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Abstract: The piezoelectric (PE) fan is widely adopted in the field of microelectronics cooling due
to its advantages of high reliability and good heat dissipation characteristics. However, PE fans
driven by conventional circuits suffer from plenty of energy loss. To save energy, we propose an
inductor-based charge recovery method and apply it to the driving circuit for the PE fan. Two
inductor-based driving circuits, a single inductor-based driving (SID) circuit and a double inductor-
based driving (DID) circuit are compared. The SID circuit has a simple structure and a slightly higher
energy-saving rate, while the DID circuit introduces no additional oscillations and is more stable. The
experimental results show that when the supply voltage changes, both circuits have a relatively stable
energy-saving rate, which is about 30% for the SID circuit and 28% for the DID circuit. Moreover, the
proposed circuits enjoy the same driving capacity as the conventional circuit, and the driven fan has
the same cooling performance.

Keywords: piezoelectric fan; microelectronics cooling; inductor-based; charge recovery

1. Introduction

Electronic products are getting compact and powerful with the development of manu-
facturing technology [1]. Thus, thermal management has become a key issue in avoiding
inefficiency or damage to critical equipment. Active strategies of heat transfer enhance-
ment have been pursued such as mechanical aids [2], electrostatic fields [3], and fluid
vibration [4]. Among them, the PE fan becomes a feasible solution for electronic cooling
applications due to its low power consumption, simple structure, high reliability, and low
noise emission [5–9].

In general, the cooling effect of PE fans is localized, making it difficult to completely
replace rotary fans. Therefore, PE fans can be used as supplementary components to
improve the cooling effects of fan-assisted cooling systems. Extensive research devotes
to revealing the structural and dynamic characteristics of PE fans. To improve the PE
fan’s performance, various factors (shape of vibrating mode [10–13], vibrating phase
difference [14], fan thickness [15], fan array [16–19], and fan orientation [20–22], etc.) have
been intensively investigated. Açikalin et al. [23] found that the frequency offset from the
optimal operating frequency is the most significant parameter. Even a small frequency
offset of 5% can decrease the cooling capacity of the fan by more than 10 ◦C. The amplitude
of the PE fans, the length of the PE fans, and the distance between the heat source and PE
fan are three other important factors. Scholars have made many attempts to promote the
practical application of PE fans. Chen et al. [24] experimentally investigated the flapping
dynamics of a PE fan in channel flow and the resultant wall heat-removal performance
enhancement. Li et al. [14] carried out theoretical and numerical studies on the flow and
heat transfer characteristics of single and multi-vibrating PE fans for cooling heated semi-
cylindrical concave surfaces and provided a good reference for the design and optimization
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of multi PE fans. Tiwari and Yeom [25] studied the impact of the PE fan on the convection
heat transfer of the heated surface by varying the displacement and relative location of the
PE fan at various channel flow velocities. Recently, PE fans also gained much attention for
flow control [26] and energy harvesting [27].

However, to the best of our knowledge, little attention has been paid to the driving
circuit. Conventional driving circuits typically require an oscillator, a high-voltage power
supply, and an HV-amplifier, making driving circuits inexpensive but large [28]. To minia-
turize electronic devices, Yong and Fleming [29] proposed an integrated driver circuit with
dimensions of 7–12 mm2. The H-bridge circuit is used in the driving circuit, which is
composed of class B amplifiers and a step-up power supply. By employing two amplifiers
as Bridges, the voltage across the load can be doubled, with an efficiency of over 90%.

The energy in the previous PE fan was wasted due to the lack of charge recovery
in the driving circuit. Chao, C. S et al. [30] proposed an improved driving circuit for
a piezoelectric micropump using energy storage capacitors to achieve charge recovery.
However, capacitive charge recovery is inefficient and its efficiency declines with the
increase of power supply voltage. Campolo et al. [31] developed an inductor-based charge
recovery circuit. With the help of electromagnetic oscillations, the stored energy in the
piezoelectric actuator can be recovered. The charge recovery strategy can theoretically
recover all the energy of the piezoelectric element and greatly improve the energy recovery
efficiency of the circuit. Biancuzzi [32,33] proposed not only an inductor-based circuit
capable of voltage inversion across the actuator without additional negative voltage sources,
but also a direct switch alternative concept using small chip inductors. Xu et al. [34]
designed and implemented a miniaturized, lightweight circuit topology with an efficiency
of 84.6%, indicating that the circuit can be applied to micro mobile robots driven by
piezoelectric actuators.

