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ABSTRACT

Self-sensing actuation (SSA) is a technique to use a single piezoelectric actuator as both an actuator 
and a sensor simultaneously. A self-sensing actuation circuit is used to extract a voltage generated by a 
piezoelectric actuator from a control voltage. However, the SSA circuit must be balanced to obtain an 
accurate sensing voltage. This paper describes an effect of an unbalanced SSA circuit on the sensing 
voltage output. The SSA circuit is connected to a piezoelectric system to apply the control voltage and 
measure the generated voltage simultaneously. The unbalanced SSA circuit is configured by designing 
an equivalent capacitance parameter to be not equal to a piezoelectric capacitance. The unbalanced SSA 
circuit effects is evaluated in terms of the step response and the frequency response. An experiment 
is conducted in an open-loop system and a closed-loop system. In the open-loop system, the sensing 
voltage is observed when the control voltage is applied to the piezoelectric actuator. In the closed-loop 
control system, a positive position feedback (PPF) controller is used for vibration control at a resonant 
frequency of the piezoelectric system. Experimental results show that the unbalanced SSA circuit causes 
the sensing voltage error when the amplitude of the control voltage is larger than the amplitude of the 
voltage generated from the piezoelectric actuator. In this case study, the unbalanced SSA circuit does 
not affect the vibration control at the resonant frequency in the closed-loop system. The vibration of 
the piezoelectric system at the resonant frequency is attenuated by 16 dB in both the balanced and the 
unbalanced SSA circuit conditions. 
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INTRODUCTION

Piezoelectric materials are widely employed 
in electromechanical systems to act as 
an actuator or a sensor. Advantages of 
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piezoelectric materials are light weight, high resolution, high bandwidth, fast response, and 
simple input/output. These piezoelectric materials can be used in many applications, such as 
vibration control, precision control, health monitoring, and so on. In piezoelectric actuator 
applications, the mechanical strain (or stress) is produced by applying the electric filed (or 
voltage) to a piezoelectric actuator. In piezoelectric sensor applications, the electrical charge 
(or voltage) is produced by the mechanical strain (or stress) in a piezoelectric sensor.

Self-sensing actuation (SSA) is a technique to use a single piezoelectric actuator as 
both an actuator and a sensor simultaneously. The concept of the self-sensing actuation was 
initially proposed by Dosch, Inman, and Garcla (1992) which was based on a bridge circuit. 
The advantages of a self-sensing actuation is its lower cost for adding external sensors as well 
as the piezoelectric materials. In addition, the self-sensing actuation is utilised in different 
applications, such as a vibration control (Seki & Iwasaki, 2014), a position and force control 
(Rakotondrabe, Ivan, Khadraoui, Lutz, & Chaillet, 2015), and a mass detection (Faegh, Jalili, 
& Sridhar, 2013).

Self-sensing actuation circuit is used to separate the voltage generated by a piezoelectric 
actuator from the control voltage. This control voltage is applied to the same piezoelectric 
actuator. The SSA circuit was first proposed in Dosch et al. (1992) which was the bridge circuit. 
The bridge circuit SSA is used for a vibration suppression of a structure, such as a cantilever 
beam (Ji, Qiu, Wu, Cheng, & Ichchou, 2011), and an R/W head suspension in a hard disk drive 
(Yamada, Sasaki, & Nam, 2008). This SSA circuit is easy to understand and implement, but it 
attenuates the control voltage applied to a piezoelectric actuator by a parameter of the circuit. 
To solve the control voltage attenuation, an indirect-driven SSA (IDSSA) circuit was proposed 
in Hong, Memon, Wong, and Pang (2010) and Hong and Pang (2012). The IDSSA circuit was 
implemented in a piezoelectric micro-actuator in a dual-stage hard disk drive for a vibration 
control at critical resonant modes. However, it is difficult to make this IDSSA circuit balance.

