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This paper focusses on the study of vibration attenuations for suspended handle models that are generated from
power tools using an intelligent active force control (AFC) tuning strategy. Four types of control schemes are com-
paratively evaluated in suppressing the vibration of the handle, such as proportional-integral-derivative (PID), PID-
AFC-crude approximation (AFCCA), PID-AFC-fuzzy logic (AFCFL) and PID-AFC-iterative learning method
(AFCILM) control schemes. In all control schemes, the estimated counter force is generated from the actuating
force and appropriate estimated mass (M) that has been intelligently tuned to counter the system disturbances.
The disturbances are modelled based on the power tools vibration (i.e., internal disturbance) and uncertainties
during the operation (i.e., external disturbances). The study shows that the AFCCA scheme demonstrates the best
performance when the M¢, is tuned at 0.04 kg. For the AFCFL control scheme, the best response is obtained
for the membership function of trapezoidal shape with My of 0.0403 kg, while for AFCILM control scheme, the
best response is achieved when M, is tuned to 0.04 kg, with both parameters (A and B) set at 0.6. Overall,
PID-AFCCA scheme shows the best performances for all of the case studies, followed by PID-AFCFL and PID-
AFCILM. The findings of this study can benefit the power tool manufacturers and provide the basis of effectively

intelligent controller design for the power tools application.

1. INTRODUCTION

Vibration is undesirable in most cases, whereby it can cause
failure or damage to the systems and produce hazardous ef-
fects to humans. Hand-arm vibration syndrome (HAVs) is
an example of a common health issue caused by the use of
hand-held power tools that operate at low frequencies with
high levels of vibration.! The effect of prolonged and unreg-
ulated use of these tools will cause the vibration to propagate
to the whole human body system including the shoulder, back,
neck and head.>> The worst case, one with a large magni-
tude of vibrations, or shocks for example, might cause harm to
the soft and hard tissues of the joint structures.®’ Therefore,
researchers have introduced several control methods. These
control methods are generally known as passive and active vi-
bration controls (AVC). The passive control involves the use
of reactive or resistive devices that either load the transmission
path of the disturbing vibration or absorb the vibration energy.®
Shunt dampings,” shunted piezo-ceramics,'® and dynamic ab-
sorbers,!! are examples of isolation devices that are used to dis-
sipate the vibration. However, for the dynamic system where
the disturbance is varying over time, passive vibration control
becomes inefficient,'> wherein an AVC system must be intro-
duced. AVC is a system with an active power source that can
control and attenuate the vibration in real-time, by providing
counterforce in opposite phase but equal in amplitude to the
source of vibration.! !4

In the literature, different types of AVC controllers have
been developed to obtain the required level of counter vibra-

tion signal. The proportional-integral-derivative (PID) is one
of the effective controllers that has been widely used in the
AVC system. It consists of three principal control parameters,
such as proportional (P), integral (I), and derivative (D) gains.
Each parameter has its function, and any combination of these
three parameters will produce the desired controller output.'
Carbajal et al.'®!” proposed a dynamic feedback tracking con-
trol using a PI controller for the synchronous motors. From
the studies, the uncertain dynamic load was able to suppress
and provided better performance with smooth motion profiles.
Regards to different combination of P, I, and D parameters, Jo-
vanovi¢ et al.'® reported that the PID controller could reduce
the vibration level up to 94.82 %, followed by PD (94.31 %), PI
(93.94 %) and P (93.6 %) control schemes. Zhang et al.’? also
suggested that PID controller as a better control method com-
pared to D, PD, and linear quadratic regulator. Thus, the PID
became a preferable controller and has been utilized in differ-
ent kinds of applications such as DC motors,?” automotive,?!
and air flight control.??