Drawing on the above charge recovery techniques and based on our previous work [35],
this paper proposes two efficient switching driving circuits with inductor-based charge
recovery techniques for the PE fan. In our paper, two inductor-based driving circuits, a
single inductor-based driving (SID) circuit and a double inductor-based driving (DID)
circuit, are detailed. An inductor is used in the SID circuit for charge recovery, but a
long-time attenuation oscillation is introduced during charging. The DID circuit employs
two inductors, which increase the size of the circuit, but it is more stable than the previous
circuit. We also compared the charge recovery efficiency of the presented two driving
circuits at various supply voltages, which fluctuate slightly around 28%, indicating that the
supply voltage has little effect on the energy-saving rate.

The rest of the paper is arranged as follows. In Section 2, the structure and modeling
of the PE fan are introduced briefly. Driving circuit and power consumption analysis
are proposed in Section 3, and the inductor-based charge recovery strategy has higher
energy recovery efficiency. In Section 4, two driving circuits with inductor-based charge
recovery for the PE fan are expounded. Section 5 presents the experimental arrangement
and discussion of the results. Finally, in Section 6, the conclusions of the paper are stated.

2. Structure and Modelling

The PE fan consists of a thin, flexible metal beam, a clamp, and a pair of piezoelectric
patches which are symmetrically attached near the clamping end of the blade, as shown in
Figure 1. When an AC voltage with the resonant frequency of the PE fan is applied, the
piezoelectric layers act as actuators, due to the inverse piezoelectric effect, driving the PE
fan to flap periodically. The PE fan vibrates as its resonant frequency provides maximum
amplitude while minimizing power consumption. The spring-mass model of the PE fan
was developed to optimize the frequency response [36], and the mechanical equation of the
PE fan is expressed as

meq
..
X + ceq

.
X + keqX− kvV = 0 (1)

where meq, ceq, and keq are equivalent mass, damping, and the stiffness of the fan, X is
the displacement of the free end of the beam, and V is the voltage applied to the PZT.
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Equation (1) indicates the effect of the PZT on the structure of the PE fan. The resonant
frequency of the fan is given as

ω =

√
keq

meq
=

√
Ebh3

4L3meq
(2)

where E, b, h, L are the effective Young’s modulus, width, thickness, and length of the
beam. The resonant frequency of the PE fan depends on the width, thickness, and length
of the beam, and the PE fan with a higher operating frequency generated a better cooling
performance than the one with a lower operating frequency [25].
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Figure 1. (a) Schematic of PE fan. (b) spring-mass model of PE fan.

3. Driving Circuit and Power Consumption Analysis
3.1. Conventional Driving Circuit Power Consumption

We theoretically analyzed the energy transfer in electromechanical systems, and
evaluated the power consumption of switching control. Generally, the power consumed by
PZT actuators is attributed to the mechanical load and consists of two parts: the energy
dissipated by the PZT actuators due to internal damping, and the energy consumed by the
drive system to suppress structural vibration. The sum of these two parts is calculated by
the admittance of the electromechanical system (1/Z(ω)).

In addition to mechanical load, the power consumption caused by periodic charging
and discharging of capacitive loads is also an important problem in our switching frame-
work. Considering the mechanical load, the PZT actuator in Figure 2 can be expressed
equivalently as a mechanical load (Z(ω)) in parallel with a capacitor [31]. In Figure 3, the
waveform of the piezoelectric voltage in the pulse is a series of quasi-square waves. First,
the voltage rises to a high level (±VCC) after charging. Capacitance dissipates power
during very short switching times, while mechanical impedance responds slowly and
consumes little power. Then, for most of the time when the switch is ‘On’, the voltage
remains constant to transfer power to the mechanical load. At last, the charge stored in Cp
is lost in the grounded circuit without being transferred back to the power supply.

Figure 4 shows the charging process. As we know, the total energy required to charge
the initial capacitor Cp through the constant voltage source VCC is exactly twice the energy
stored in the capacitor [31]. The energy stored in the capacitor is E′Cp = 0.5CpV2

CC, while
an equal amount of energy is consumed in the switching resistor Rswitch. Thus, the average
power consumption on Cp is

PCP = CpV2
CC fswitch (3)

where f switch is the frequency of the switching signal.



Actuators 2022, 11, 20 4 of 18

Actuators 2022, 11, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Equivalent circuit of H bridge. 

