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ABSTRACT: Accuracy and precision are the area of interest in machine 
tools application. It is evaluated via the measurement of tracking 
performance of the controllers. This study presents a Fast Fourier Transform 
(FFT) technique that used to evaluate the tracking performance of two 
controllers, namely NPID Triple Hyperbolic controller and NPID Double 
Hyperbolic controller for XY Table Ball-screw driven system. The cutting 
force characteristics are observed by using a FFT technique. Peak amplitude 
of FFT error on harmonic frequency was observed as a cutting force 
occurrence on the control system. Two cutting force disturbances that are 
generated from spindle speed of 1500 rpm and 2500 rpm at frequency of 0.2 
Hz of speed of motor were used as a configuration set up to compare the 
tracking performance between the two controllers. The average error 
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reduction of FFT error at cutting force of 1500 rpm between NPID Double 
Hyperbolic and NPID Triple Hyperbolic was 25.12%. This average error 
reduction result showed that the NPID Double Hyperbolic controller 
produced better tracking performance compared to the other controller. For 
future work, it is recommended to explore the superiority features offered in 
artificial intelligence tool box for better judgment in tuning control 
parameters. 

KEYWORDS: Cutting Force Disturbance; Fast Fourier Transform (FFT) Error; 
Machine Tools; Nonlinear PID (NPID) 

1.0 INTRODUCTION 

Accuracy and precision of positioning system are widely uttered by 
many researchers in the area of machine tools technology, especially 
in CNC machine [1-2]. There are quite a number of controllers were 
introduced by researchers in the area of machine tools technology 
especially for the purpose of improvement in tracking performance of 
machine tools. Recently, control system was designed by [3-4] in order 
to control the machine with the existence of different cutting force 
disturbances. Various controllers with an observer was designed by 
researcher [4-7] to name a few. PID in combination with disturbance 
force observer (DFO) produced better cutting force compensation 
based on Fast Fourier Transform (FFT) error technique compared to 
conventional PID, cascade P/PI and PID with inverse model based 
disturbance observer as recorded by [5]. In [8], an active magnetic 
bearing (AMB) technique, fuzzy logic algorithm and an adaptive self-
tuning feedback loop were designed in order to adjust the spindle 
parameter and counterbalance the cutting force during milling 
process. On the other hand, friction compensation was also discussed 
by [9-10]. A PD controller and friction compensation were designed 
with a load estimator by [10] that produced a better positioning 
accuracy.  

Pole-placement control was designed by [11] to attain good damping 
vibration with high bandwidth disturbance rejection of a ball-screw 
drive system. The control system was designed as a feedback loop. In 
addition, a feed-forward control was added to improve the command 
tracking. The result showed that the pole placement produced a 
superior disturbance rejection in the low frequency between 0 and 18 
Hz compared to the P-PI controller. In [12], a feed-forward controller 
combining with PI controller was designed for novel XY piezo-
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actuated flexure-based mechanism positioning stage. The stability of 
the closed loop system was confirmed with Lyapunov function. This 
design produced a better tracking error compared to standalone feed-
forward controller and open-loop controller. Moreover, a multilayer 
neural network was designed to compensate the geometrical error of 
the XY table machine as claimed by [13]. This network was designed 
in cascade form with PID controller.  

Besides, a nonlinear controller was widely designed in order to 
improve a linear controller’s effectiveness for a certain system. Three 
types of nonlinear function, namely sigmoidal, hyperbolic and 
piecewise-linear function were introduced by [14] in order to produce 
a zero steady-state error, low overshoot and rapid rise time. In [15], a 
nonlinear PID controller based on hyper-stability criteria was 
designed. In [16], the researcher proposed a nonlinear PD controller in 
order to obtain smaller settling time without increasing the 
proportional gain for servomechanism. A pair of sigmoid was used in 
this study. On the other hand, a modification of PID controller, in 
which a function was able to compress and expand the error signal 
was designed for electromechanical actuator system by [17]. The 
simulation and experimental result showed that the modification PID 
controller has a better transient response compared to PID controller. 
In [18], a new immune nonlinear PID controller was designed for 
material-level control of the heat milling system. A Popov plot was 
used to obtain a maximum allowable nonlinear gain. Rahmat et al. 
[19] presented a nonlinear PID controller for pneumatic application in 
order to obtain a robust performance with high weight of load. In [20], 
a nonlinear function was designed by using a Gaussian curve with an 
equation. The simulation result showed that the nonlinear PI 
controller produced a better performance compared to PI controller. 
Furthermore, [21] had introduced a controller named as NPID Triple 
Hyperbolic controller. The controller managed to provide good 
tracking performance. However, the disadvantages of NPID Triple 
Hyperbolic controller are it produces significant amount of noise. 
Owing to this reason, the author proposes new control strategy named 
as NPID Double Hyperbolic controller to address this issue. 