Another effective controller used for vibration regulation is
called active force control (AFC). This controller operates by
computing the estimated disturbance force via actuator force
and mass acceleration which is subjected to an appropriate tun-
ing of the estimated mass. The simple diagram and the low
computational time makes it an attractive option in real-time
control applications.>*»?* An example of the tuning method in
AFC involves using fuzzy logic (FL). Mailah and Rahim' pro-
posed an AFCFL method for a rigid robot arm. This intelligent
method was compared with a basic PD scheme to investigate
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the trajectory track performance of the rigid robot arm. The
findings show that the PD scheme has a large track error of
up to 10 mm while, in contrast, the AFCFL scheme shows
lower error of 0.7 mm. Rao et al.>® investigated the effec-
tiveness of the FL controller to deal with uncertain vibration
parameters i.e., road surfaces. Based on the investigation, the
FL controller was found to be suitable to reduce the vibration
level and enhance the performance of the car suspension sys-
tem. In similar application, Nizar et al.”® improved the control
scheme with the combination of sliding mode neural network
inference FL controller, to deal with the nonlinearity of the
car suspension as well as the parameters of uncertain vibra-
tions. The outcome shows that the FL controller reduces the
vibration level and improved the ride and comfortability level.
Continuous evaluation of this control scheme was conducted
to reduce the vibration generated by friction-induced from the
sliding surfaces. Positive results reported by Dehkordi et al.?’
from the series of tests and proved that the AFCFL is more
effective when compared to the PID controller.

Crude approximation (CA) is one of the AFC control tuning
schemes. The first implementation of AFCCA on the suspen-
sion car system was performed by Peng et al.?® Subsequently,
Gobhari et al.” had expanded the work by proposing the neuro-
AFCCA control scheme on the seat suspension system. The
study reported severe displacement of the seat pan and human
body parts (i.e., body and head) and by implementing the con-
trol scheme, it was able to attenuate the undesirable vibrations
effectively. Meanwhile, Abdullah et al.’* analysed the con-
trol scheme with the feedforward model to eliminate the dis-
turbances in the motion control of a mobile manipulator. This
control scheme was also used by Mazlan et al.3! to reduce the
disturbances on the sander-arm system. The PD and AFCCA
control schemes were investigated and it was found that PD in-
creased the transmitted vibration to the system, while, for the
system using the AFCCA scheme, a linearly decreasing trend
of vibration was achieved. Another study conducted by Has-
san et al.’? to evaluate the PID and AFCCA control schemes
for the rear handle of the hedge trimmer and the finding also
showed that the AFCCA has effectively reduced the distur-
bances.

The Iterative learning method (ILM) was developed by Ari-
moto et al.** to challenge the current control scheme and was
the least reported among all the AFC control schemes. Jian
et al.>* implied the ILM control scheme for the direct inverse
of hysteresis to mitigate the nonlinearities of the system. The
control scheme was further evaluated by Xu et al.> on the pre-
cise motion tracking, which agreed with Jian et al., such that
ILM can utilize both the input and output data and overcome
the limitations of the feedback algorithm. On the other hand,
Kwek et al.?* considered the PD, AFCCA, AFCILM control
schemes on the biped robot application. The error obtained by
AFCILM was larger by only 1.7 % as compared to AFCCA
for all the cases when the initial setting was incompatible.
The AFCILM was tested without prior knowledge of the sys-
tem, which was an interesting feature of the controller. Other
schemes such as AFCCA were used with the prior knowledge
of the system but was impractical for most of the cases. Huang
et al.’® optimized this method on human-powered augmenta-
tion lower exoskeletons and the result showed that the control
strategy could handle the changing interaction dynamically, as

compared to conventional augmentation method.

From the literature, numerical approach seemed to offer a
promising result of the study at a low-cost, by providing bet-
ter visualization with the ability to solve complex problems.
Several numerical approaches have been selected for the devel-
opment of a model such as smart material characterization,’’
non-linear actuator characterization,*® and energy harvester.*
Nevertheless, this approach has also been implied for different
types of AVC systems. Mazlan et al.** compared the perfor-
mance of the AFCCA and the AFCFL for reducing the vibra-
tion of the suspended handle. In the research work by Purnomo
et al.,*! the PID, AFCCA, and AFCFL control schemes were
compared in the application of liquid container transport. The
control scheme was used to suppress liquid sloshing. In a
closed study, Hassan et al. compared the AFCCA, AFCILM,
and AFCFL with a PID control scheme, but in a different ap-
plication i.e. hedge trimmer. All the reported control schemes
had varying performance measures and the nature of variation
depending on the applications. Nevertheless, it is clear that
the applications involving AFC control schemes are not abun-
dantly available in the literature. Although Mazlan et al.** con-
ducted a study on the use of different schemes for reducing the
vibration for the suspended handle, there is a need to explore
the potential of combining all the control schemes available to
attenuate vibration for the same application.