Off

On

Charge loss

Charging Discharging

Energy transfer to 
mechanical load

Energy transfer to 
capacitive load

 
Figure 3. The quasi-square wave of Vp. 

Figure 4 shows the charging process. As we know, the total energy required to charge 
the initial capacitor Cp through the constant voltage source VCC is exactly twice the energy 
stored in the capacitor [31]. The energy stored in the capacitor is ′ = 20.5Cp p CCE C V , while an 
equal amount of energy is consumed in the switching resistor Rswitch. Thus, the average 
power consumption on Cp is 

= 2
switchPC p CCP C V f  (3)

where fswitch is the frequency of the switching signal. 
The unused charge can be temporarily stored through energy recovery techniques 

[31] and then transferred to the mechanical load or the power source. Charge recovery of 
PZT is one of the most effective measures to improve efficiency. C.S. Chao et al. [30] de-
signed a charging recovery circuit to reverse the polarity of the pre-charged PZT by add-
ing an external capacitor to the driving circuit. As PZT extends, energy can be stored in 
an electric field using the capacity effect of PZT, which can be recovered by storing capac-
itance when it shrinks. 

 
Figure 4. Equivalent RC circuit for charging. 

3.2. Inductor-Based Charge Recovery 
Inductor-based charge recovery can theoretically recover the energy of the piezoelec-

tric capacitance completely, due to the resonance between the piezoelectric capacitor and 
the inductor. Therefore, inductance is considered to be an effective energy storage device. 

VCC

Z(ω)

VCC Cp

Rswitch

Figure 2. Equivalent circuit of H bridge.

Actuators 2022, 11, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Equivalent circuit of H bridge. 

Off

On

Charge loss

Charging Discharging

Energy transfer to 
mechanical load

Energy transfer to 
capacitive load

 
Figure 3. The quasi-square wave of Vp. 

Figure 4 shows the charging process. As we know, the total energy required to charge 
the initial capacitor Cp through the constant voltage source VCC is exactly twice the energy 
stored in the capacitor [31]. The energy stored in the capacitor is ′ = 20.5Cp p CCE C V , while an 
equal amount of energy is consumed in the switching resistor Rswitch. Thus, the average 
power consumption on Cp is 

= 2
switchPC p CCP C V f  (3)

where fswitch is the frequency of the switching signal. 
The unused charge can be temporarily stored through energy recovery techniques 

[31] and then transferred to the mechanical load or the power source. Charge recovery of 
PZT is one of the most effective measures to improve efficiency. C.S. Chao et al. [30] de-
signed a charging recovery circuit to reverse the polarity of the pre-charged PZT by add-
ing an external capacitor to the driving circuit. As PZT extends, energy can be stored in 
an electric field using the capacity effect of PZT, which can be recovered by storing capac-
itance when it shrinks. 

 
Figure 4. Equivalent RC circuit for charging. 

3.2. Inductor-Based Charge Recovery 
Inductor-based charge recovery can theoretically recover the energy of the piezoelec-

tric capacitance completely, due to the resonance between the piezoelectric capacitor and 
the inductor. Therefore, inductance is considered to be an effective energy storage device. 

VCC

Z(ω)

VCC Cp

Rswitch

Figure 3. The quasi-square wave of Vp.

Actuators 2022, 11, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Equivalent circuit of H bridge. 

Off

On

Charge loss

Charging Discharging

Energy transfer to 
mechanical load

Energy transfer to 
capacitive load

 
Figure 3. The quasi-square wave of Vp. 

Figure 4 shows the charging process. As we know, the total energy required to charge 
the initial capacitor Cp through the constant voltage source VCC is exactly twice the energy 
stored in the capacitor [31]. The energy stored in the capacitor is ′ = 20.5Cp p CCE C V , while an 
equal amount of energy is consumed in the switching resistor Rswitch. Thus, the average 
power consumption on Cp is 

= 2
switchPC p CCP C V f  (3)

where fswitch is the frequency of the switching signal. 
The unused charge can be temporarily stored through energy recovery techniques 

[31] and then transferred to the mechanical load or the power source. Charge recovery of 
PZT is one of the most effective measures to improve efficiency. C.S. Chao et al. [30] de-
signed a charging recovery circuit to reverse the polarity of the pre-charged PZT by add-
ing an external capacitor to the driving circuit. As PZT extends, energy can be stored in 
an electric field using the capacity effect of PZT, which can be recovered by storing capac-
itance when it shrinks. 

