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ABSTRACT 

 

The high demand in tracking performance is crucial in machine tools application. 

Therefore, the purpose of this paper is to design a Nonlinear PID (NPID) controller for 

improvement of tracking performance via cutting force. The method was then compared 

with another method which was conventional PID controller. The configuration included 

different cutting force disturbances of 1500rpm, 2500rpm and 3500rpm. The parameters 

were set to 0.4Hz and 0.7Hz frequency for every 10mm and 20mm of amplitude, 

respectively. The investigation was centred on a comparative study of these two 

techniques which focused on x-axis of Googol Tech XY ball screw drive system. Results 

between the designed controllers were validated based on two types of errors; the 

maximum tracking error and root mean square error. Results showed that the NPID 

controller recorded better tracking performance compared to PID controller with an error 

reduction of about 33%. In addition, the results proved that NPID controller is highly 

practical and suitable to be used for ball screw drive. The controller can be further 

improved with the implementation of observer such as disturbance observer to 

compensate the cutting forces.  

 

Keywords: Ball screw drive system; tracking performance; NPID; cutting disturbance. 

  

INTRODUCTION 

 

Nowadays, demands on higher quality at lower cost of machine tools are increasing. 

Therefore, this phenomenon requires the machine tools to have high accuracy[1, 2]. A 

few decades back showed tremendous researches done on the control strategy of machine 

tools, specifically in precision machining [3-7]. Other than that, Erkorkmaz K and Wong 

W[8] suggested a significant technique for virtual Computer Numerical Control (CNC) 

drive. Several controllers such as PID, cascade P/PI and an adaptive SMC validated the 

technique by simulation. The experimental validation was done by pole placement 

controller with Kalman filter and zero phase error tracking controller. The technique 

successfully predicted accurately both tracking and contour errors. For that reason, it is 

crucial for the machine tools to have good tracking performance to develop higher 

precision. Currently, many scholars have discussed their methods and approaches on 
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improving the tracking performance[9-13]. However, the presence of disturbances such 

as cutting force, friction force, mechanical structure and work piece mass during 

machining affects the performance of the machine tools[14]. The interaction between the 

tool and the chip of material removed was said as the central to machining processes[15]. 

In a study by Salim et. al[16], NPID controllers with dead zone compensator were 

successfully applied to pneumatic actuator sensor where the resulting amplitude was less 

than 5% compared to the disturbance signal amplitude. Several scholars have discussed 

the implementation of controller for disturbances rejection in machine tools[17, 18]. For 

cutting force purposes, cutting force during machining leads to poor precision and 

positioning, causing negative impacts towards machine tools. Scholars have done 

researches on this for many years[19-25] and one of the examples was by designing a 

robust and well-performed motion control design where a discrete time sliding mode 

controller was invented. The method has been popular, especially in stability control for 

its capability to cope with nonlinearities[26]. An integrated reaching law design method 

was successfully applied on XY machine tool and therefore, the compensation of the 

cutting force and robustness of the system were secured[27]. 

According to Altintas et. al[28], there are two prominent mechanical drives in the 

machine tool industry which are the ball screw and direct drives. Compared to rack and 

pinion, both drives promise high efficiency and precision in the control system industry. 

As the ball screw drive is the subject matter, ball screw drive moves in a linear motion 

from the rotary movement. Therefore, there are challenges for the drive to gain higher 

accuracy, especially at higher speed. The challenges include kinematics of the rolling 

balls and dynamic behaviour[29]. However, the drive is capable of increasing the 

accuracy of the machine tool. This is proven as the ball screw can position the slides of a 

machine tool to eliminate gaps that exist in the machine tool for higher accuracy[30]. As 

time goes by, many researches in the mechanism and development of drives in machine 

tools have been carried out by several scholars[31-37]. There are many controllers 

designed for better tracking performance of ball screw drive[38, 39]. However, there is 

still a lack on improving the cutting force disturbance for a wide range of parameters, 

specifically for ball screw drive. The objective of this research is to design a nonlinear 

PID controller for cutting force compensation to improve the tracking performance of ball 

screw drive at 1500 rpm, 2500 rpm and 3500 rpm of spindle speed rotations.  

 

METHODS AND MATERIALS 

 

Experimental Setup 

The current research focused on designing two controllers which are NPID and PID 

controllers. A Frequency Response Function (FRF) of the system was obtained for the 

modelling process based on system identification. Next, a H1 estimator estimated the FRF 

[40].The generated transfer function was represented as a second order model with a time 

delay of 0.0012 seconds. MATLAB toolbox of ‘fdident’ generated a second order model 

as the system modelling[41, 42].With that, the transfer function that represented the 

model of Googol Tech XY ball screw drive system is shown in Eq. (1): 
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Figure 1 shows the important components required for the experimental setup that 

consisted of a computer, a Digital Signal Processing (DSP), an amplifier and an XY table 
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ball screw drive system. The computer helped the interaction between the user and real 

plant. The MATLAB and ControlDesk software were installed in the computer. The 

interaction in the computer was sent to the DSP that played as Input Output (I/O) interface 

before sending the information to the servo amplifier that was connected with the XY ball 

screw drive system. The Googol Tech XY ball screw drive system is shown in Figure 2. 