In this study, the numerical approach was employed as it
was important to understand the influence of different control
schemes, prior to the real-time hardware-based experimenta-
tion. The fundamental controller for all control schemes was
the PID control and acted as a benchmark for the AFC con-
trol scheme. The proposed AFC control schemes to be in-
vestigated are PID-AFCCA, PID-AFCFL, and PID-AFCILM
controllers. For the membership function (MF) in the AFCFL
control scheme, trapezoidal,*'* triangular,?”-*+%> and gener-
alized bell shape®>4%47 functions were included as successful
variations were reported on these functions. The effectiveness
of the control schemes and the passive system were simulated
and evaluated using Simulink/MATLAB software.

2. METHODOLOGY
2.1. System Modelling

The model used in this study was based on the active
suspended handle developed in previous studies.?®3%4® The
model was centred on the single degree of freedom (DOF)
system, which consisted of components such as dynamic
mass (m), stiffness (k), and damping (c¢) as shown in Fig. 1.
The m, ¢ and k values were determined from the frequency
response function (FRF) of the experimental modal analysis
(EMA).* The AVC system was modelled by adding a coun-
terforce (Fy,) from the piezoelectric actuator to compensate the
disturbance force (F,).

The equation of motion for the AVC system is shown in
Eq. (1). The actuator force, F, value was generated through

the PID controller and different intelligent AFC schemes.
mi (t) + ci (t) + ko (1) = Fu(t) — F (), (1)

where Fy, = Fj and F5.
There were two types of disturbances that had been intro-
duced to the system, namely internal (F}) and external (F)
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Figure 1. (a) Actual and (b) model of the suspended handle.*8

Table 1. The dynamic mass, stiffness, and damping for the passive system.

Parameter Value
Dynamic mass, m (kg) 0.04
Dynamic stiffness, K (Nm™ Ly 33.45
Dynamic damping, ¢ (kgs™1) 3.78 x 10°

disturbances. The internal disturbance was based on the in-
put disturbance from the vibration tool, according to a previ-
ous study.>! The internal disturbance model was a sine wave
signal with an amplitude (F}) and excitation frequency (w) of
20 N and 200 Hz, respectively. In this study, the external dis-
turbances that had been introduced were represented by the ex-
ternal forces implied to the system. These disturbances were
only introduced to the system after the tuning process of the
controllers in order to investigate the robustness of the AVC
system.

For external disturbances, there were two different types,
namely external disturbances A and B. External disturbance A
was represented as the non-linear effect of the hard stop from
the environment during the operation of power tools,'>2* while
for B, it represented the non-linear effect of imbalance motor at
different frequencies.”® These disturbances were represented
using the following equations:

FQA :F() sinw(t)FHs; (2)

Fyp = Fop sinwq (t) + Foe sinwa(t); 3)

where F5 4 and Fs were the external disturbance A and block-
ing amplitude of the hard stop, respectively. Meanwhile, F5p
was the external disturbance B, wherein w; and wy were the
frequency functions of the imbalance corresponding to the first
and second motor orders, respectively. Fp; and Fpe repre-
sented the amplitudes of both imbalance frequencies. With re-
gard of DOF used in this study, Tang and Yang,”' and Xiao et
al.>? have extended works on multiple DOF by adding masses
and piezoelectric actuators for the systems.

The system was firstly modelled without the feedback con-
trol loop to provide the passive corrective action to the distur-
bances. Generally, without the active feedback control action,
the system generated a poor response and deviated from the
targeted reference input. In this system, the parameters m, c,
and k were obtained from the FRF results based on a previous
study*® and presented as in Tab. 1.

o
o
o

Piezoelectric voltage amplifier Data acquisition 1

oo ,

Sensor

Piezoelectric
actuator (F,)

———
Computer with signal
generator and PID
controller

[ o

Shaker voltage amplifier
Shaker (F, =F, and F.)

Data acquisition 2

(a)

Step mput
________
Active system with

PID controller

(®)

Figure 2. (a) Schematic and (b) block diagrams for the AVC system with PID
controller.