 
Figure 4. Equivalent RC circuit for charging. 

3.2. Inductor-Based Charge Recovery 
Inductor-based charge recovery can theoretically recover the energy of the piezoelec-

tric capacitance completely, due to the resonance between the piezoelectric capacitor and 
the inductor. Therefore, inductance is considered to be an effective energy storage device. 

VCC

Z(ω)

VCC Cp

Rswitch

Figure 4. Equivalent RC circuit for charging.

The unused charge can be temporarily stored through energy recovery techniques [31]
and then transferred to the mechanical load or the power source. Charge recovery of PZT
is one of the most effective measures to improve efficiency. C.S. Chao et al. [30] designed
a charging recovery circuit to reverse the polarity of the pre-charged PZT by adding an



Actuators 2022, 11, 20 5 of 18

external capacitor to the driving circuit. As PZT extends, energy can be stored in an electric
field using the capacity effect of PZT, which can be recovered by storing capacitance when
it shrinks.

3.2. Inductor-Based Charge Recovery

Inductor-based charge recovery can theoretically recover the energy of the piezoelectric
capacitance completely, due to the resonance between the piezoelectric capacitor and the
inductor. Therefore, inductance is considered to be an effective energy storage device.

Figure 5a is the simplified inductor-based charge recovery circuit. Assume that in
the initial state, switch S is off, the capacitor voltage is VCC, and no current flows through
the circuit. At time zero, the switch conducts, and the current i flows out of the capacitor
in the direction of the arrow. Current i causes a magnetic field in the inductor, which
increases until the capacitor discharges to zero, at which point the current i reaches a
maximum value of Imax. The current in the inductor then drops as the magnetic field of the
inductor collapses. In this process, the energy of the magnetic field is transferred back to
the capacitor, and when the magnetic field completely dissipates, the capacitor is eventually
charged to −Vcc. Due to the unidirectional conductivity of the diode, the capacitor voltage
will remain at −Vcc, thus completing the entire energy transfer process. Figure 5b shows
the complete process of energy conversion between the inductor and capacitor.
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Figure 5. Inductor-based charge recovery strategy. (a) Equivalent inductor-based charge recovery
circuit; (b) Energy conversion between inductor and capacitor.

Usually, the resistance in an inductor is negligible, that is R ≈ 0. When ωt = πi = 0
the entire period of current is given by

T/2 =
1
2f

= π
√

LC (4)

According to Kirchhoff’s voltage law, the voltage across PZT can be depicted as

LCp
d2Vp(t)

dt2 + RCp
dVp(t)

dt
+ Vp(t) = 0 (5)

The solution to Equation (5) is

Vp(t) = C1 + C2e−ξ1Ω1t cos(Ω1

√
1− ξ1

2t− θ1) (6)
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where Ω1 = 1/
√

LCp, ξ1 = R
2

√
Cp
L . C1, C2, and θ1 are constants to be determined by the

initial conditions. The initial conditions of Vp(t) can be defined as

Vp(0) = Vcc,
dVp(t)

dt
|t=0 = 0 (7)

Combining Equations (5) and (7), we can obtain

d2Vp(t)
dt2 |t=0 = − Vcc

LCp
(8)

Thus, with the initial conditions shown in Equations (7) and (8), Equation (6) can be
rewritten as

Vp(t) =
Vcc√

1− ξ1
2

e−ξ1Ω1t cos(Ω1

√
1− ξ1

2t− θ1) (9)

where θ1 = tan−1(ξ1/
√

1− ξ1
2).

The duration of the switch action is half of the LC oscillation cycle due to the charac-
teristics of the LC circuit. Thus, substituting ti = π/Ω1

√
1− ξ1

2 into Equation (9), the PZT
voltage after switch action can be expressed as

Vp(ti) =
Vcc√

1− ξ1
2

e−πξ1/
√

1−ξ1
2

cos(π − θ1) = −Vcce−πξ1/
√

1−ξ1
2︸ ︷︷ ︸

γ

= −γVcc (10)

