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In recent years, machine tools' central focus has been achieving precise positioning,
robust monitoring, low-cost manufacturing, and adaptability to disturbances. These
paradigm changes have ushered in new complications for machining tool control.
Owing to this reason, a simple but adaptive, robust control is proposed. This research
presents a modified advanced technique to compensate for cutting force disturbances
on an XY table machine tool (plant) using the base Adaptive Interaction Algorithm
(AlA). The newly developed Nonlinear-AlA (NAIA) controller is created by adding a
modified nonlinear function to the base AIA controller. A mathematical model of the
plant is identified using the system identification’s frequency response function and
based on the model, the NAIA is designed. The controller is developed and simulated
using MATLAB/Simulink, and experimentally validated using an actual plant. The
tracking performance of the machine tool increased with NAIA, which was compared
with the classical PID and the Cascading-Proportional Interaction Algorithm (CasPAi).
The results indicate that the newly suggested NAIA control strategy achieved up to
60.2% improvement over PID (for the trajectory movement frequency of 0.6 Hz, (f=0.6
Hz) and 53.55% improvement over at f=0.2 Hz. In addition, results showed that the
NAIA improves 86.29% of the root mean square error (RMSE) for f=0.6 Hz over PID and
78.68% improvement over CasPAi.
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1. Introduction

Machine tools have been widely employed in a variety of industries including production
processes [1,2]. The tracking performance of a machine tool's drive system is one component that
influences its accuracy and precision [3]. Accurate and precise tracking and positioning are essential
components of any machining operation as well as in crane application to name a few [4]. Positioning
accuracy refers to the precision of point-to-point (PTP) applications, whereas tracking accuracy refers
to the system's ability to follow a certain trajectory [5,6]. Both components have a significant impact
on the results, and improving these two components will result in a higher-quality end product that
will satisfy customers.

The XY table is the basic structure of a computer numerical control (CNC) machine that provides
the platform for the movement of the workpiece or tool in the X and Y directions [7]. The XY table
provides precision-controlled automated movement, which is commonly required for industrial
procedures such as drilling, milling and many more. Positioning system tracking accuracy is gaining
popularity as the demand for error minimization in the machining and assembly sectors [8].

The tracking performance of a machine tool's drive system is one component that influences its
accuracy and precision. Good tracking and positioning precision in machine tool controller design
approaches are among the performance characteristics that are constantly studied. Several
elements, including the plant's mechanical structure, might contribute to poor system tracking
performance.

Various advanced control algorithms, such as PID, CasPAi and NAIA controllers, have been
evaluated for high tracking accuracy and precision [9,10]. These controllers aim to ensure stable
dynamic responses with minimal overshot and oscillations, with a focus on adaptive capabilities to
handle load and friction variations [11]. The studies also discuss the computational complexity and
practical implementation of these controllers, highlighting the importance of efficient and effective
control strategies in achieving precise positioning in XY table systems [12].

The most critical feature of a driving system is to track performance measurements. Mechanical
structure, mass variations and disturbance forces all have an impact on performance [13-15]. Friction
and cutting forces are the two most common kinds of disturbance forces in machine tools. These are
the most well-known disruptions that may influence the tracking performance of a machine tool
[16,17].

As a result, the disturbance force generated during the cutting operation will impair the machine
tool systems' position and tracking accuracy. The presence of high-frequency components causes
needless extra vibration and reactivity. This may result in poor precision and influence the surface
finish quality. Furthermore, mass variations may impair system performance. In certain
circumstances, the mass is just a small piece of the worktable and is frequently ignored [18]. One of
the methods to overcome the above problems is adaptive control. Practically, this type of controller
is used to adapt to the changes occurring in the system. It provides automatic tuning to the controller
parameters that make the controller more flexible [19,20]. Fu et al., [21] claimed that the proposed
techniques perform better than the conventional PID controller. Besides that, a new modified
nonlinear function is added to the fundamental Adaptive Interaction Algorithm (AlA), resulting in a
new design known as the NAIA controller, which can correct for cutting force disruption [22]. This
compensatory approach is extremely practical and straightforward to apply to machine tool
technology. The NAIA algorithm aims to explore unknown environments in a sample-efficient manner
by maximizing the information of the next step. In this work, a new technique and contribution to
compensating cutting force disturbances using the NAIA is proposed. Then, the simulation and
experimental result for the controllers PID, CasPAi and NAIA is compared.

