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ABSTRACT: This paper presents the design and analysis of cascade 
NP/PI position controller for machine tools application. The proposed 
control structure is an enhancement over the classical cascade P/PI position 
controller whereby a nonlinear function was designed and embedded onto 
cascade P/PI controller scheme to add element of robustness to the controller 
characteristics. The controller design consisted of three steps, namely; design 
of speed loop, design of position loop, and design of the nonlinear function. 
Both the speed loop and the position loop were designed based on loop 
shaping method in frequency domain using gain margin and phase margin 
as design considerations. The controller gains were confirmed based on 
results of stability. Three parameters identified for the nonlinear function 
were rate of variation of nonlinear gain (KO), maximum value of error, (emax) 
and sampling frequency, (δ). The controller tracking performances were 
numerically analysed and validated on an XY feed table positioning system. 
Cascade NP/PI were found to produce superior tracking performance over 
cascade P/PI controller with improvement in tracking performance of 6.63% 
and 15.63% at reference tracking frequencies of 0.4Hz and 0.7Hz 
respectively. 
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1.0      INTR ODU CTION  
 

In recent years, there have been marked increased in demands for 
high quality parts and product [1]. Besides demands for precision and 
accuracy of the finished parts and products, manufacturers are also 
challenged to be cost effective and efficient. This has led to 
overwhelming efforts by researchers in areas related to control 
strategy of machine tools, specifically in precision machining [2–5]. 
Precise machining is realized with excellent tracking performances of 
the machine tools drives system. Therefore, various control 
approaches have been proposed and implemented in literature to 
improve tracking performances of machine tools drives system [6-10]. 
These include conventional cascade P/PI, PID and gain scheduling 
controller [11-13]. A nonlinear function was embedded onto the 
position loop to improve robustness of the system resulting in 
improved control performance of up to 90% in term of reduction in 
the amplitudes of the cutting forces harmonics components using Fast 
Fourier Transform (FFT) of the position errors. Previously, the 
nonlinear function was mostly associated with conventional PID 
controller. In addition, the applications are mostly centred on 
robotics, pneumatic and hydraulic system, and in hard disk drive 
system [14-15]. To the best knowledge of the authors, study of the 
nonlinear function with cascade P/PI controller was still lacking. In 
this paper, a further enhancement of the classical cascade P/PI 
controller is proposed. The uniqueness of this new approach lies on 
the introduction of a new control strategy named cascade NP/PI. It 
consists of a nonlinear function integrated with the proportional gain 
controller of the cascade position loop.  

 

This paper is organized as follows: section two introduces the 
research methodology, section three details the design steps for the 
synthesis of the proposed controller, section four then presented the 
results obtained followed by discussion and finally, section five 
concludes the research findings.  

 
2.0      METHODOLOGY 
 

2.1      Experimental Setup 
 

This section outlines the experimental setup where numerical analysis 
and validations were performed. The system consists of four main 
components, namely; (i) a computer with MATLAB/Simulink and 
ControlDesk control monitoring user interface software, (ii) a 
dSPACE DS1104 digital signal processing (DSP) board, (iii) a servo 
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amplifier and (iv) an XY milling machine positioning table from 
Googol Technology. The DSP board works as Input-Output (I/O) 
interface and a DAC converter for communication between the 
computer and the servo amplifier while it functions as a ADC unit for 
communication between the positioning table and the servo amplifier. 
Position data that was collected from each encoder of the drive 
system was sent back to the computer for monitoring and further 
control actions. Figure 1 shows schematics diagram of the test setup. 
  

 

 

 

 

 

 

 

Figure 1: Experimental setup for this research 

2.2      System Identification 
 

System identification is the first step in any controller design process. 
It describes the system dynamics behavior. An accurate system model 
is necessary for effective controller design. A frequency response 
function (FRF) of the system was first generated using an H1 estimator 
[15] based on measured input voltage to the drive system, u(t) and the 
output encoder position of the positioning table, y(t). A second order 
system transfer function, Gm(s) with time delay of 0.0012 seconds was 
mapped onto the FRF data using Frequency Domain System 
Identification (Fdident) toolbox in Matlab. The identified transfer 
function is shown in Equation (1): 
 

   
 

0.0012s-
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3.0      CONTROLLER DESIGN 
 

Next, a cascade P/PI and a cascade NP/PI position controller were 
designed based on measured FRF of the system which represents the 
actual dynamic behavior of the system. First, a cascade P/PI controller 
was designed. The controller consists of a PI-based speed loop and a 
P-based position controller loop. Figure 2 shows schematic diagram of 
the cascade P/PI controller. The next section elaborates on design of 
cascade PI speed loop. 
 