In this paper, we study the effects of an unbalanced SSA circuit on the sensing voltage 
output of the SSA circuit. The effects of the unbalanced SSA circuit were evaluated in terms 
of the step response and the frequency response in both the open-loop control system and 
the closed-loop control system. This paper describes the self-sensing actuation circuit, the 
experimental setup, the experimental results, and the conclusion.

SELF-SENSING ACTUATION CIRCUIT

The self-sensing actuation (SSA) circuit is used to extract the voltage generated by the 
piezoelectric actuator from the control voltage. The structure of the self-sensing actuation 
circuit was proposed in Hong et al. (2010) as shown in Figure 1. The piezoelectric actuator can 
be modelled as a series of a voltage source Vp and a piezoelectric capacitance Cp .The control 
voltage Vc is applied to the piezoelectric actuator via the non-inverting (+) input terminal of 
the upper operation amplifier. The voltage Vp generated from the piezoelectric actuator can be 
extracted by balancing the SSA circuit.
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SSA circuit model

The circuit  in Figure 1 is composed of  the piezoelectric  actuator, four resistors ( R1, R2, R3, 
R4), three capacitors (Ceq, C1,C2 ), and three operation amplifiers (Op-Amp). This circuit can be 
analysed by deriving the Laplace transform of V1 and V2 as expressed by (1) and (2) respectively. 

            (1)

             (2)

If R3 = R4 , the sensing voltage V can be calculated as (3). Note that R3 and R4 only affect to 
the gain of the differential amplifier. 

        (3)

If ωc >>1/R1C1  and ωc >>1/R2C2 , the sensing voltage Vs can be rewritten as (4), where ωc is 
the frequency of control voltage  Vc.

           (4)

Figure 1. A self-sensing actuation circuit (Hong et al., 2010).
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Figure 1. A self-sensing actuation circuit (Hong et al., 2010). 

SSA circuit model 

The circuit in Figure1 is composed of the piezoelectric actuator, four resistors 
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The sensing voltage Vs is composed of the control voltage Vc term and the generated voltage    
Vp  term. The voltage Vp generated from the piezoelectric actuator can be decoupled from the 
control voltage Vc by balancing the SSA circuit.

Balanced SSA circuit

The SSA circuit is balanced by designing the parameters Ceq = Cp and C1 = C2. The sensing 
voltage Vs is proportional to the generated voltage Vp as defined in (5).

            (5)

Unbalanced SSA circuit

The parameter Ceq in the SSA circuit cannot be designed to match the piezoelectric capacitance    
Cp  because the actual piezoelectric capacitance is unknown. Therefore, the parameter Ceq can 
be defined as (6).

            (6)

Assume that Ceq0 = Cp and C1 = C2, the sensing voltage Vs can be rewritten as (7). Note that 
C1 and C2 can affect  the unbalanced circuit. However, they can be easily designed to have 
the same value.

           (7)

The sensing voltage Vs in (7) is composed of the control voltage Vc term and the generated 
voltage Vp term. The former term is close to zero when the SSA circuit is balanced. In contrast,   
Vs contains both terms when the SSA circuit is unbalanced. In this paper, the effect of the 
unbalanced circuit on the sensing voltage is studied through the real experiment because the 
transfer function model of the piezoelectric actuator is unknown.

EXPERIMENTAL SETUP

The block diagram of the experiment is shown in Figure 2. The SSA circuit is implemented 
according to the SSA circuit in Figure 1. It is connected to the piezoelectric system to apply 
the control voltage to the piezoelectric actuator and measure the voltage generated from the 
piezoelectric actuator. The piezoelectric system is composed of two piezoelectric actuators. One 
piezoelectric actuator is used as the self-sensing actuator, and the other is used as a disturbance 
source of the system. The sensing voltage measured from the SSA circuit is fed to the MATLAB 
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Simulink in the computer via A/D of the NI PCI-6024E board. The control voltage generated 
by the MATLAB Simulink is applied to the piezoelectric actuator via D/A of the NI board. The 
sampling frequency of A/D and D/A is 50 kHz. The experimental setup is shown in Figure 3.

