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Analysis of the active vibration control (AVC) system is made with consideration to the non-
linear hysteresis and saturation of the piezo stack actuator. The AVC system is subjected to the
base excitation which included the rotating unbalanced mass and the friction induced force as
the disturbance to the system. The piezo stack actuator non-linear characteristics are measured
and included in the model of the actuator of the AVC system. Two types of controller are de-
signed for comparison which is Proportional-Integral-Derivative (PID) and Active Force Con-
trol (AFC) to attenuate the transmitted vibration from the base to the structure. The effective-
ness of both controllers in dealing with the non-linear hysteresis and saturation of the piezo
stack actuator are compared. The result shows that, the PID-AFC controller can reduced the vi-
bration of the system by 97.7 % compared to the PID controller with 89.3 % of vibration attenu-
ation. This result proved that, the PID-AFC controller is more effective and robust for the AVC
systems even though under the influence of the non-linear hysteresis and saturation of the piezo
stack actuator.
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1. Introduction

Piezoelectric materials are capable of converting the mechanical stress to the electrical charge
and vice versa. These piezoelectric effects made them useful for sensors and actuators in many ap-
plications, such as in control of structural vibration [1]. Nonlinear hysteresis and saturation are in-
herent characteristics of the piezoelectric actuator which affect their performance. The hysteresis of
the piezoelectric actuator has been widely studied and the effect can be compensated using their
inverse models [2]. However, for the saturation effect, there is no specific study has been carried
out for the piezoelectric actuator. Both hysteresis and saturation characteristics are important, in
particular for developing the active vibration control (AVC) system using the piezoelectric actuator.
AVC using the piezoelectric actuator has been widely studied in reducing the vibration of struc-
tures, such as flexible beam [3], but rarely been studied for the power tool application. The piezoe-
lectric actuator of the AVC system can be controlled using various control techniques, such as slid-
ing mode [4] and Proportional-Integral-Derivative (PID) control [5]. The voltage supplied to the
PID control can be saturated based on the limitation of the amplifier and the actuator.

Active Force Control (AFC) is one of the control techniques which have been widely used for
the AVC applications. It was introduced by Hewit and Burdess in year 1981 for the robotic applica-
tion and nowadays is used in various fields such as automotive [6] and flexible structure [3] applica-
tions. AFC has been proved as one of the effective control scheme for the AVC system, even when
under the influence of various disturbances and conditions. For example in automotive application,
the skyhook and adaptive neuro AFC was developed to control the pneumatic actuator of the vehi-
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cle active suspension system and the results show that, the proposed AFC scheme has a better per-
formance for mass acceleration with 30 % of amplitude reduction compared to the PID controller
[6]. Even though there are a lot of studies on the AFC application, the effectiveness of the AFC in
dealing with piezoelectric actuator hysteresis and saturation has not been reported in the literature.
This study considers the application of the AFC, in order to investigate its effectiveness for the ac-
tive suspended handle model with the presence of piezoelectric actuator hysteresis and saturation
effects.

2. Methodology

2.1 Piezo stack actuator characterization

In this study, the hysteresis and saturation of the piezo stack actuator (Pl type P-010.00) is inves-
tigated in terms of force and voltage as a relationship of excitation frequency. Fig. 1 shows the
schematic diagram and photograph of the piezo stack actuator characterization. In the figure, a sine
wave voltage signal from 100 to 500 Hz with a step up voltage from 1 to 5 V is generated by the
LabVIEW software to the NI 9263 output module. The voltage is then amplified by the high voltage
piezo amplifier (P1 type E-508.00) to excite the piezo stack actuator. The dynamic force is meas-
ured by the load cell (Kistler type 9272) and the signal is captured using the data acquisition (iMC
device) and sent to the computer with iMC software for data analysis. From this measurement, the
hysteresis and saturation characteristics of the piezo stack actuator can be determined.
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Figure 1: Schematic diagram and photograph of the piezo stack actuator characterization.

2.2 Vibration measurement of die-grinder

In this study, the input spectrum of the die grinder is used as disturbance Fyq (t) to the AVC sys-
tem. For the input spectrum measurement, an accelerometer is mounted at the front body of the die-
grinder to the measure the acceleration in three conditions; (a) without collet, (b) with collet and (c)
grinding on the mild steel plate. This measurement includes the effect of unbalanced mass (collet)
Ny (t) and friction induced force F, (t) as shown in the following equation:

Fa () = (N« + Fr)() @)

The accelerometer signal obtained from the die grinder is connected to the NI 9234 input module
with the integration of LabVIEW software for data analysis.