4. Proposed Driving Circuit with Charge Recovery for the PE Fan
4.1. Single Inductor Based Driving (SID) Circuit

To realize energy recycling, a single inductor-based driving (SID) circuit is proposed.
As shown in Figure 6, an inductor is connected in series on the branch of the piezoelectric
actuator based on the conventional driving circuit. In every charging process of a piezo-
electric element, the current always passes through both the piezoelectric actuator and the
inductor at the same time. Therefore, to ensure that the energy in piezoelectric devices can
be fully utilized, it is necessary to reserve a certain amount of charge recovery time before
the voltage reversal of each PZT. The body diode of the MOS tube served as the reverse
blocking diode on the SID circuit, preventing recovered charge from flowing, to maximize
the reuse charge stored in the PZT.
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Switching waveforms of the SID circuit are shown in Figure 7, four sets of switch
signals are generated by a microcontroller to drive the piezoelectric actuator. Due to the
close distance between PZT and the inductor, each charging of the piezoelectric element is
accompanied by electromagnetic attenuation oscillation.
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Figure 8 shows the driving process of the SID circuit, where a cycle consists of four
stages, corresponding to (a–d) in the Vcp waveform in Figure 7 and starting with all
switches turned off.
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As shown in Figure 8a, the microcontroller outputs high-level signals to Q5 and Q4,
resulting in the turn-on of Q5, Q1, and Q4. The current flows along with Vcc, Q1, L, PZT,
and Q4, causing PZT to charge positively. In Figure 8b, only S2 outputs a high level to
Q2 to turn Q2 on, so PZT, L, Q2, and the body diode inside Q4 form a reverse charging
loop shown by the green circle. In this stage, the inductor charges the PZT. Similarly, in
Figure 8c, the PZT is charged in the reverse direction and then charged in the forward
direction by the inductor as shown in Figure 8d.

In Figure 8a, the voltage of the PZT in the SID circuit can be depicted as

LCp
d2Vp(t)

dt2 + RCp
dVp(t)

dt
+ Vp(t) = Vcc (11)

Equation (11) can be rewritten as

d2Vp(t)
dt2 + 2β

dVp(t)
dt

+ ω2
0Vp(t) = ω2

0Vcc (12)

Under the underdamped oscillation condition, the solution of the above equation is

Vp(t)= Vcc −VSID
P0 e−βt(cos ωdt +

β

ωd
sin ωdt) = Vcc −

VSID
P0 e−ξ1Ω1t√

1− ξ1
2

cos(Ω1

√
1− ξ1

2t− θ1) (13)

The piezoelectric voltage inversion in the SID circuit from VSID
M to Vcc can be described

by Equation (7) with an initial condition VSID
P0 = VSID

M ,

VSID
m =

−VSID
M√

1− ξ1
2

e−ξ1Ω1t cos(Ω1

√
1− ξ1

2tSID
i − θ1) (14)

where tSID
i is the time duration of the switch action. It is worth noting that the voltage of

PZT peaks at half the oscillation period of the LC. Thus, substituting tSID
i = π/Ω1

√
1− ξ1

2

into Equation (14), the PZT maximum voltage after switch action can be expressed as:

VSID
p = Vcc + VSID

m =
−VSID

M√
1− ξ1

2
e−πξ1/

√
1−ξ1

2
cos(π − θ1) = Vcc + VSID

M e−πξ1/
√

1−ξ1
2︸ ︷︷ ︸

γ

= Vcc + γVSID
M (15)

Although this circuit has few electrical components and a simple structure, every time
the power supply charges the piezoelectric actuator there will be an attenuation oscillation
phenomenon, which can be explained by Equation (13). It can be seen from Equation (15)
that the peak voltage in the attenuation oscillation caused by the inductor is greater than the
supply voltage, which may affect the normal on-off of MOS transistors and tremendously
spoil its service life. In addition, during the charging process of the piezoelectric actuator,
the inductor consumes energy due to its internal resistance. Further, the high-frequency
signal generated by oscillation causes the PE fan to vibrate at a specific model frequency,
ultimately crippling the vibration force of the blade.

To eliminate the shocking phenomenon of the piezoelectric actuator during charging,
further design and improvement of the circuit will be discussed in Section 4.2.

4.2. Double Inductor-Based Driving (DID) Circuit

An integrated double inductor-based driving (DID) circuit is shown in Figure 9. In
this circuit, the optocouplers (O1 and O2) are used as switches to activate the charge
recovery and completely isolate the switch from the ground end of the control signal. The
introduction of optocoupler switches requires two additional control signals. The switching
waveforms of the DID circuit are shown in Figure 10.
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Figure 11 shows the process of current flow in the DID circuit. The current flow of this
circuit is similar to that of the SID circuit except for the second and fourth stages. Since the
inductor is independent, charge recovery does not affect the charging process of the PZT.
The forward charging process in the first stage is the same as that of the previous circuit.