Figure 2. The experiment block diagram
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The sensing voltage sV  in (7) is composed of the control voltage cV  term and the generated 

voltage pV term. The former term is close to zero when the SSA circuit is balanced. In 

contrast, sV  contains both terms when the SSA circuit is unbalanced. In this paper, the effect 
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Figure 2. The experiment block diagram. 

Figure 3. The experimental setup
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Figure 3. The experimental setup. 

The SSA circuit is implemented in a print circuit board (PCB). The operation amplifiers in 

the circuit are implemented by the LF351 op-amp chips which have high bandwidth and high 

input impedance. The values of parameters in the SSA circuit are listed in Table 1. 

TABLE 1  

Circuit parameters 

Circuit parameters Value 

pC  26 nF 

21 CC =  22 nF 

21 RR =  10 MΩ 

43 RR =  10 kΩ 

In the experiment, the step response and the frequency response is studied in both the open-

loop control system and the closed-loop control system. In the step response test, the control 

voltage cV  is applied by the step signal with 1 V amplitude. In the frequency response test, 

the control voltage cV  is applied by the swept sine signal in the frequency range of 100 Hz to 

10 kHz with 1 V amplitude. The frequency response cs VV /  of the SSA circuit with the 

piezoelectric system is obtained by applying the control voltage cV  and measuring the sensing 

voltage sV . 

The SSA circuit is implemented in a print circuit board (PCB). The operation amplifiers in 
the circuit are implemented by the LF351 op-amp chips which have high bandwidth and high 
input impedance. The values of parameters in the SSA circuit are listed in Table 1.

Table 1 
Circuit parameters

Circuit parameters Value
Cp 26 nF
C1 = C2 22 nF
R1 = R2 10 MΩ
R3 = R4 10 kΩ
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In the experiment, the step response and the frequency response is studied in both the open-
loop control system and the closed-loop control system. In the step response test, the control 
voltage Vc is applied by the step signal with 1 V amplitude. In the frequency response test, the 
control voltage Vc is applied by the swept sine signal in the frequency range of 100 Hz to 10 
kHz with 1 V amplitude. The frequency response Vs / Vc of the SSA circuit with the piezoelectric 
system is obtained by applying the control voltage Vc and measuring the sensing voltage Vs.

EXPERIMENTAL RESULTS

The experiments are conducted in the open-loop system and the closed-loop system to study the 
effects of unbalanced SSA circuit on the sensing voltage output. The balanced SSA circuit is 
configured by designing the parameter Ceq ≈ Cp. The unbalanced SSA circuit can be configured 
by designing the parameter Ceq ≠ Cp. In this paper, the parameter Ceq is designed to 23 nF (Ceq 
< Cp ) and 29 nF (Ceq > Cp ).

Open-loop system

The step responses of the open-loop system are shown in Figure 4. These responses 
demonstrate the effect of the balanced and unbalanced SSA circuit conditions on the sensing 
voltage Vs. The sensing voltage of the balanced SSA circuit demonstrates that the generated 
voltage Vp relates to the vibration of the piezoelectric system at the resonant frequency. In the 
unbalanced SSA circuit, the sensing voltage   is composed of the control voltage   and the 
generated voltage Vp . Obviously, this behaviour conforms to (7). The unbalanced SSA circuit 
causes the sensing voltage error because the amplitude of the generated voltage is smaller than 
the amplitude of the control voltage.

The frequency responses of the open-loop system with the balanced and unbalanced SSA 
circuit conditions are shown in Figure 5. The frequency response result shows the resonant 
frequency of the piezoelectric system at 2.9 kHz. The frequency response of the balanced 
and the unbalanced SSA circuit conditions are the same at the resonant frequency because 
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the amplitude of the generated voltage is larger than the amplitude of the control voltage. 
However, the unbalanced SSA circuit effects can be observed at the other frequencies because 
the piezoelectric system slightly responses and the amplitude of the generated voltage is smaller 
than the amplitude of the control voltage.