2.3 Mobility measurement of suspended handle

In this study, an active suspended handle [7] is used as an AVC system. The mobility measure-
ment is carried for the suspended handle to obtain the frequency response function (FRF) including
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the dynamic mass, damping and stiffness for the modelling of the suspended handle. This measure-
ment using the LMS Test Lab software consists of the instrumentation such as impact hammer
(Kistler type 9724A500), accelerometer (Kistler type 8776A50) and data acquisition LMS SCA-
DAS.

2.4 Development of active suspended handle model with PID and AFC controllers

Fig. 2 shows the single-degree-of-freedom (SDOF) model of an active suspended handle which
subjected to the base excitation from the die-grinder.
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Figure 2: Model of the active suspended handle with hysteresis and saturation effects.

In this figure, the model of the active suspended handle is based on the parallel type coupled pie-
z0 actuator-structure, where the actuator is mounted between the handle and the moving base [8].
The equation of motion of the active suspended handle which subjected to the base excitation from
the die-grinder can be written as follows:

My (1) + Ca(x1- %o)() + Ku(xa—Xo)(t) = Fa () )

where, my, ¢; and k; are the dynamic mass, damping and stiffness of the handle. The sensor
measures the handle acceleration x; (t) and sent the signal to the controller. The feedback signal
from the controller is used to generate the counter force F4(t) of the piezo stack actuator to compen-
sate the disturbance from the moving base Xo(t). The relationship between the applied voltage Va(t)
and the actuating force F4(t) of the piezo stack actuator with the consideration to hysteresis and sat-
uration nonlinearity effects can be written as follows:

Fasat(t) = (a + 4 0‘)(V,w)va sat(t) (3)

where, av,«) IS the proportional constant and 4oy, is the deviation part (i.e., hysteresis effect) of
piezo stack actuator. These parameters can be experimentally determined and both are voltage and
frequency dependent [4, 7]. From Eq. (3), the piezo stack actuating force is subjected to the satura-
tion voltage V,sai(t). This occurred when the displacement differences of the handle and base xi(t) —
Xo(t) is equal or exceed the actuator maximum stroke X, sat(t) as follows:

Xa sat (t) < Xl(t) - XO(t) (4)
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In order to design the controller of the active suspended handle, the state-space model must be
shown. By including Eq. (3) into Eqg. (2), the components of spate-space model are derived as fol-
lows:

X@®) =[x %]",u®)=[0 Fysal,d(t)= c1Xg +kixo ],
0 1 0
LT P

where, A is the system matrix, x(t) is the state vector, B is the input matrix, u(t) is the control input,
I' is the disturbance matrix, d(t) is the system disturbance and C is the output matrix of the meas-
ured mass acceleration [8].

In this study, two types of controller are developed; PID and AFC controllers [5, 9]. The voltage
V, feed to the piezo stack actuator from each controller can be derived as follows:

a) PID controller

Varip (t) = Kp (Xr = X1)(t) + K [ (%= X1)(t)dt + Kp d(x, — x¢)(t)/dt (6)
b) AFC controller
—_— Fll sat — M* x“‘l
Vaarc (t) = karc (m) (® (7)

where, Kp, K; and Kp are the proportional, integral and derivative constants, e(t) = x,(t) — x(t) is the
error signal of desired output x,(t) to the handle displacement x;(t), karc is the AFC percentage con-
stant and M* is the estimated mass [9]. Basically, the combination of PID-AFC controller can pro-
duced a better counter voltage to the piezo stack actuator, with the respect to the saturation voltage
Vasat(t). Thus, by including Eqg. (6) and (7) into Eqg. (2), the active suspended handle with PID-AFC
controller can be rewritten as Eq. (8) and the overall block diagram is shown in Fig. 3.
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Figure 3: AVC block diagram of the active suspended handle with a PID-AFC controller.
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3. Results and discussion

3.1 Piezo stack actuator hysteresis and saturation effects

Fig. 4 shows the result of the piezo stack actuator forces at different operating frequencies and
voltages.

Force (N)

Figure 4: Measured hysteresis and saturation characteristics of the piezo stack actuator.