75



Journal of Advanced Research Design Penerblit

Volume 141 Issue 1 (2026) 74-89 Akademia Baru

2. Methodology
2.1 Experimental Setup

For the XY Table Ball-Screw drive system by Googol Tech is utilized in the experimental work. The
plant is shown in Figure 1(a). The XY milling table contains three axes: X, Y and Z. These axes are
driven by three Panasonic MSMD 022G1U A.C servo motors. Only the X axis is considered to define
the structure and process of designing the controller in this study. The Y and Z-axis are not considered
because it is beyond the scope of the research. The components of the XY table are depicted in Figure
1(b).

The x-axis is determined as the horizontal movement. The characteristics of XY milling table are,
firstly, the dimension is 630 mm (length) x 470 mm (width) x 815 mm (height), the mass of the X axis
is 36.8 kg and the maximum effective travel distance of the table is 300 mm. On the other hand, for
positioning measurement, both the X and Y axes are furnished with an incremental encoder. In the
other hand, the sliding rod mechanism are guided and assisted by the motor and ball screw. It also
shows that the three limit switches are installed in the vicinity of the three axes for safety concerns.
This is to inhibit collisions at the end of the table’s movement path.

The configuration of the system that consists of the personal computer (PC) is installed with
MATLAB / Simulink and Control Desk for man-machine interfacing (MMI). The MMI provides the
platform to insert inputs and observe and capture the real-time outputs for both numerical and
experimental data via the graphical user interface (GUI). Besides the actuating plant that used the XY
milling table, the data acquisition box (DAQ) used is dSPACE DS 1104 Digital Signal Processing (DSP)
in this system. Then, the amplifier is used to amplify or reduce the signal from the PC to the drive
system or drive system to the PC accordingly.

-

y-axis |- Limit
switch

(a) (b)
Fig. 1. (a) XY milling table, (b) The basic configuration of the experimental setup

Encoder

3. Controller Design
3.1 Experimental Setup

AlA is integrated within PID controllers by constructing on theoretical interaction concept. This

theory develops a more practical and pragmatic approach to achieve gradient descent in
consideration space [23]. The tuning algorithm is relatively simple since it does not require complex
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tuning processes. The parameters are tuned in such a way to produce minimum position error of the
system. The algorithm is also generally appropriate to linear and nonlinear devices due to its
simplicity.

The controller is designed based on the advanced concept of adaptive interaction. By using this
principle, the control system is divided into four subsystems, which include plants, proportional,
integral, and derivative controls. PID control parameters, proportional gain, Kp, integral gain, Ki and
derivative gain, Kd are related to these four subsystems. The AIA controller is developed through
adaptive interaction concept in which the tuned parameters of Kp, Ki and Kd are needed.

3.2 Nonlinear Adaptive Interaction Algorithm (NAIA)

NAIA controller is an extension of the AIA where a nonlinear gain function is added in series with
AIA controller. Figure 2 describes the control configuration of a NAIA controller and it follows with
the configuration of the nonlinear function. It is known as NPID controller, is recognized by a sector
bounded with nonlinear gain, K., that the PID controller is in series with. The self-tuned gain
modification, Ke behaves as a nonlinear function bounded by 0 < Ke < K (emax) with position tracking
error, ep(t) as shown in Egs. (1) and (2). KO is the difference of the nonlinear gain, and emax is the
highest error value. The output of this nonlinear function is identified as scaled error, [, and is defined
in Egs. (3) and (4). Eq. (5) shows the general equation of the NAIA controller [24]. On the other hand,
the open loop transfer function is formed by combining Eqgs. (4) and (5) as shown in Eq. (6).