2.2. AVC System with PID, AFCCA, AFCFL
and AFCILM Schemes

Figure 2 illustrates the schematic diagram for the possible
experimental setup and block diagram of the AVC system with
a PID controller. The input force (i.e., disturbance) was ex-
cited by the shaker where it exerted F; and Fs to the suspended
handle and caused the structure to vibrate harmonically, as in
Eq. (2) and (3). A piezoelectric was mounted on the suspended
handle to provide the counter force (F},) based on the PID con-
troller, as shown in Fig. 2(a). The piezoelectric actuator and
shaker were connected to a data acquisition and voltage am-
plifier to receive and amplify the signals, respectively. In this
study, the actuator gain (Q) value was set as 1% to generate
maximum force from the PID controller, which was based on
the study by Mann et al.>® The theoretical PID controller equa-
tion is given in Eq. (4). The resultant vibration between the
piezoelectric actuator and shaker was measured by a sensor
and connected to another data acquisition to transfer the ac-
quired data to the data acquisition software.

de(t)

m “)

t

e (1) = Kpe (1) + K / e(t)dt + Kp
0
In this study, four types of AVC schemes, namely PID, PID-
AFCCA, PID-AFCFL, and PID-AFCILM, were investigated
to attain the desired output values numerically. In the Simulink
software, the block diagram of the AVC system was developed
as shown in Fig. 2(b). Additionally, PID controller in Fig. 2(b)
acted as the base controller for all the AFC systems. On the
other hand, the system had a feedback control loop to calculate
the error signal in the passive system.

In the PID-AFFCA system, the disturbance force was atten-
uated with the addition of estimated disturbance force (F™) of

the AFC controller, which is based on Eq. (5).

F*(t) = Fo (t) = M7E(t); 5)

where F, was the force from the actuator, M* was the esti-
mated mass and & was the mass acceleration of the handle.

30
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Figure 3. Block diagram of the AVC system with (a) PID-AFCCA, (b) PID-AFCFL and PID-AFCILM controllers.

The block diagram of the AVC system with PID-AFFCA
is shown in Fig. 3(a), where the estimated disturbance force
was determined from M,. The estimated disturbance force
(F™) was multiplied with the inverse gain of actuator (1/Q)
before it was added to the total counter force of the system.
The M¢, was tuned manually with the different approximated
values (crude approximation) until the desired output was ob-
tained.

For the AFCFL scheme in Fig. 3(b), the My value was care-
fully tuned as it might result in a more accurate estimated mass
value. This scheme used the FL controller, which consisted
of three main steps, namely (1) fuzzification, (2) execution of
rules, and (3) defuzzification of the system.’* The significance

of these three steps was centred on the implementation of the
input range value, process input value through pre-set mem-
bership function (MF), and lastly, the approximation of output
value. In this case, the input and output values were repre-
sented by the targeted mass displacement range (y,,,) and My
as shown in Fig. 4(a) and 4(b), respectively.

The range of both values was determined based on the
results of mass displacement and M *in the previous PID-
AFCCA scheme which was set between 4.9 x 107 m t0 6.2 x
10~=%m and 0.02 kg to 0.06 kg, respectively. As shown in
Fig. 3(b), the mass displacement signal was taken as an input
range value to the FL block as in FL editor command panel
in Fig. 4(a) and the FL algorithm processed the values using
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Figure 4. FL editor command panel for (a) input range and (b) output range.

three type of MF, including triangular, trapezoidal, and gener-
alized bell shape functions. Then, the FL generated the most
optimum Mp; value based on the output estimated mass range
set in Fig. 4(b).

For the AFCILM scheme, there was an addition of initial
mass (IM) and learning parameters A and B to the Simulink
block diagram as shown in Fig. 3(c). The equation for the ILM
is presented as follows:

* . d
Mum** ' = Mun™ + (A + Bdt) Tey; (6)
where MILM*kJrl was the next step value of the M*, MILM*k

was the current step value of the IM, A, and B were propor-
tional and derivative parameters, respectively and T'ej, was the
current track error. The T'ej, can be further explained as fol-
lowing equation:

Tey (t) = ya (t) — yx () (7

where, Tey, was the difference between the desired output (y,)

and the current output (yx) of the system. With the MILM*kJrl

Table 2. Parameters of the tuned PID controller.

Controller parameter Coefficient value
Proportional gain (K)) 1.281 x 107
Integral gain (K7) 2.056 x 109
Derivative gain (K p) 1.842 x 103
Filter coefficient (V) 5.322 x 10°

Table 3. Mg, values generated from the FL controller using different MF.

MF My, kg
Triangular shape 0.04039
Trapezoidal shape 0.04029
Generalized bell shape 0.04042

in the system, the repeated response of the system was able
to supress the error to the best solution value. The error con-
verged as the iteration number increased.’? For the tuning of
ILM parameters, the IM was set at an optimum mass value
that was obtained from PID-AFCCA, previously. Similarly,
the learning parameters A and B were then tuned until the best
performance of the controller was obtained.