From the figure, the force of the piezo stack actuator at each operating frequency increased pro-
portional to the supplied voltage of 100 - 500 V. The hysteresis of the piezo stack actuator can be
observed at each operating frequency where there is a non-linearity effect 4oy, at the voltage-
force curve. For the frequency of 100 - 300 Hz, the piezo stack actuator did not face saturation
while for frequency of 400 Hz and 500 Hz, the force saturation occurred at 400 V as highlighted in
Fig. 4. From the figure, the piezo stack actuator voltage-force relationship with hysteresis and satu-
ration effects in Eq. (3) can be frequency dependent written as follows:

Fa100(t) = (0.018V4i 2 + 0.048V,; + 0.06)(t)

Fa200(t) = (0.024V,; > + 0.088V,; + 0.134)(t)

Faso0(t) = (0.012V4i ® + 0.329V,; - 0.102)(t)

Faa00(t) = (0.038Vi * + 0.465V,; + 0.018)(t)
Fasoo(t) = (-0.103Vy; 2 + 1.392V,; + 0.588)(1) 9)
where, i =1, 2, .., 5 is an increment of the supplied voltage. For the case of frequency 400 Hz and
500 Hz, both hysteresis and saturation characteristics are considered whereby the force F, 400 and F,

s00 are saturated at V,; = 400 V. For frequencies below 300 Hz, only hysteresis characteristic is con-
sidered for the piezo stack actuator.

3.2 Vibration spectrum of die-grinder

Fig. 5 shows the input spectrum (acceleration) of the die grinder in the vertical axis direction.
For the case of operating without collet, the acceleration of the front body of the die grinder is 19.4
m/s® at the operating frequency of 445 Hz. By including the collet, the acceleration of the front
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body increased to 24.3 m/s?. The acceleration of the grinder shows the significant increment to 85.3
m/s®when grinding on the mild steel plate with a reduction of operating frequency to 417 Hz. This

is due to the effect of friction induced force F; and the resistance of the work-piece which slowing
the motor when grinding on the mild steel plate.
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Figure 5: Input spectrum of the die grinder in three conditions; (a) without collet, (b) with collet and (c)
grinding on the mild steel plate

3.3 Model validation

Fig. 6 shows the comparison between the experimental and model FRF of the active suspended
handle. From the figure, there are two peaks (natural frequencies) at 238 Hz and 491 Hz. The 2"
natural frequency of 491 Hz has a higher mobility output compared to the 1% natural frequency of
the handle. Thus, the point mobility at 491 Hz is extracted from the model FRF to calculate the dy-
namic mass, damping and stiffness of the active suspended handle model. From Fig. 6, it also real-
ized that the model FRF is in agreement with the experimental FRF.
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Figure 6: Experimental and model FRF of the active suspended handle

3.4 PID and AFC controller performances

For the AVC system with PID controller in Eq. (6), a continuous type-PID controller is used
with an advance function of voltage saturation and auto-tuning method is applied for the tuning of
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PID controller. From the tuning, an optimum P, | and D parameters are obtained as P = 87.09, | =
23948 and D = 0.0225. For the AVC system with AFC controller in Eq. (7), a crude-approximation
(CA) tuning method is applied with the consideration to piezo stack actuator hysteresis and satura-
tion effects. Fig. 7 shows the handle displacement overshoot percentage of the different estimated
mass values. From the figure, it is observed that the higher estimated mass values, the worse over-
shoots were occurred. For example, the highest estimated mass value of 2 kg produced the highest
displacement overshoot of 62.4 %. From this M* parameters analysis, the lowest displacement
overshoot was achieved when the M* = 0.1 kg with 8.4 % of displacement overshoot. Further re-
duction of the estimated mass values, such as M* = 0.01 kg - 0.001 kg gives no effect to the reduc-
tion of the displacement overshoot percentage. From these results, the optimum estimated mass
value for the active suspended handle model is decided as 0.1 kg.
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Figure 7: Displacement overshoot percentage of different estimated mass values

Fig. 8 shows the frequency response of the acceleration between the PID and PID-AFC control-
lers of the active suspended handle model. From the figure, the acceleration of the model with a
PID-AFC controller produced the output acceleration of 1.92 m/s? at the operating frequency 430
Hz, which is 97.7 % of vibration reduction compared to the model with PID controller with 8.22
m/s?, 89.3 % of vibration reduction from the die-grinder acceleration of 85.3 m/s®. This result
proved that the PID-AFC controller is more effective and robust for the AVC systems even though
under the influence of the non-linear hysteresis and saturation of the piezo stack actuator.
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Figure 8: Acceleration frequency response between the PID controller and PID-AFC controller
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4.

Conclusions

From this study, the target to build the AVC system (active suspended handle) using the PID and

PID-AFC controllers with the consideration of piezo stack actuator hysteresis and saturation effects
have been achieved. The results show that, the AVC system with the PID-AFC controller is more
effective in reducing the vibration from the die-grinder compared to the PID controller even though
under the influence of piezo stack actuator hysteresis and saturation effects.
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