 

 

 

 

 
 

 
 

 

 

 

 

Figure 1. Schematic diagram of experimental setup. 

 

 
 

Figure 2. XY stage. 
 

Controller Design 

The controller design for this study included open loop, stability and sensitivity. The first 

controller was PID controller. Besides that, the controller was the first step in designing 

NPID controller. Eq. (2) shows the general transfer function of PID[43-45]: 

 

                                              sK
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where Kp, KI and KD are the proportional, integral and derivative component of the 

controller, respectively, and these parameters were defined based on a method called 

conventional loop shaping[46]. Figure 3 shows the control structure of the PID controller. 
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Figure 3. PID control scheme. 
 

Therefore, the modelling for the PID controller is as shown below: 

 

               Open Loop, OLPID = 
Actual Position

Position Tracking Error
 = )()( sGsG SPID                     (3)  

                 Closed Loop, CLPID = 
Actual Position

Reference Position
 = 

)()(1
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                      (4) 

                   Sensitivity, SPID = 1-CLPID = 
)()(1

1

sGsG SPID 
                                (5) 

 

With that, the transfer function of PID controller is as given in Eq. (6): 

 

                      Position loop (TFPID) = 0.8998+ 0.005155s + 
0.0006077

𝑠
                                (6) 

 
 

Figure 4. Gain margin and phase margin. 

 

The gain margin and phase margin were identified from the position of the open 

loop transfer function shown in Figure 4. The figure shows that the designed controller 

has 9.94dB for the gain margin and 61.40 for phase margin. This follows the rule of thumb 
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of the gain and phase margin which must be larger than 5dB and 400, respectively[47]. 

Next, the system was analysed based on stability. The stability of the system was 

determined by the Nyquist plot as shown in Figure 5. The system was stable because the 

plot did not encircle the coordinate (-1,0). 

 
 

Figure 5. Nyquist plot for system stability. 
 

Figure 6 shows the sensitivity of the system based on -3dB crossing of the 

magnitude plot of the sensitivity function. The bandwidth of the system was important as 

the bandwidth showed the capability of the system to adapt until 44.4Hz. The maximum 

peak sensitivity of the system must be less than 6dB to remain a good transient response 

[39]. Therefore, Figure 7 shows the maximum peak sensitivity of 5.12dB. 

 
 

Figure 6. Bandwidth of the system 
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Figure 7. Maximum peak sensitivity. 
 

In contrast, the proposed method is the advancement of the conventional PID 

controller where the nonlinear function was located at the front. Unlike the PID controller, 

NPID has two additional parameters beside 𝐾𝑝𝐾𝐼 and 𝐾𝐷. Both KO  and 𝑒𝑚𝑎𝑥 are the 

rate of variation for the nonlinear gain and the maximum value of error, respectively, 

noted as the N-function in Figure 8. 
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Figure 8. NPID control scheme. 

 

Values of KO  and 𝑒𝑚𝑎𝑥 were obtained based on the nonlinear gain, K𝑒 using the 

heuristic method based on a U-shaped Popov plot[38]. Figure 9 shows the Popov plot 

obtained. From the figure, we can find the crossing point at (-0.3071, j0). The point was 

then used to calculate the K𝑒𝑚𝑎𝑥where the formula is given in Eq. (7): 

 

                                               K(𝑒𝑚𝑎𝑥) = 
1
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                                          (7) 

 

Therefore, the K𝑒𝑚𝑎𝑥  is 3.2563. Next, the KO  and 𝑒𝑚𝑎𝑥 were tuned in order to 

calculate K𝑒 as shown in Eq. (8): 
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                                      K𝑒 = 
2

)exp()exp( eKOeKO 
                                       (8) 

 

The rule is K𝑒 must be less or the same as K𝑒𝑚𝑎𝑥. After several attempts, the 

chosen KO and 𝑒𝑚𝑎𝑥 were 6 and 0.3, respectively, which resulted in 3.1075 for K𝑒.  

 

 
Figure 9. Popov plot of NPID. 

 

RESULTS AND DISCUSSION 

 

In this section, the tracking performance of XYZ table ball screw drive system based on 

the NPID controller is presented in comparison with the PID controller. The performances 

were compared with and without the cutting disturbances of 1500rpm, 2500rpm and 

3500rpm.The frequency was set at 0.4Hz and 0.7Hz for every 10mm and 20mm 

amplitude, respectively, where sinusoidal input was implemented. 