2.3. Performance Analysis of the Controllers

In this study, the step input signal analysis was conducted
to determine the best performance among the PID and hybrid
PID-AFC schemes. In this analysis, the values of targeted out-
put and step size were set at 5 x 1076 m and 0.01 s, respec-
tively. This step value was retrieved from a previous study,>
where the values corresponded to the maximum displacement
of the piezoelectric actuator. Other parameters such as the vi-
bration overshoot, rise time, and settling time of the system
with and without external disturbances were also investigated
and analysed to determine the best controller for the system.

3. RESULTS AND DISCUSSION

3.1. Passive System and AVC with PID
Scheme

The desired output response is mainly controlled by the
gains of the PID controller, as formulated in Eq. (8). Fig-
ure 5(a) shows the output response of the system before
(i.e. block response) and after (i.e. tuned response) the tun-
ing of the PID controller based on the set target output. The
result shows that the tuned response has less overshoot and a
better settling time. Tab. 2 highlights the values of Kp, K7,
Kp and the filter coefficient parameter (N) that were automat-
ically generated using the PID auto-tuning method provided in
the Simulink software. The PID auto-tuning method is used
here to target the balance output in terms of performance and
robustness which includes the closed-loop stability, rapid dis-
turbance suppression and the enough margin for the variation
of the system dynamics. The N is the coefficient that used
to implement the derivative action. The values obtained were
then implied in the PID controller of the AVC system.

Figure 5 shows the responses of the passive and AVC sys-
tem with a PID controller in the time domain. For the pas-
sive system, the internal disturbance is firstly introduced, as
stated before in Section 2.1. The first peak of the displace-
ment has the highest displacement value of 7.6 x 10~ m and
then attained steady state with an amplitude range in between
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Figure 5. Responses comparison for (a) PID tuning block and (b) passive and
AVC with PID controller.

+ 6 x 107° m until 0.05 s of time. In the case of applying
AVC with PID controller, the highest output displacement re-
duced to + 1 x 10~° m, which showed a significant vibration
reduction for the system.

N

1
UC(S): Kp—K[;+KDm (8)
S

3.2. AVC System with PID-AFCCA Scheme

For the PID-AFCCA system, the tuned PID controller in
Section 3.1 was added with the AFC algorithm using the esti-
mated mass, M*. The system output response was investigated
for different values of M, (i.e. 0.04 kg, 0.06 kg, 0.08 kg, 0.1
kg and 0.15 kg). An internal disturbance and step input with a
target value of 5 x 10~% m is introduced to the AVC system,
whereby, this value was taken from the previous study.*’

Figure 6(a) and (b) show the results of the output displace-
ment for different M, values for PID-AFCCA controller.
From the figures, it can be noticed that the best response is ob-
tained for M, value of 0.04 kg, whereby, the least overshoot
and shortest settling time is obtained compared to other Mg,
values. The trend also indicates that, with an increase in M,
values, the output displacement exhibits a larger overshoot and
begins to oscillate. Meanwhile, when the value of MZ, was
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Figure 6. (a) Overall and (b) close-up views of mass displacement for different
Mg, in PID-AFCCA controller.

reduced below than 0.04 kg, the overshoot became poor even
though the settling time was reduced. Thus, M, values that
are larger or lower than 0.04 kg tend to show an undesirable
output response and may not be applicable to the current sys-
tem. This finding is compatible with the results reported by
Mazlan et al.*?, wherein the optimized M* value was like the
dynamic mass value of the system (i.e. 0.04 kg) and the re-
sult gave the best response for the output displacement. There
are some case studies that obtained different M* values com-
pared to the dynamic mass values due the non-linearity of the
models.3!3?

3.3. AVC System with PID-AFCFL Scheme

In this section, the results of output displacement for the
PID-AFCFL controller using different types of membership
functions (MF) are presented. Tab. 3 shows the M} values
that are generated using different MF shapes of the FL scheme.
From the table, the generalized bell shape has the highest My
value of 0.04042 kg, followed by triangular and trapezoidal
shapes.