NV rL
ol o ey Ll
Reference o 1 F!'l
pOSiﬁOﬂ,qu'+ . i
(4 ¥ ot
.{) ‘B 5! - position, Z
z s—l X F G(S) >
! +
o+ 1
s y i
Fig. 2. Control structure of a nonlinear AIA (NAIA)
Nonlinear gain, K, = 2 — (eXp (KO.¢) J;eXp(_KO'e)) (1)
€ |e| S emax}
Error, e = { . 2
M9 = {epqusign(e) lel > emax @
Scaled error, I, = K, K,n = 1,2,3 (3)
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K(emax) = [ ! (4)

Gopenloop (](‘))]

. 2el l
NAIA transfer function, Gy ;4 = K. Kp1 [(Kple) %] + KK, [(Kile)z 5—3] +

el (5)
KoKy |(Kue)? <]

Where,

function fe = fcn (e)

KO=0.4

emax=1.8;

if abs (e) <=emax,

e =e;

else

e=(max| *sign(e);

end

Ke = 2-((exp|exp([-KO)*e)[)/2

Fe=Ke*e

NAIA controller involves six tuning parameters, namely Kpai, Kiai, Kdai, Ko, €max and Kp. The step-
by-step procedure to acquire these parameters is illustrated in Figure 3. Three parameters Kp, Ki and
K4 come from the AIA control transfer function and the remaining two parameters (KO and emax) are
from the nonlinear function, N. The first step is to design the AIA controller. On the side note, the
method to adjust the AIA controller parameters. The second step involves tuning of Ko and emax.
Recall that KO is the amount of difference for the nonlinear gain while emaxis the maximum value of
error. Ko and emax are regulated using a heuristic (trial and error) method based on Popov's stability
criterion. Procedures for the application of the Popov Stability Criterion were discussed [25]. Firstly,
the maximum value of K. is set, where the value of KO and emax is limited. The Gopentoop (jw) in Eq. (7)
is the real part of the intercepting point in Popov plot. The imaginary component of Eq. (8) needs to
be multiplied with w for Popov plot.

The real and imaginary apparatuses of the transfer function are derived as:

G _ A(Kgs*+ KKpS+K;) 6
openloop — s(s2+Bs+C) ©

A[( BKqKp)W?+CKp—BKj]

B2w?+(c-w?)?

(7)

Re Gopenloop gw) =

_ A[(Kqw*+ (B Kp—CKq—K;)+ K;)w?+CK;]
W-ImGopenloop = BZw2+(c—w?)? (8)

Where, A= 23wn, B= wn2 and C= wn2k., Symbol of zeta, 3 = damping ratio, wn = natural frequency
and k = open loop gain of the system.

The value of w is equivalent to 16.3711. The value is obtained based on the stability region of the
system. Similar gain values for linear NAIA controller as tabulated in Table 1. A Popov line indicates
the tangent which is added onto the graph. Thus, the tangential line intercepted with the existing
graph at point (-Re, jO).

78



Journal of Advanced Research Design
Volume 141 Issue 1 (2026) 74-89

The crossing point is identified at (-0.2603, 0) for the x-axis. The maximum value of Ke, or K(emax)
is calculated by applying Eq. (4). The K(emax) is determined as 3.8387. Meanwhile, K and emaxare 0.4
and 1.8mm respectively. The value is tuned based on the fact to obtain minimum possible error as
well as preserving the stability region of the system.

Tunes the parameter Kpa, K; and Ky

L 3
Observe the closed loop system required

maximum peak sensitivity less or equal to 6dB
L 3
Examine the Popov plot to check stability

E 3
Find the crossing point Popov plot

b 2
Calculate Kemax

-

Tune KO and emax and calculate Ke

Fig. 3. Flowchart of the procedure to obtain parameter of NAIA controller

Generally, the value of emax is selected first, followed by the value of KO [26]. The selection of KO
and emax are opted based on highest allowable value of nonlinear gain, K. which depends on the range
of stability. In addition, these parameters are chosen to obtain the minimum of Maximum Tracking
Error. In the case of the fixed gain value of an NAIA controller, the Nyquist plot could be used for
stability analysis. The non-linear gain, the K. continues to change the NAIA controller thus causing
the Nyquist plot to be no longer valid. Therefore, Popov stability criterion or Lyapunov stability
criterion should be employed for the purpose. Theoretically, a system is stable if the Popov plot, P
duplicates to the right of the tangential mark as shown in Figure 4(a).