Closed-loop system

The block diagram of the closed-loop control system for the vibration control at the resonant 
frequency is shown in Figure 6. The positive position feedback (PPF) controller is used to 
control the vibration of the piezoelectric system. The sensing voltage Vs measured from the 
SSA circuit is fed back to the PPF controller. In this paper, the transfer function of the PPF 
controller defined in Sasaki, Inoue, and Yamada (2012) is used as shown in (8).

           (8)
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where ω is the natural frequency of the controller, ζ is the damping ratio of the controller, 
and K is the gain of the controller. In this experiment, the natural frequency is 2.9 kHz (ω = 
2900), the damping ratio is 0.2 ( ζ = 0.2), and the gain is -0.7 (K = -0.7). The PPF controller 
is implemented on the MATLAB Simulink.

The step responses of the open-loop system and the closed-loop system with the balanced 
and unbalanced SSA circuit conditions are shown in Figure 7. These responses show the 
effectiveness of the vibration control by using the sensing voltage Vs measured from the SSA 
circuit and fed back to the PPF controller. The vibration of the piezoelectric system can be 
suppressed in the closed-loop control system. However, the sensing voltage output of the 
SSA circuit is effected from the unbalanced SSA circuit because the amplitude of the control 
voltage applied by the step signal is larger than the amplitude of the voltage generated by the 
piezoelectric actuator as shown in Figure 7(b) and (c).

Figure 7. The step responses of the closed-loop system

The frequency responses of the closed-loop control system with the balanced and 
unbalanced SSA circuit conditions are shown in Figure 8. The vibration of the piezoelectric 
system is attenuated about 16 dB in both the balanced and the unbalanced SSA circuit conditions 
at the resonant frequency. In this case study, the unbalanced SSA circuit does not affect to the 
closed-loop control system because the former (unbalanced SSA circuit) slightly affects  the 
sensing voltage fed back to the controller.
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Figure 7. The step responses of the closed-loop system. 
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CONCLUSION

This paper presents a study of the self-sensing actuation circuit with the piezoelectric system 
when the circuit is balanced and unbalanced. The unbalanced SSA circuit affects  the sensing 
voltage output of the SSA circuit when the amplitude of the control voltage is larger than 
the amplitude of the voltage generated from the piezoelectric actuator. In this case study, the 
unbalanced SSA circuit does not affect  the closed-loop control system at the resonant frequency. 
The vibration of the piezoelectric system at the resonant frequency is attenuated by 16 dB in 
both the balanced and the unbalanced SSA circuit conditions. The self-sensing actuation circuit 
can be used with the single piezoelectric actuator to act as both the actuator and the sensor 
simultaneously for the vibration control in the piezoelectric system. In the future work, the 
unbalanced SSA circuit effects will be studied by applying  the piezoelectric micro-actuator.
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Figure 8. The frequency responses of the closed-loop system.
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Figure 8. The frequency responses of the closed-loop system. 

CONCLUSIONS 

This paper presents a study of the self-sensing actuation circuit with the piezoelectric 

system when the circuit is balanced and unbalanced. The unbalanced SSA circuit affects  the 

sensing voltage output of the SSA circuit when the amplitude of the control voltage is larger 

than the amplitude of the voltage generated from the piezoelectric actuator. In this case study, 

the unbalanced SSA circuit does not affect  the closed-loop control system at the resonant 

frequency. The vibration of the piezoelectric system at the resonant frequency is attenuated 

by 16 dB in both the balanced and the unbalanced SSA circuit conditions. The self-sensing 

actuation circuit can be used with the single piezoelectric actuator to act as both the actuator 

and the sensor simultaneously for the vibration control in the piezoelectric system. In the 

future work, the unbalanced SSA circuit effects will be studied by applying  the piezoelectric 

micro-actuator. 
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