg-
ative half-cycle, when the difference between Vp and
VC2 reaches the threshold voltage across the triode and
the diode (VD +VBE), the switch of the triode Q4 is
closed to connect the circuit and the right half of the
circuit completes the voltage turnover at the minimum
displacement.

The entire process of voltage turnover is performed
as mentioned above. To ensure that the circuit can run
normally, the following two requirements should be
met:

(1) The peak voltage output of the piezoelectric
ceramic has to be greater than the threshold voltage
of the diode and the triode:

Vpmax = α

Cp
um > VCE(sat) + 3VD + VBE (17)

where VCE(sat) is the saturation voltage of the col-
lector–emitter of the triode, VBE is the break-over
voltage of the base-emitter of the triode, and VD is
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Figure 9. Piezoelectric patch voltage and the structural displacement of self-powered SSDV.

the break-over voltage of the diode. Table 2 shows
the parameters of the triode and the diode.

(2) Only appropriate C1 and C2 can power the switch-
ing triode, which requires a continuous process of
trial and experimental modification. However, C1
and C2 need to meet the following equation [41]:

2π
√
LCp < RedCed � π/ω (18)

where ω is the exciting frequency of the mechan-
ical system, π/ω is half of the vibration cycle
of the mechanical system, RedCed is the charg-
ing time of the capacitance, and 2π

√
LCp is the

oscillation cycle of the circuit. The first inequality,
the charging time of the capacitor, is longer than
the oscillation cycle of the circuit. Consequently,
voltage turnover should be faster than the time
needed to charge the capacitor, to prevent the cir-
cuit switch from misjudging when the maximum
or minimum displacement is reached. The sec-
ond inequality shows that the time charging the
capacitor is less than half the circuit’s vibration
cycle. Consequently, the capacitor is fully charged
to power the switch when the vibration displace-
ment reaches its peak.

3. Simulation study

3.1. Electromechanical coupling simulationmodel

When analyzing the vibration control of self-powered
SSDI and self-powered SSDV, the motorized spin-
dle system can be regarded as an SDOF model. In
this section, the electromechanical coupling simulation
based on the SDOF model along with self-powered
SSD circuit was established to demonstrate the theo-
retical analysis. It is convenient and effective to use the

Table 2. Transistor parameters in the circuit.

Symbol Quantity Value

VD Diode forward voltage drop 0.6V
VBE Transistor base-emitter on voltage 0.5V
VCE(sat) Transistor collector-emitter on voltage 1.2V

MATLAB/Simulink’s internal piezoelectric stack mod-
ule (shown in Figure 10) where related mechanical and
electrical parameters are complete enough to simulate
a real device for conducting the simulation. Although
there certainly exists a discrepancy between the ide-
alized SDOF model with rotor-bearing system, it can
be still regarded as theoretical support. Furthermore,
in the following experiment, Both eccentric loads and
response points are closed to the position of bearing
so that it meets the dynamic condition displayed in the
SDOF model as possible.

Figure 10 shows the electromechanical coupling
simulation model of self-powered SSDI and self-
powered SSDV established inMATLAB/Simulink. This
model is a mechanical system consisting of the equiva-
lent mass block, spring, and damping block simulating
the bearing and piezoelectric stack. On the right is the
self-powered control circuit, where SW1 controls the
turn-on time of the circuit and SW2 decides whether
the circuit is controlled by self-powered SSDI or self-
powered SSDV. The input of the system is a harmonic
exciting force F = 300 sin(50 · 2π t), and the outputs of
the system are the voltage across the piezoelectric stack
and the displacement of the mass block.

3.2. Results and discussion

In the vibration damping simulation of the equiva-
lent rotor-bearing system with a piezoelectric stack,
when the charging capacitors C1 and C2 reach a certain



AUTOMATIKA 519

Figure 10. Electromechanical simulation model in MATLAB/Simulink.

voltage value, transistors T3 and T4 can be powered
and the control circuit can function. Figure 11(a) and
(b) show the voltage across the piezoelectric stack
and the first-order vibration amplitude of the mass
for self-powered SSDI and self-powered SSDV respec-
tively. Before the switch is closed, the voltage across
the piezoelectric stack is proportional to the vibra-
tion displacement of the system, and both voltage
and vibration displacement decrease gradually because
of the mechanical damping of the system. When the
switch is closed, the output voltage across the piezo-
electric ceramic increases and the vibration amplitude
of the mass decreases. In the simulation, the self-
powered SSDI reduces the vibration amplitude of the
rotor by 0.11× 10−6 m and the vibration quantity by
5.1%, while the self-powered SSDVmethod reduces the
vibration amplitude of the rotor by 0.39× 10−6 m and
the vibration quantity by 18.4%.

The self-powered SSDI cannot effectively damp the
rotor’s vibration mainly because the circuit loss and
part of the consumed threshold voltage of the transistor
lead to an unsatisfactory voltage turnover and reduce
the electromechanical coupling coefficient of the rotor-
bearing system, as shown by the inset of Figure 11(a).
Because self-powered SSDV can provide the voltage
source, it can overcome the circuit loss and transistor
voltage. Therefore, the voltage turnover is more ideal.
As shown by the inset of Figure 11(b), although the
turnover does not occur at the displacement peak, the
damping effect is not affected.