Here, the system is stable because the relevant conditions are satisfied. Figure 4(b) shows the
relationship between nonlinear gains with different errors, e. The figure clearly indicates that Ke is
multiplying the error. As the error value increases, the value of the nonlinear gain increases
exponentially in Ke. In addition, the controller behaves like a normal PID controller when the
nonlinear error equals one (Ke=1). This means that the nonlinear function works according to the
error values.

Table 1

Value of tuned NAIA parameter, KO and emax
K(emax) KO €max

3.8387 0.4 1.8 mm
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Imaginary Axis,Im

Non-linear Gain, Ke

(a) Graph Popov Plot of NPID Control

0.95

=
=)

0.85

e
to

0.75

Error, ¢ [mm]

(b) Graph of Nonlinear Gain, Ke vs. Error, e
Fig. 4. (a) Popov plot of the NPID controlled system. (Rahmat, 2012), (b) Graph of nonlinear gain, Ke
against error, e

Referring to Table 2, the PID controller is a linear controller widely used in industry due to
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simple structure and high practicality for implementation. It consists of proportional gain, Kp, integral
gain, K, and derivative gain, Kp, which is illustrated in Table 2. However, since it is not an adaptive
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controller, it cannot compensate for different disturbances. On the other hand, a CasPAl controller
is a linear controller developed by combining two modules, namely a proportional P controller with
an AlA. Last, a Nonlinear AIA controller is an adaptive controller that can compensate for different
disturbances. As a result, the NAIA controller outperformed the other two controllers due to its
superior features in compensating for different types of disturbances.

Table 2
Key features of the controllers in comparison
PID CasPAI NAIA
Schematic Sidan e o | | (LR
diagram L o = 1 ., ¥ B B -
L .:_d%ﬂ LIS AL B ke — o D P S
Features e Consists of Kp, Ki,and Kp value e Combination of cascade-P e Nonlinear

e Simple and easy to tune
e Linear controller
Not adaptive (does not

with AlA controller
e Ability to individually tune
the velocity and position

e Comparatively easy to
tune than CasPAlI
e Adaptive controller

manage to cater to different loop. (ability to cater to
disturbances) e Linear controller different disturbances)
RMSE 0.0553 0.0424 0.0321
(at 2500
rpm)
4. Results

4.1 Nonlinear Adaptive Interaction Algorithm (NAIA)

The control performance of the NAIA controller is analysed via MATLAB/ Simulink software. The
control scheme of the NAIA controller is shown in Figure 5. Zref is the input reference position in the
form of a sinusoidal signal with an amplitude 15 mm. Similar to previous exercises, two tracking
frequencies are selected, namely 0.2 Hz and 0.6 Hz. The same configuration setup is implemented
for the case of NAIA controller for cutting force disturbance. The position tracking errors, ep of the
x-axis is recorded and presented in Figure 6, Figure 7 and Table 3.

1500 rpm >0
2500 rpm ——0
P
3500 rpm |p—>o
p
0.4
K
{
e
Reference
position, Zry T € N
» N AlIA n \ o
= Nonlinear
function

G(s)

Output
position, Z

Fig. 5. System with NAIA controller
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[Sec] [Seci [Seq
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Fig. 6. Result of tracking error with NAIA controller at f= 0.2Hz
1500 rpm 2500 rpm 3500 rpm
?
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'g 00s
-y o
B
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Fig. 7. Result of tracking error with NAIA controller at f = 0.6Hz
Table 3

Maximum tracking error of system with NAIA

Spindle Max Tracking Error [mm)] Percentage Error (%)

Speed [rpm] [Track. Error / Amplitude] *100%
0.2 Hz 0.6 Hz 0.2 Hz 0.6 Hz

1500 rpm 0.1260 0.1505 0.8400 1.0033

2500 rpm 0.1240 0.1280 0.8267 0.8533

3500 rpm 0.1230 0.1030 0.8200 0.6867




Journal of Advanced Research Design Penerblit

Volume 141 Issue 1 (2026) 74-89 Akademia Baru

At frequency of 0.2 Hz, the maximum tracking error of the NAIA controller produces values of
0.1230 mm (at 3500 rpm), 0.1240 mm (at 2500 rpm) and 0.1260 mm (at 1500 rpm). In terms of
percentage errors, the values are converted as 0.8200% (at 3500 rpm), 0.8267% (at 2500 rpm) and
0.84% (at 1500 rpm), respectively. Meanwhile, at frequency of 0.6 Hz, the maximum tracking error is
0.1030 mm (at 3500 rpm), 0.1280 mm (at 2500 rpm) and 0.1505 mm (at 1500 rpm) with percentage
errors of 0.6867% (at 3500 rpm), 0.8533% (at 2500 rpm) and 1.0033% (at 1500 rpm) respectively.