In previous work, the usage of hyperbolic function for controller 
design is mainly in the area of hard disk drive system. In this paper, 
an improvement has been performed. To the best of author’s 
knowledge, there is none of the researchers have utilized the 
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hyperbolic function in the area of machine tools technology.  The 
uniqueness of this new approach lies on the introduction of new 
control strategy named as NPID double hyperbolic. It consists of 
modification of hyperbolic function named as double hyperbolic 
function in which a reciprocal hyperbolic function is developed in 
order to design a nonlinear function for integral gain. The detail of 
this function was described from previous work by [21].  

       2.0   METHODOLOGY 

2.1 Experiment Setup 

The experimental setup consists of four main components comprises 
of personal computer, Digital and Analog converter (DAC/ADC) 
board, amplifier board and XY Table Ball-screw driven system. The 
personal computer is equipped with MATLAB/Simulink and dSPACE 
software in order to establish connection between computer and XY 
table. The digital signal from computer is converted to analog by 
using DAC/ADC board to the actuator, and vice versa. The amplifier 
is used to amplify an input signal by a factor of 10 to the actuator of 
the machine. In addition, an encoder with a resolution of 
0.0005mm/pulse is attached on the servo motor of XY Table Ball-screw 
driven system. Meanwhile, encoder is utilized to measure the 
positioning of either x or y axis movement of the machine. The detail 
of experimental setup was discussed in previous work [21]. 

2.2 Cutting Force Analysis 

The cutting force characteristics can be observed via Fast Fourier 
Transform (FFT) by obtaining the harmonics frequency [4]. In this 
study, two spindle speeds of cutting process of 1500 rpm and 2500 
rpm are selected. The peak of amplitude of cutting force that is 
generated from those two spindle speeds are marked by a red dash 
circle as shown in Figure 1. The detail of peak of amplitude of cutting 
force can be seen in Table 1. It shows that maximum force of 0.1167 N 
is occurred at frequency of 52 Hz for the case of 1500 rpm and 
maximum force of 0.1301 N is occurred at frequency of 78 Hz for the 
case of 2500 rpm. The disturbances occurred at harmonic frequency 
were also discussed for other application as documented by [9-10].  
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These frequencies are used to discuss the capability of the controllers 
in controlling the system via the approach of cutting force disturbance 
rejection.  

 

Figure 1: Cutting Force using Fast Fourier Transform (FFT) at  
(a) 1500 rpm and (b) 2500 rpm 
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The very first step in designing a nonlinear controller is to obtain PID 
parameters. The design of PID and NPID Triple Hyperbolic controller 
are done and presented in previous work by [21]. In addition, NPID 
Double Hyperbolic controller is also designed in this study. Figure 2 
illustrates the control scheme of NPID Double Hyperbolic controller. 
It consists of two nonlinear components that are added on the 
proportional and integral gains of the PID control structure.  
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The nonlinear functions and control signal of this controller are 
expressed in the following equations: 
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where Kp, KI and Kd  are proportional, integral and derivative gain that 
are injected into the system respectively. e(t), ep and eI are the position 
error, error in nonlinear proportional gain, and error in nonlinear 
integral gain, respectively that are generated from the system. f, g, p, 
q, and r are parameters in nonlinear gains. 

 
3.0 RESULTS AND DISCUSSION 

3.1 FFT Error at Fundamental Peak Frequency 

The Fast Fourier Transform (FFT) error at fundamental peak 
frequency is conducted to observe the effectiveness of the control 
design when a cutting force disturbance is injected on the system. 
Thus, the smallest fundamental peak of FFT error with no big 
amplification after fundamental peak frequency indicates that the 
control design produces a better performance. For this reason, the 
performances of the two controllers, namely NPID Triple Hyperbolic 
and NPID Double Hyperbolic controller are compared in this study. 
The FFT is utilized to convert the data in time domain structure into 
the data in frequency domain structure [22].  