 

Tracking Performance Analyses 

Figure 10 shows the performance when 0.4Hz of 10mm amplitude was used during 1500 

rpm cutting condition. Based on the figure, the cutting force disturbance was injected to 

the system for a duration of 10 seconds. The comparison for NPID and PID controllers 

positively showed that the NPID controller had a better tracking performance compared 

to the PID controller[16] as the maximum tracking error for both controllers showed that 

NPID had a lower maximum tracking error compared to the PID controller. Table 1 and 

Table 2 show the maximum tracking error of the existence and absence of cutting force, 

respectively. As seen below, the results were concluded into three stages. Firstly, the 

NPID controller showed lower maximum tracking error compared to the PID controller, 

regardless of the existence of disturbance, frequency and amplitude. Secondly, the 

maximum tracking error was shown to be in decrement when higher cutting disturbance 

was injected. This is because eof the feed per tooth, f is inversely proportional to the 

spindle speed rotations of the cutter, N which supports the statement of the higher the 
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spindle speed rotations, the lower the surface contacted to the workpiece. Lastly, the 

maximum error increases when higher frequency is used. This phenomenon is due to 

processing the time factor [48]. According to the scholar, the controllers have more time 

to response at low frequency compared to high frequency. 

 
Figure 10. Tracking performance of 0.4Hz for 10mm amplitude. 

 

Table 1. Maximum tracking error without disturbance. 

 

Frequency (Hz)  Amplitude(mm) Maximum tracking error (mm)  

     PID              NPID 

0.4 10   0.0639          0.0425 

 20   0.1048          0.0694 

0.7 10   0.1273          0.0842 

 20   0.2086          0.1369 

 

Table 2. Maximum tracking error with disturbance. 

 
Frequency (Hz) Amplitude (mm) Spindle Speed(rpm) Max. Tracking Error (mm) 

  PID NPID 

0.4 10 1500 0.0757 0.0507 

  2500 0.0746 0.0500 

  3500 0.0727 0.0484 

0.4 20 1500 0.1172 0.0777 

  2500 0.1155 0.0762 

  3500 0.1141 0.0761 

0.7 10 1500 0.1398 0.0924 

  2500 0.1386 0.0918 

  3500 0.1367 0.0906 

0.7 20 1500 0.2217 0.1459 

  2500 0.2197 0.1449 

  3500 0.2193 0.1444 
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Figure 11. RMSE with cutting force disturbance. 
 

Table 3 shows the tabulated error reduction produced. Overall, the error 

reductions between the designed controllers were up to 34%. Furthermore, based on the 

table, there are no specific trends in the error reduction at varying values of spindle speed. 

 

Table 3. Error reduction between NPID and PID controllers. 
 

Frequency 

(Hz) 

Amplitude 

(mm) 

Spindle Speed 

(rpm) 

Error Reduction (%) between 

NPID and PID 

0.4 10 1500 33.03 

  2500 32.98 

  3500 33.43 

0.4 20 1500 33.70 

  2500 34.03 

  3500 33.30 

0.7 10 1500 33.91 

  2500 33.77 

  3500 33.72 

0.7 20 1500 34.19 

  2500 34.05 

  3500 34.15 

 

Next, comparisons of both controllers were analysed based on the error reduction. 

This approach was calculated based on the RMSE of both controllers as given in Eq. (9): 
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As error reduction was formulated using RMSE, Figure 11 shows the comparisons 

of RMSE for both controllers with cutting force disturbance. The figure clearly shows 

that higher RMSE is executed as higher frequency and amplitude are applied. The values 

were then calculated for the error reduction approach. 

 

CONCLUSIONS 

 

In conclusion, the NPID controller was implemented at the XY table ball screw drive 

system. The controller was designed according to the configuration as follows: The 

disturbances were 1500rpm, 2500rpm and 3500rpm of cutting force. The input applied 

was sinusoidal with frequency of 0.4Hz and 0.7Hz for every 10mm and 20mm of 

amplitude, respectively. The results were then compared with a conventional controller 

namely the PID controller. The method of the NPID controller had a lower maximum 

tracking error, with and without disturbance, RMSE and successfully compensated the 

cutting force disturbance up to 34%. Therefore, this research successfully proved that the 

method provides a better tracking performance compared to the PID controller. However, 

improvement of the proposed method is highly recommended in order to increase the 

error reduction between controllers specifically for the XY table ball screw drive system. 

The implementation of an observer such as disturbance observer is expected to improve 

the performance of the controller as the element helps the controller to adapt with varying 

parameters and conditions. 
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