Based on observation, it is found that the faster the spindle speed rpm is, the lower the maximum
tracking errors that were produced. This shows that NAIA controller is more predictable from the
previous controller which is PID and CasPAi. In addition, it is also observed that the error at higher
frequency (0.6 Hz) compared to at 0.2 Hz (for the case of spindle speed = 3500 rpm is lower which is
oppose trend to the previous result. The reason is due to the nonlinear behaviour of the disturbance
cutting force itself.

4.2 Experimental Results

The PID controller was analysed using the experimental setup as shown in Figure 8. The
percentage error is applied to the experimental analysis as per simulation. The highest percentage of
error occurred at spindle speed of 1500 rpm which was 1.533% and 0.6366% for f = 0.6 Hzand f = 0.2
Hz respectively. The highest percentage error recorded for PID controller was 1.533%. The reason on
why the error is maximum at 1500 rpm is due to the fact that at the spindle speed of 1500rpm, the
contact point between the cutting tool with the workpiece is greater compared to at 2500rpm and
3500 rpm, thus this condition will lead to generate more errors due to the factor of larger disturbance
force acted at the point of contact [27].

Computer DAC / ADC Amplifier Plant / System

Fig. 8. Flow diagram of the experimental setup

4.3 Corresponding Trend of Tracking Error between Controllers

Table 4 shows the percentage error reduction between controller PID, CasPAi, and NAIA. It can
be concluded that the minimum improvement achieved by NAIA is 20.71% (NAIA with PID, spindle
speed = 1500 rpm, f = 0.2 Hz), and the maximum improvement achieved by NAIA is 60.20% (NAIA
with PID, spindle speed = 3500 rpm, f = 0.6 Hz). The detailed results are, for the case of (spindle
speed=1500 rpm, f = 0.2 Hz), it is observed that the percentage error reduction between CasPAi and
PID is equivalent to -16.16%, while NAIA to PID is 20.10%. NAIA compared to CasPAi is equivalent to
31.74%. For the case of (spindle speed=1500 rpm, f= 0.6 Hz), the percentage error reduction between
CasPAi and PID is equivalent to 23.08%, while NAIA to PID is 40.63%. NAIA compared to CasPAi is
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equivalent to 22.82%. Next, for the configuration of (spindle speed=2500 rpm, f = 0.2 Hz), it is
recorded that the percentage error reduction between CasPAi and PID is equivalent to -64.15%,
whereas NAIA to PID is 23.76%. NAIA compared to CasPAi is equivalent to 53.55%. For the case of
(spindle speed=2500 rpm, f = 0.6 Hz), the percentage error reduction between CasPAi and PID is
equivalent to 23.54%, while NAIA to PID is 51.96%. NAIA compared to CasPAi is equivalent to 37.17%.
Meanwhile, for the setup of (spindle speed=3500 rpm, f = 0.2 Hz), it is examined that the percentage
error reduction between CasPAi and PID equals -12.09%, whereas NAIA with PID is 24.73%. NAIA
compared with CasPAi equals to 32.84%. For the setup of (spindle speed=3500 rpm, f = 0.6 Hz), the
percentage error reduction between CasPAi and PID equals to 24.95%, while NAIA with PID is 60.20%.
NAIA compared with CasPAi is equivalent to 46.97%. Figure 9 shows the percentage error reduction
in a graphical form.