Furthermore, a frequency of 0.2 Hz (for speed of rotation of motor) is 
used in addition to two different cutting forces, 1500 rpm and 
 2500 rpm as the configuration of the system. For the case of 1500 rpm, 
 the FFT error at peak frequency of NPID Triple Hyperbolic and NPID 
Double Hyperbolic are 1.2993 mm and 1.0302 mm
 respectivelyas shown in Figure 4. These errors are obtained at 
fundamental peak frequency of 52 Hz. The result indicates that the 
NPID Double Hyperbolic controller has the best performance 
compared to the other controllers.  
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On the other hand, for the case of 2500 rpm, the FFT error at peak 
frequency of NPID Triple Hyperbolic and NPID Double Hyperbolic 
are 0.8270 mm and 0.4954 mm respectively as shown in Figure 5. 
These errors are obtained at fundamental peak frequency of 78 Hz. 
For this case, the result indicated that NPID Double Hyperbolic 
controller produced a better performance with smallest peak of 
tracking error compared to the other controller. NPID Triple 
Hyperbolic controller produced slight higher peak of tracking error. 
This controller also produced an amplification after frequency of 52 
Hz and 78 Hz that shown in blue dash circle as shown in Figure 3 and 
Figure 4 respectively. This phenomenon is called waterbed effect, 
which had discussed by previous researcher [4]. It refers to a situation 
in which suppression in errors at some frequencies lead to expansion 
of errors in some other frequencies. It is like sitting on a waterbed, 
pushing it down at one point which reduces the water level locally but 
resulted in an increased level at some other locations on the bed - 
naturally occurred and a trade-off in system performance. 

The detail of highest peak of error based on FFT technique for two 
controllers is tabulated in Table 2. 
 

 
Figure 3: Peak Frequency at 1500 rpm: (a) Triple Hyperbolic and (b) Double 

Hyperbolic  
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Figure 4: Peak Frequency at 2500 rpm: (a) Triple Hyperbolic and (b) Double 
Hyperbolic 

 
Table 2: Peak of Tracking Error for Two Controllers 

Cutting Force 1500 rpm 2500 rpm 
Peak Frequency (Hz) 52 78 

Highest Peak of Error 
(mm) 

NPID Triple 1.2993 0.8270 
NPID Double 1.0302 0.4954 

 
3.2 FFT Error at Harmonic Frequencies 

From different point of view, the FFT error not only can be evaluated 
at fundamental peak frequency (as discussed in Section 3.1) but also at 
multiple harmonic frequencies. It is important to evaluate the position 
tracking performance of the system. In this study, the selected 
harmonic frequencies are from 2 Hz until 10 Hz. The chosen 
frequencies are selected based on limitation of the bandwidth of the 
system. The results obtained are with respect to the existence of 
cutting force disturbance that is injected onto the system. For the case 
of 1500 rpm, the result shows that the average error reduction 
between NPID Double Hyperbolic and NPID Triple Hyperbolic has 
an average error reduction of 25.12% as tabulated in Table 3 and 
shown in Figure 5.     
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Figure 6: Fast Fourier Transform (FFT) Tracking Error at 2500 rpm: (a) Triple 
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In Figure 6, the tracking performances of the NPID Triple Hyperbolic 
and NPID Double Hyperbolic controller are shown when 2500 rpm 
spindle speed is injected on the system. The NPID Double Hyperbolic 
has a negative value of average of error reduction compared to NPID 
Triple Hyperbolic controller. The detail results of positioning error 
based on harmonic frequencies of FFT error for 1500 rpm and 2500 
rpm spindle speed are shown in Table 3 and Table 4, respectively. 