4. Experimental investigation

4.1. Experimental setup

In the simulation results, the vibration control per-
formance of self-powered SSDV is better than that of

self-powered SSDI. To further test the vibration con-
trol performance of the proposed circuit, an experiment
was carried out on the vibration control of motor-
ized spindle, where the circuit design and parame-
ter selection refer to the simulation. Figure 12(a) and
(b) display the schematic and physical platform of the
semi-active vibration control system with piezoelec-
tric shunt damping methods for the motorized spindle
based on self-powered SSDV respectively. The spindle
speed was controlled by the upper computer sending
instructions to the motor driver, the eccentric mass
disc was installed at the loading end, and the spin-
dle bearings were supported with the piezoelectric
stack. When the spindle rotates, the vibration energy
of the rotor-bearing system was converted into electric
energy through the piezoelectric stack, and the vibra-
tion control is performed through the connection with
a self-powered SSD circuit. In the experiment of the
self-powered SSDI, the spindle rotating speeds were
2000, 3000, and 4000 r/min respectively. For the self-
powered SSDV, its control voltageswere 3, 6, 9, and 12V
respectively. And the experimental rotating speedswere
3000, 4000, and 4500 r/min, respectively. The vibration
amplitude of the spindle was obtained by installing an
eddy current displacement sensor close to the bearing,
which is shown in Figure 12.

4.2. Experimental results

Figure 13 shows the time-domain and frequency-
domain (Fast Fourier Transform) vibration ampli-
tude of the motorized spindle under self-powered
SSDI and self-powered SSDV when the rotating
speed of the spindle rotor is 3000 r/min. With self-
powered SSDI, the vibration amplitude of the spindle
is reduced 0.09× 10−6 m at a percentage of 3.8% while
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Figure 11. Vibration-damping effect: (a) Self-powered SSDI (b) Self-powered SSDV.

self-powered SSDV reduces the vibration amplitude of
the spindle by 0.17× 10−6 m at a percentage of 7.1%.
The experimental results show the self-powered SSDV
has a better vibration control performance on the rotor-
bearing system than self-powered SSDI.

Figure 14 compares the vibration control effects of
self-powered SSDI and self-powered SSDV under dif-
ferent rotating speeds of the motorized spindle. As
the rotating speed of the spindle increases, due to the
eccentric load, the vibration amplitude of the spindle
increases correspondingly and the performance of SSDI
declines. When the rotating speed is within the range
of 3000–4500 r/min, the overall vibration control effect
of self-powered SSDV with supply voltage 3–12V is
always superior by 1–50% to that of self-powered SSDI.
The control effect of self-powered SSDVcan be changed
with different voltage sources. When the voltage is
set at 9V, self-powered SSDV offers the best control

effect, reducing the vibration amplitude of the spin-
dle rotor by about 0.3 μm, and the vibration decreases
by about 13%. Notably, it should be pointed out that
the weaker control performance with voltage 12V than
that with 9V is attributed to the instability of higher
voltage, which might bring additional adverse vibra-
tion for structure. This phenomenon was explained in
detail in Ref. [27]. Thus, for SSDV vibration control,
the selection of voltage is vitally important. Because
SSDV has no self-adaptive function, the trial-and-error
method was used to choose suitable voltage and avoid
instability.

4.3. Analysis and discussion

From the measured results, it can be seen that self-
powered SSDV has a significant performance on
vibration control of motorized spindle. And compared
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Figure 12. (a) Schematic (b) Experimental rotor-bearing setup.

Figure 13. Vibration control comparison: (a) No vibration control (b) Self-powered SSDI (c) Self-powered SSDV.
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Figure 14. Vibration effect comparison at different rotating speeds.

with self-powered SSDI, it has a great degree of vibra-
tion reduction performance. These phenomena are the
same as those in the simulation, and also confirm
the feasibility of the designed circuit and the selected
parameters. But it is reminded that vibration control
performance using self-powered SSD circuit in exper-
imental results may not be so obvious as desired. Some
possible reasons are summarized:

(1) The designed rotating spindle has weak vibra-
tion amplitude at μm scale. It is easier to
observe more visible vibration control perfor-
mance in the environment with relatively stronger
vibration.

(2) Efficiency of electromechanical conversion of
piezoelectric stack is lower than widely utilized
layered PZT patch.

Despite that, it can be still considered as feasible
experimental support for our analysis and simulation
results without loss of reliability of conclusion, and pro-
vide a guiding platform for semi-active control scheme
used for motorized spindle. In the future, additional
studies are required to further improve energy conver-
sion efficiency.

5. Conclusion

In this study, the SSD technique is introduced into
vibration control of motorized spindle and a self-
powered SSDV circuit is proposed. This is based on a
slight modification of SSDI circuit, and their mecha-
nisms and performances are analyzed and compared.
Subsequently, a MATLAB/Simulink electromechani-
cal simulation model and experimental rotor-bearing

system were built to verify our analysis. The main con-
clusions can be summed up:

(1) The control effects of SSDV and SSDI were com-
pared based on the output voltage and the energy
converted, and the simulation results show that
SSDV is more effective than SSDI in energy con-
version.

(2) The experimental results reveal that self-powered
SSDV can effectively suppress the eccentric vibra-
tion of the motorized spindle’s rotor at a constant
rotating speed, and it shows a better control effect
than self-powered SSDI.

(3) In the experiment, when rotating speed changes
within a certain range, self-powered SSDV can
alwaysmaintain the effective vibration control per-
formance while self-powered SSDI may induce
the loss of the performance. Further experimen-
tal results suggest that when the supplied voltage
of self-powered SSDV is suitably selected, the sup-
pression of the vibration amplitude of the spin-
dle’s rotor-bearing system can be enhanced corre-
spondingly.

In summary, the self-powered SSDV circuit pre-
sented has been verified on the spindle test bench
in this paper. This study certainly provides a novel
way of suppressing vibration of the motorized spindle
rotor-bearing system and can be used for semi-active
vibration control problems of other rotating machin-
ery. In the future, based on this work, more advanced
SSD approaches like self-adaptive voltage sources and
the negative capacitance can be designed and used
to enhance the performance of vibration control for
motorized spindles.
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