Table 4
Percentage of simulation error reduction between controllers
Frequency Amplitude of Tracking Error (mm) Error Reduction (%)
[controliz:ltlro;::tlroller 2 X 100%]
PID CasPAi NAIA CasPAi with NAIA with NAIA with
PID PID CasPAi
Spindle Speed (1500 rpm)
0.2 Hz 0.099 0.115 0.0785 -16.16 20.71 31.74
0.6 Hz 0.2535 0.195 0.1505 23.08 40.63 22.82
Spindle Speed (2500 rpm)
0.2 Hz 0.0926 0.1520 0.0706 -64.15 23.76 53.55
0.6 Hz 0.2498 0.191 0.1200 23.54 51.96 37.17
Spindle Speed (3500 rpm)
0.2 Hz 0.091 0.102 0.0685 -12.09 24.73 32.84
0.6 Hz 0.2465 0.185 0.0981 24.95 60.20 46.97
Amplitude tracking error between PID, CasPAi and Amplitude Tracking Error between PID, CasPAi
NAIAat0.2 Hz and NAIA at 0.6 Hz
02 03
g 0.15 I——] 'g - ‘[_[ [ | (—
S R T
Sl i i = A i
AN NAR AR . i
1500 2500 3500 3500 2500 500
EPID mCasPAi mNAIA mPID mCasPAi mNAIA

(a) (b)

Fig. 9. Simulation result performance analysis based on frequency at spindle speed:(a) 0.2 Hz (b) 0.6 Hz
4.4 Corresponding Trend of RMSE between Controllers

The definition of Root Mean Square Error (RMSE) is the square root of the average of the square
of all errors. It is also commonly identified as the quadratic mean, which is a measurement of the
magnitude difference between the current and desired point at various parameters. This method is
applied in practice to solve a problem for a sinusoidal based input signal [28,29]. RMSE provides a
more accurate representation of the controller tracking performance compared to normal maximum
tracking error. The RMSE value will change iteratively until a point of difference is achieved at each
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and every point in the tracking error. The function presented in Eq. (9) is the RMSE applied in
MATLAB. The RMSE unit is in millimetre (mm). Table 5 and Figure 10 summarises the RMSE values of
the measured tracking errors for the x-axis at 0.2 Hz.

RMSE = ,/(mean_Error)? (9)
Table 5
RMSE comparison of PID, CasPAi and NAIA at f=0.2 Hz
Spindle Speed Root Mean Square Error (mm) Error Reduction (%)
[rpm] PID CasPAi NAIA CasPAi with NAIA with NAIA with
PID PID CasPAi
1500 rpm 0.0553 0.0518 0.0415 6.33 24.95 19.88
2500 rpm 0.0553 0.0424 0.0321 23.33 24.29 41.95
3500 rpm 0.0551 0.0427 0.0324 22.50 41.20 24.12

Table 6 indicates, in all three spindle speeds at f = 0.2 Hz, NAIA controller produces the least
RMSE. Figure 10 shows the RMSE performance based on the data tabulated. It is observed that for
PID controller, the RMSE does not change much throughout the three-spindle speed. CasPAi observes
a slight reduction in RMSE when the spindle speed increases. For NAIA, the RMSE results also shows
the trend of reduction when the spindle speed is increased.

RMS Error at Frequency 0.2Hz

PID

CasPAi MNAIA

0.06

o
)
n

e
=
=

RMS error (mm)
o o
] ]
%] L

o
]
fard

[

@1500 W2500 @ 3500

Fig. 10. RMSE values for different controllers and cutting forces at f =0.2 Hz

The results showed that at 0.2 Hz, NAIA controller generated the least RMSE values when
subjected to the three different cutting forces. The highest RMSE value was recorded for the PID
controller, as expected. This value was recorded at cutting forces measured at 1500 rpm. The
research by Chiew et al., [30] particularly highlights performance differences at varying RPMs,
including 1500 rpm, and supports the conclusion that NAIA achieves lower RMSE values. Table 5 also
contains data on percentage error reduction. The formula is stated in the following Eq. (10).

RMSE controller B—RMSE controller A
RMSE controller A

Error Reduction (%) = [ X 100%] (10)
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A percentage error reduction is the difference in error between two controllers expressed as a
percentage difference in error. The percentage error reduction between CasPAi versus PID at 0.2 Hz
is 6.33%, 23.33% and 22.5% for cutting forces at spindle speeds of 1500 rpm, 2500 rpm and 3500 rpm
respectively. Next, the percentage error reduction between NAIA and PID were 24.95%, 41.95% and
41.2% for cutting forces at spindle speeds of 1500 rpm, 2500 rpm and 3500 rpm respectively. Finally,
the percentage error reduction between NAIA and CAsPAi were 19.88%, 24.29% and 24.12%
respectively. Table 6 and Figure 11 summarizes the RMSE values of measured tracking errors for the
x-axis at 0.6 Hz.