Figure 7 (a) and (b) show the results of output displace-
ment for three different types of MF for the PID-AFCFL con-
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Figure 7. (a) Overall and (b) close-up views of output mass displacement for
different MFs.

troller. From the figure, it can be observed that the trend for all
three MFs has a closely similar pattern of output displacement.
However, in the magnified view (Fig. 7 (b)), which provides
a detailed comparison, the trapezoidal shape presents the best
performance when compared to the triangular and generalized
bell shapes. The order of the displacement response is in coher-
ence with the generated Mp; values, in which the best perfor-
mance is noticed for My value close to 0.04 kg (trapezoidal
shape = 0.04029 kg). Thus, further analysis for the AFCFL
controller is performed using trapezoidal shape MF.

3.4. AVC System with PID-AFCILM Scheme

Iterative learning method (ILM) is made up of algorithms
with an initial value and learning parameters (i.e., A and B).
For example, at first, the initial value was taken as 0.04 kg,
which was the optimum M™ value obtained in the previous
analysis (Section 3.1). Then, the learning parameters A and B
are tuned with different values to determine the better output
response. In this study, both A and B values were set with the
same range of 0.1 to 1.0 with an interval of 0.1 in the presence
of internal disturbance and step input.
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Figure 8. (a) Overall and (b) close-up views of output displacement response
for different parameter values of A and B.

Figures 8 (a) and (b) shows the result of output displacement
for PID-AFCILM with an initial value of 0.04 kg and different
A and B values. From the figures, the discrepancy was ob-
served when the learning parameters A and B were set at 0.7
and 1.0, respectively. At this condition, the output displace-
ment becomes unstable, and increases tremendously, as shown
in the magnified view in Fig. 8 (b). At the peak region, the
output displacement response exhibited a distinct performance
compared to other values of parameters A and B, as shown in
Fig. 8 (b). The best learning parameter values for both A and
B are found at 0.6, wherein it shows an enhanced overall per-
formance in terms of overshoot, rise, and settling times. Below
0.6, the displacement curves exhibit a higher rise time and poor
overshoot. On the contrary, for values above 0.6, the displace-
ment curve had lower overshoot but longer settling time.

The AFCILM scheme is investigated for different learning
parameter values of A and B. Tab. 4 summarizes the result
of M, values for different A and B values. The M}, val-
ues in the table indicate that the learning parameter values be-
come unstable in response and deviate from the targeted signal,
which is more than -3000 kg for both the values of A (0.7) and
B (1.0). While for other parameters, the value is almost close
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Figure 9. (a) Overall and (b) close-up views of output displacement response
with parameter A = 0.6.

to 0.04 kg and had desired output displacement responses.

The parameter values of A and B are then manipulated to
study the effect of fixing one parameter at a constant value (A
or B) at 0.6. Figure 9 shows the output displacement response
for a fixed parameter value (A = 0.6) with a changing parame-
ter B, and for a reversal of the same phenomenon, is shown in
Fig. 10.

For a fixed value of parameter, A (Fig. 9), the output re-
sponse displacement has a similar trend as obtained previously
in Fig. 8 (parameters A and B are equal to 0.6), and this com-
bination is maintained for parameter B = 0.6. But a differ-
ent trend is observed when parameter B was fixed (Fig. 10),
wherein the output displacement showed differences for differ-
ent parameter values of A except for 0.2, 0.3, 0.5, 0.7, and 0.9.
The responses tend to deviate from the desired output and be-
come unstable, which highlights that parameter A determines
the stability of the system. In overall, the best performance of
AFCLIM is achieved when the estimated mass value M \;, pa-
rameters A and B are set at 0.04 kg, 0.6, and 0.6, respectively.
The values of A and B for the ILM controller are difficult to be
predicted since it is based on the mathematical model devel-
oped. Study by Kwek et al.?* show that the different values of

Table 4. M* values for different A and B values.

A and B values MI*LM, kg
0.1 0.0399
0.2 0.0400
0.3 0.0399
0.4 0.0400
0.5 0.0399
0.6 0.0400
0.7 -3019.9
0.8 0.0399
0.9 0.0399
1.0 -3016.8

Table 5. Combinations of different disturbances analysis.

Step input signal

Internal disturbance only
Internal + External disturbance A
Internal + External disturbance B
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Figure 10. (a) Overall and close-up views of output displacement response
with parameter B = 0.6.
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learning gain parameters were determined for the 5-link biped
robot.

3.5. Performance Analysis

In this section, all the controller systems were tested using
the step input signal and the combination of both internal and
external disturbances as summarized in Tab. 5.