In Figure 11b, when switch O1 is turned on, the inductor current i′cp
is increased.

According to Equations (11)–(15), its voltage can be expressed as

VDID
p (t) =

Vcc√
1− ξ1

2
e−ξ1Ω1t cos(Ω1

√
1− ξ1

2t− θ1) (16)

The final reversed voltage of PZT is

−VDID
M = −Vcce−πξ1/

√
1−ξ1

2︸ ︷︷ ︸
γ

= −γVcc (17)
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If the parameter γ is equal to 1, the capacitive energy would be completely recovered.
The process of Figure 11c is almost the same as Figure 8c. In this stage, PZT is charged

by the source and we can get

VDID
P = −VDID

M + (−Vcc + VDID
M )

(
1− e

− 1
RDCp

t
)

(18)

As shown in Figure 11d, the current i′cp
in mode (d) has the opposite direction to the

current during mode (b). So the voltage of PZT in mode (d) is

VDID
p (t) =

−Vcc√
1− ξ1

2
e−ξ1Ω1t cos(Ω1

√
1− ξ1

2t− θ1) (19)

Due to the existence of diode D2, the voltage of the PZT is stable at

VDID
M = Vcce−πξ1/

√
1−ξ1

2︸ ︷︷ ︸
γ

= γVcc (20)

After fulfilling charge reversal, the voltage of PZT in the mode (a) of Figure 11 is

VDID
P = VDID

M + (Vcc −VDID
M )

(
1− e

− 1
RDCp

t
)

(21)

Actuators 2022, 11, x FOR PEER REVIEW 9 of 17 
 

 

Figure 9. Double inductor-based driving (DID) circuit. 

′
pC

V

S1/S5

S2/S6

S4

S3

(a) (b) (c) (d)

CCV
DID
MV

DID
MV−

CCV−

 
Figure 10. Switching waveforms of the DID circuit. 

Figure 11 shows the process of current flow in the DID circuit. The current flow of 
this circuit is similar to that of the SID circuit except for the second and fourth stages. Since 
the inductor is independent, charge recovery does not affect the charging process of the 
PZT. The forward charging process in the first stage is the same as that of the previous 
circuit. 

Micro
controller

R1

R3 R4

Q1 Q2

Q3 Q4

O1 O2D1 D2

L1

L2
PZT

Q5

Q6

Vcc
S3
S2
S1

S4
S5
S6

+

-

R2

Micro
controller

R1

R3 R4

Q1 Q2

Q3 Q4

O1 O2D1 D2

L1

L2
PZT

Q5

Q6

Vcc
S3
S2
S1

S4
S5
S6

+

-

R2

Micro
controller

R1

R3 R4

Q1 Q2

Q3 Q4

O1 O2D1

L1

L2

PZT

Q5

Q6

Vcc
S3
S2
S1

S4
S5
S6

+

-

R2

(b)

(c)(d)

Vcc Micro
controller

R1 R2

R3 R4

Q1 Q2

Q3 Q4

O1 O2D1 D2

L1

L2
PZT

Q5

Q6

S3
S2
S1

S4
S5
S6

+

-

(a)

D2

pc
i′

pc
i′

pc
i′

pc
i′

 
Figure 11. Driving process of the DID circuit, including four stages (a–d) in a cycle. 

In Figure 11b, when switch O1 is turned on, the inductor current ′
pc

i is increased. Ac-

cording to Equation (11)–(15), its voltage can be expressed as 

( ) − Ω Ω −1 1 2
1 1 12

1

= cos( 1- )
1-

ξ tDID cc
p

V
V t e ξ t θ

ξ
 (16)

The final reversed voltage of PZT is 

Figure 11. Driving process of the DID circuit, including four stages (a–d) in a cycle.



Actuators 2022, 11, 20 11 of 18

4.3. Energy Efficiency Analysis

In this paper, piezoelectric actuators act as a capacitor, and the equivalent capacitance
of the fan attracts most of the electric energy in the high voltage driving process. Therefore,
the power consumption of capacitors can be used to evaluate the power consumption of
piezoelectric devices. The initial voltage of the piezoelectric actuator (Vinitial) in each cycle
is zero, so the energy saved by the driving circuit (Esave) and the total energy (Etotal) in a
cycle are

Esave = 2(
C
2
(V2

inverse −V2
initial)) = CV2

inverse (22)

Etotal = 2(
C
2
(V2

f inal −V2
initial)) = CV2

f inal (23)

where C is the value of the piezoelectric capacitor, Vinverse is the inversed voltage, and V final
is the voltage of piezoelectric actuators at the end of a cycle.