Table 6
X-axis RMSE values for different controllers and cutting forces at f = 0.6 Hz
Frequency Root Mean Square Error (mm) Error Reduction (%)

PID CasPAi NAIA CasPAi with NAIA with NAIA with

PID PID CasPAi

1500 rpm 0.1648 0.1081 0.0941 34.41 42.90 12.95
2500 rpm 0.1648 0.0797 0.0870 47.21 47.21 9.16
3500 rpm 0.1648 0.106 0.0226 35.68 86.29 78.68

Overall, when various cutting forces were applied, the NAIA controller produced the lowest RMSE
values at 0.6Hz, except at 2500 rpm, where CasPAi produces a marginally lower RMSE. On the other
hand, it can be concluded that the highest RMSE value was recorded for the PID controller. The value
of percentage error reduction between CasPAi and PID were 34.41%, 47.21% and 35.68% for cutting
forces at spindle speed of 1500 rpm. 2500 rpm, and 3500 rpm respectively. Meanwhile, the value of
percentage error reduction between NAIA and PID were 42.90%, 47.21% and 86.29% for cutting
forces at spindle speed of 1500 rpm. 2500 rpm, and 3500 rpm respectively. Finally, the value
percentage error reduction between NAIA and CasPAi were 12.95%, 9.16% and 78.68% for cutting
forces at spindle speed of 1500 rpm. 2500 rpm, and 3500 rpm respectively.

RMS Error at Frequency 0.6Hz
0.18
0.16
0.14
0.12

0.1

0.08

RMS Error

0.06
0.04

0.02

1500 2500 3500

HMPID HECasPAI HNAIA

Fig. 11. RMSE values for different controllers and cutting force at f = 0.6 Hz
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4.5 Corresponding Trend of Tracking Error at Different Spindle Speed

Next, it goes to corresponding trend of tracking error at different Spindle speed. Table 7 and
Figure 12 shows spindle speed comparison of PID, CasPAi and NAIA at f = 0.2 Hz. At all frequencies of
1500 rpm, 2500 rpm and 3500 rpm, it shows that the NAIA has the lowest tracking error compared
to PID and CasPAIl with the value of 0.0785, 0.0706 and 0.0685, respectively.

Table 7
Tracking error of spindle speed comparison of PID, CasPAi and NAIA at f =0.2 Hz
Spindle Speed [rpm] Spindle Speed
PID CasPAi NAIA
1500 rpm 0.099 0.115 0.0785
2500 rpm 0.0926 0.152 0.0706
3500 rpm 0.091 0.102 0.0685
Tracking Errors of PID, CASPAI and NAIA at Different Spindle Speed of 1500, 2500 and 3500
rpm

016
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012
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0.02

1 2 3

[1=PID, 2 = CASPAI, 3 = NAIA]

Fig. 12. RMSE values for different controllers and cutting force at f=0.2 Hz
5. Conclusions

The simulation and experimental result for the controllers PID, CasPAi, and NAIA are developed.
These controllers were evaluated based on two performance measures namely maximum tracking
error and RMSE. The tracking error results achieved via experimental work produced slightly higher
maximum tracking error compared to simulation work which can be attributed from the external
factors. The overall result of simulation and experimental shows that the NAIA controller produces a
better tracking performance with smallest maximum tracking error. At 1500 rpm, NAIA produced the
lowest RMSE values, while the highest RMSE was observed with the PID controller. The experimental
results confirmed that NAIA outperformed the other controllers by providing up to 60.2%
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improvement over PID and 53.55% over CasPAi in tracking accuracy. The RMSE error from NAIA is
the lowest, followed by CasPAi and PID controller. It is due to the effectiveness of adaptively Kemax
and KO of the NAIA controller structure design on tracking error, thus resulting an improvement of
tracking performance of the system under the presence of cutting force disturbance.
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