Figure 11 (a) — (c) shows the output mass displacement of
the step input signal with internal disturbance. From the fig-
ures, it is observed that the step input signal was not affected by
the passive system since the vibration amplitude is larger than
the set step value itself. However, the AFC schemes show good
responses in achieving the target value of 5x 10~ m compared
to the passive and PID systems. From this study, AFCCA pro-
duced the best performance for the step input signal, followed
closely by AFCFL. The AFCILM somehow showed poor per-
formance among all the AFC schemes in terms of overshoot,
rise, and settling times.

The output displacement responses of all the systems added
with the external disturbance A are shown in Fig. 12 (a) —
(c). Like Fig. 11, the AFFCA shows the best performance,
followed by AFCFL and AFCILM schemes. Also, the output
response from the PID controller was subjected to the same os-
cillation along with the target step value of 5 x 1076 m in the
presence of external disturbance A. Thus, the latter controller
was found to be less effective for the current system.

Figure 13 (a) — (c) shows the output displacement response
of all the systems when the external disturbance A is replaced
with B. The figure shows that the passive and PID systems
were affected by the replacement of external disturbance B,
similar to that of findings reported by Hassan et al.*> Mean-
while, all the AFC schemes achieved the target value in coun-
tering the vibration and were capable of adapting the change
in the disturbance (i.e., disturbance A and B). On comparing
the AFC schemes, the AFCCA scheme shows a better perfor-
mance for the output response, followed by the AFCFL and the
AFCILM. For each of the disturbances that are introduced in
Fig. 11, 12 and 13, all the AFC schemes faced similar difficul-
ties to maintain the robustness of the controller by not affecting
the targeted output displacement. However, all the schemes
are effective even under the influence of various disturbances
and conditions. This is due to the addition of estimated distur-
bance force (F*) to the system with continuous feedback sens-
ing from the actuator force and mass acceleration, as shown in
the AFC block diagrams in Fig. 3.

Tab. 6 summarizes the comparison between all the AFC
schemes. From the table, the optimum M* values for the PID-
AFCCA, PID-AFCFL and PID-AFCILM are obtained at 0.04
kg, 0.0403 kg and 0.04 kg, respectively and these values pro-
duce the best AVC performance for the suspended handle ap-
plication. With the best M* value, the targeted displacement
peak values slightly differ for all the AFC schemes and the
PID-AFCCA has produced the lowest value at 5.5 x 1076 m.
This peak displacement of the PID-AFCCA is close enough
with the target displacement of 5 x 10~% m. For the overall per-
formances using the step input signal, the PID-AFCCA scheme
exhibited an upper hand over other schemes as it demonstrated
the best response with the lowest overshoot (i.e., 5.53 X 1079),
fastest rise time and shortest settling time for the AVC system.
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output displacement of step input with internal disturbance.
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Figure 13. (a) Overall, (b) first level and (c) second level close-up views of
output displacement of step input with internal and external disturbance B.
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Table 6. Comparison between AFC schemes.

Type of AFC schemes

Parameters
PID-AFCCA |PID-AFCFL |PID-AFCILM

Optimum estimated mass|0.04 0.0403 0.04
value M*, kg
Displacement peak value|5.50 5.53 6.00
during tuning of controller,
10~ m
Step input with disturbances |5.53 5.54 6.33
A&B,107%m

As a future recommendation, the piezoelectric actuator nonlin-
earity such as force saturation can be adapted to the model to
reflect an actual power tool application.

4. CONCLUSIONS

In this study, the attenuation of vibrations for the suspended
handle model generated from power tools using different AFC
intelligent tuning methods (i.e., CA, FL and ILM) were in-
vestigated. Two types of disturbances (i.e. internal and exter-
nal) are introduced to the system. The estimated disturbance
force from the AFC scheme is used to counter the disturbances
and challenged the robustness of the AVC system. Based on
the results, it can be seen that the passive and AVC with PID
controller systems are affected by the external disturbances
that been introduced to the system. Meanwhile, all the AFC
schemes prove to be effective even under the influence of var-
ious disturbances and conditions, which prove the robustness
of the controller. For the overall performances using the step
input signal, the AFCCA scheme exhibits an upper hand over
the other schemes as it demonstrates the best response with the
lowest overshoot, fastest rise and settling times for AVC sys-
tem.
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