Table 3: Harmonic frequencies at 1500 rpm for two controllers 

Harmonic 
Frequencies 

(Hz) 

Spindle Speed (1500 rpm) 
Amplitude of Tracking Error (µm) Error Reduction (%) 

NPID Triple NPID Double 
NPID Double 

versus NPID Triple 
2.2 0.0417 0.0307 26.38 
3.4 0.0617 0.0608 1.46 
4.2 0.0608 0.0486 20.07 
4.6 0.0667 0.0354 46.93 
5.0 0.0636 0.0453 28.77 
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Table 4: Harmonic frequencies at 2500 rpm for two controllers 
 

Harmonic 
Frequencies 

(Hz) 

Spindle Speed (2500 rpm) 
Amplitude Tracking Error (µm) Error Reduction (%) 

NPID Triple NPID Double 
NPID Double 

versus NPID Triple 
2.2 0.0261 0.0263 -0.77 
3.4 0.0639 0.0649 -1.56 
4.2 0.0525 0.0583 -11.05 
4.6 0.0454 0.0500 -10.13 
5.0 0.0604 0.0458 24.17 
5.8 0.0612 0.0665 -8.66 
6.2 0.0699 0.0497 28.90 
6.6 0.0536 0.0375 30.04 
7.8 0.0562 0.0959 -70.64 
9.0 0.0580 0.07425 -28.02 

Average of Error Reduction (%) -4.77 

 

4.0 CONCLUSION 

In conclusion, NPID Double Hyperbolic controller produces better 
performance as a whole compared to NPID Triple hyperbolic in which 
it manages to obtain smaller tracking error on fundamental peak 
frequency as well as harmonic frequencies of Fast Fourier Transform 
(FFT) error for the case of spindle speed of 1500 rpm with an average 
error reduction of 25.12%. For the case of spindle speed of 2500 rpm, 
although the result of average error reduction of NPID Double 
Hyperbolic is slightly higher compared to NPID Triple Hyperbolic, 
there is no big amplification of noise when a cutting force is injected 
on the system when dealing with NPID Double Hyperbolic compared 
to NPID Triple Hyperbolic controller.  For future works, it is 
recommended to explore for a more robust controller in order to 
accommodate with different types of disturbances. 

 
 

5.8 0.0665 0.0517 22.26 
6.2 0.0676 0.0474 29.88 
6.6 0.0867 0.0472 45.56 
7.8 0.0716 0.071 0.84 
9.0 0.0719 0.051 29.07 

Average of Error Reduction (%) 25.12 
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Table 4: Harmonic frequencies at 2500 rpm for two controllers 
 

Harmonic 
Frequencies 

(Hz) 

Spindle Speed (2500 rpm) 
Amplitude Tracking Error (µm) Error Reduction (%) 

NPID Triple NPID Double 
NPID Double 

versus NPID Triple 
2.2 0.0261 0.0263 -0.77 
3.4 0.0639 0.0649 -1.56 
4.2 0.0525 0.0583 -11.05 
4.6 0.0454 0.0500 -10.13 
5.0 0.0604 0.0458 24.17 
5.8 0.0612 0.0665 -8.66 
6.2 0.0699 0.0497 28.90 
6.6 0.0536 0.0375 30.04 
7.8 0.0562 0.0959 -70.64 
9.0 0.0580 0.07425 -28.02 

Average of Error Reduction (%) -4.77 

 

4.0 CONCLUSION 

In conclusion, NPID Double Hyperbolic controller produces better 
performance as a whole compared to NPID Triple hyperbolic in which 
it manages to obtain smaller tracking error on fundamental peak 
frequency as well as harmonic frequencies of Fast Fourier Transform 
(FFT) error for the case of spindle speed of 1500 rpm with an average 
error reduction of 25.12%. For the case of spindle speed of 2500 rpm, 
although the result of average error reduction of NPID Double 
Hyperbolic is slightly higher compared to NPID Triple Hyperbolic, 
there is no big amplification of noise when a cutting force is injected 
on the system when dealing with NPID Double Hyperbolic compared 
to NPID Triple Hyperbolic controller.  For future works, it is 
recommended to explore for a more robust controller in order to 
accommodate with different types of disturbances. 

 
 

5.8 0.0665 0.0517 22.26 
6.2 0.0676 0.0474 29.88 
6.6 0.0867 0.0472 45.56 
7.8 0.0716 0.071 0.84 
9.0 0.0719 0.051 29.07 

Average of Error Reduction (%) 25.12 
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