The energy-saving rate η is defined as the ratio of the energy saved through recycling
to the total energy [35] and can be obtained by

η =
V2

inverse
V2

f inal
(24)

Therefore, the energy-saving rate η can be easily calculated without knowing the
capacitance value of the PZT, when calculating the efficiency, and the equivalent capacitance
cannot be accurately measured.

According to Equation (3), the power consumption is estimated using the static equiv-
alent capacitance of the piezoelectric patches:

Psave = Esave f (25)

Ptotal = Etotal f (26)

Pactual = Ptotal − Psave (27)

where Psave is the power saved by the charge recovery function, Ptotal is the total power
consumed by the conventional driving circuit, and Pactual is the actual power consumed by
the proposed circuit.

5. Experimental Results and Discussion
5.1. Experimental Setup

Figure 12 shows the experimental setup. The piezoelectric patches are attached on
both sides of the beam, forming the fundamental structure of the PE fan, and the other
end of the beam is fixed by the base. The silicone heating plate is glued to the insulation
board to avoid the interference of heat conduction. We use an LK-G85 laser displacement
sensor to measure the displacement of the tip of the beam, a K-thermocouple to measure
the temperature of the surface of the silicone heating plate, a DC power supply, and a
TDS2024B oscilloscope (Tektronix, Beaverton, OR, USA). The parameters of the proposed
circuit are listed in Table 1, and the geometric and material parameters of the beam and
piezoelectric patch are listed in Table 2.
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Table 1. Parameters of the proposed circuit.

Parameter Symbol Value

Resistor R1,R3 500 KΩ
Resistor R2,R4 2 MΩ
PMOS Q1,Q3 IRF4905
NMOS Q2,Q4,Q5,Q6 IRF740

Inductance L,L1,L2 3H
Optocoupler O1,O2 TLP521

Diode D1,D2 IN4148

Table 2. Geometric and material parameters of the beam and PZT.

Parameter Symbol Value

Young’s modulus of the beam ES 70 GPa
Length of the beam LS 150 mm
Width of the beam wS 26 mm

Thickness of the beam hS 0.6 mm
Density of the beam ρS 2700 kg/m3

1st bending mode fr 24.2 Hz
Young’s modulus of the PZT EP 67 GPa

Length of the PZT lP 50.8 mm
Width of the PZT wP 25.4 mm

Thickness of the PZT hP 0.3 mm
Density of the PZT ρP 7800 kg/m3

Capacitance of the PZT Cp 101.8 nF
Internal Resistance of the PZT Rp 4 MΩ

Piezoelectric constant d31 −190 pm/V
Constant strain permittivity εs

33 15.9 nF/m
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5.2. Experimental Results
5.2.1. Validity of the Proposed Quasi-Square Wave Inductor-Based Driving Circuit

Two quasi-square wave inductor-based driving circuits and conventional driving
circuits without charge recovery are compared under the same experimental conditions. In
Figure 13, the blue curve, the green curve, and the red curve stand for the voltage of the
PZT of the conventional circuit, SID, and DID circuit respectively.
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As shown in Figure 13, the conventional circuit needs to be charged from scratch by a
power source at each variable polarity excitation, whereas in the SID circuit and DID circuit,
the charge stored in the PZT actuator is reversed by the charge recovery module. The
voltage of the piezoelectric actuator rises rapidly to about 8.2 V (−8.2 V) and then continues
to charge positively (negatively) from 8 V (−8 V), so the circuit only needs to be partially
replenished, greatly reducing power consumption. However, attenuated oscillations appear
in the charging process of the SID circuit. The reverse voltage values between two inductor-
based driving circuits show that they both have an excellent energy recovery capacity,
while the DID circuit has a better charging performance without oscillation.

5.2.2. Energy Efficiency Calculation

Tables 3 and 4 show the power and energy-saving rate of two inductor-based driving
circuits at different voltages, and Figure 14 shows the energy-saving rate curves of two
inductor-based driving circuits at different voltages. As the supply voltage increases, the
energy-saving rate of the SID circuit is always slightly greater than that of DID circuit. In
terms of the changing trend, the energy-saving rate of the two circuits reaches a maximum
of around 30 V, but the overall fluctuation range is limited. The efficiency of the SID circuit
is around 30%, and that of DID circuit is around 28%. It can be considered that the energy-
saving rate hardly changes with the supply voltage, which is consistent with the theoretical
explanation in Section 3.2 that the flipped voltage is only related to the value of γ. Therefore,
with constant circuit parameters, it can be assumed that the efficiency of the circuit is almost
unaffected by the supply voltage. Figure 15 shows the power consumption of the DID
circuit at different frequencies when the supply voltage is 30 V. As the frequency increases,
both the power consumed and the power saved increase, indicating the importance of
the charge recovery function. Meanwhile, zero-voltage-switching (ZVS) on half-bridge
topology can be introduced to further improve the overall efficiency.
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Table 3. Power and energy-saving rate at different voltages of SID circuit.

Supply Voltage (V) Inversed Voltage (V) Psave (mW) Energy-Saving Rate
of SID η1

10 5.6 0.077 31.36%
15 8.4 0.174 31.36%
20 11.4 0.320 32.49%
25 15.2 0.569 36.97%
30 17.6 0.763 34.42%
35 20 0.985 32.65%
40 22.4 1.236 31.36%
45 24.8 1.515 30.37%
50 27.2 1.823 29.59%
55 29.6 2.158 28.96%
60 32 2.523 28.44%

Table 4. Power and energy-saving rate at different voltages of DID circuit.

Supply Voltage (V) Inversed Voltage (V) Psave (mW) Energy-Saving Rate
of DID η2

10 5 0.062 25.00%
15 8 0.158 28.44%
20 11.2 0.309 31.36%
25 12.8 0.404 26.21%
30 16.8 0.695 31.36%
35 18.4 0.834 27.64%
40 21.6 1.149 29.16%
45 24 1.419 28.44%
50 25.6 1.615 26.21%
55 28.8 2.043 27.42%
60 31.2 2.398 27.04%
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5.2.3. Vibration Displacement and Cooling Effect of the PE Fan

In our experiment, the piezoelectric constant is stationary, so the displacement of the
PE fan depends on the magnitude of the applied electric field. Both circuits generated a
quasi-square wave voltage of 30 V. Since PE fans have a better cooling effect and consume
less power at the first resonant mode than at the higher resonant mode [37], it operates at
the first resonant frequency of 24.2 Hz. As shown in Figure 16, the vibration displacement
of the PE fan driven by the conventional circuit, DID circuit, and SID circuit is almost the
same, about 9 mm. Therefore, the driving performance of the proposed inductor-based
circuit is comparable to that of the conventional circuit while saving energy.
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Figure 17 shows the surface temperature curves of the heating plate under three
different conditions. The ambient temperature is 18 ◦C, and the heating plate is heated
to 58 ◦C for 1 min using a 220 V, 2A DC power supply. After 170 s of natural cooling,
the temperature of the heating plate drops to 33 ◦C. Under the same conditions, when
the PE fan is driven by the conventional driving circuit, SID circuit, and DID circuit, the
temperature curve of the heating plate is almost the same, and the temperature drops to
21 ◦C, 12 ◦C lower than natural cooling. Therefore, the cooling effect of PE fans driven by a
conventional circuit, SID circuit, and DID circuit is the same.
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6. Conclusions

In this paper, two inductor-based driving circuits are experimentally explored. Through
the results of this study, key findings are summarized as follows:

(1) The proposed quasi-square wave inductor-based driving circuits reuse the energy
stored in the piezoelectric patches without using the driving chip of the conventional
driving circuit, which improves the efficiency and reduces the cost.

(2) The SID circuit has the advantages of simple structure, fewer electrical components,
and higher energy-saving rate, but accompanied by oscillation during the driving
process, while the DID circuit has a more complicated structure and slightly lower
energy-saving rate, but is stable without oscillation.

(3) The energy-saving rate of both circuits fluctuates little with the supply voltage.
The energy-saving rate of the SID circuit is around 30%, and that of DID circuit
is around 28%.

(4) When the piezoelectric fan is driven by the conventional driving circuit, SID circuit,
and DID circuit respectively, the vibration displacement is the same, and there is no
difference in cooling performance under the same conditions.

The current study was performed to analyze the energy-saving effect of the driving
circuit. Further work will include deriving a Mason mode to fit electric and mechanical
characteristics to the half-bridge topology, and the introduction of soft switching technology
to further reduce circuit losses.
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