P PI G(s)
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)(sVest

Reference 
Position, 

Output 
Position, 

)(tZref )(tZout

+ + + +
- -

estΖ
.
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Disturbance 
Force, d(t)

 
                      Figure 2: Schematic diagram of a cascade P/PI controller 

3.1      Design of PI Controller Speed Loop  
 

A Proportional (P) plus Integral (I) controller was designed for the 
speed loop. The controller parameters, kp and ki were tune based on 
gain margin and phase margin considerations of the open loop 
transfer function [16]. The gain margin and the phase margin 
considered were between 4dB - 10dB and 30°- 70° respectively. These 
values were selected to ensure good stability margin and improved 
system transient response performance [17]. Equation (2) states the 
open loop transfer functions shown in Figure 2. 
 

                          (s)V×G(s)×PI=
(s)E
(s)Z

=(s)V estv

est
openloop                     (2)                         

 

Figure 3 shows the open loop bode diagram of the speed loop for Kp 
and Ki values of 0.006607 and 0.12075 respectively. The gain margin 
and the phase margin obtained were 9.31dB and 56.4° respectively. A 
compromise was made between stability margin and transient 
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response performance. The system stability was confirmed by the 
Nyquist plot since the point (-1,0) was not encircled.   

                                         (a)                                                                        (b)  
Figure 3: Bode diagrams (a) Open loop transfer function and (b) Nyquist plot 
 
3.2      Design of Position Loop Controller  

 

Next, the position control loop consisting of a proportional gain, kv 
was designed over the speed controller loop. Similar control design 
strategies previously applied for the speed loop were repeated 
resulting in a kv value of 225s-1. The open loop transfer function based 
on the schematics diagram shown in Figure 2 is shown in Equation 
(3): 

                      (s)V×G(s)×PI+1
G(s)×PI×P

=
(s)E

Z(s)
=(s)P

estp
openloop                       (3) 

 

Figure 4 shows the Bode diagram of the open loop transfer function, 
and Nyquist stability plot of the position loop. A gain margin and 
phase margin values of 9.1dB and 67.1° were observed. The Nyquist 
plot confirmed the system stability.  
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 (a)                                                                        (b)   
Figure 4: Bode diagrams (a) Open loop transfer function and (b) Nyquist plot  
 
3.3      Design of Nonlinear Function  

 

This section describes design of the nonlinear function that is 
embedded on the control structure of the cascade P/PI controller. The 
nonlinear function N receives the position error signal and becomes 
an input to the P controller of the position loop. Figure 7 shows the 
control structure of cascade NP/PI controller. The nonlinear function 
consists of the rate of variation of the nonlinear gain (KO), maximum 
value of error (emax) and sampling frequency (δ). Table 1 lists the tuned 
parameters of the nonlinear function.  
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Figure 7: Schematic diagram of cascade NP/PI 
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Table 1: Tuned parameters of nonlinear function for cascade NP/PI 
K(emax) KO_1 Ke_1 KO_2 Ke_2 emax δ 
3.8139 3.5 2.9642 4.0 3.7622 0.5mm 0.0005 

 
The nonlinear function parameters are shown in Equations (4)-(7): 
 

                           




4.0
3.5KO  

else
if

 
max
max

ee

ee



  ≤
                                  (4) 

 
Nonlinear gain such as 
  

                      
2

e)exp(-KOe)exp(KO
K

e


                             (5) 

 
Switching function, sigmoid expressed as 
 

                                       
δe

e
(e)


             (6) 

  
Maximum nonlinear gain such as 
 

   G(jw)IwG(jw)eR
1

)K(e
m

max 
                      (7) 

           
Parameters KO and emax were first identified using the Popov stability 
plot that analysed stability of the nonlinear function. Figure 8 shows 
that the plot crosses the real axis at (-0.2622, j0). Then, parameter 
K(emax) was calculated based on equation (9) resulting in a value of 
3.8139. Next, parameters KO and emax were identified based on value 
of K(emax) which lies between 8139.30  KO . Variations in KO 
affected the values of Ke and e as shown in Figure 9. 
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Figure 8: Popov plot for stability 

 
 
 

 
 
 
 
 
 
 
 

Figure 9: Relationship of nonlinear gain and error 
 
4.0      RESULT AND DISCUSSION 
 

This paper presents a design of cascade NP/PI controller; a controller 
than is an enhancement over the classical cascade P/PI controller often 
applied for position control in machine tools. The tracking 
performances of cascade NP/PI was compared to cascade P/PI 
controller to analyse its advantages. Position errors of cascade P/PI 
and cascade NP/PI were analysed based on the control structures 
shown in Figure 2 and Figure 7. The respective position error transfer 
functions were stated in Equation (8) and Equation (9): 
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For numerical analysis and validations of both controllers’ tracking 
performance, the control systems were subjected to sinusoidal input 
reference signal of amplitude 10mm and frequencies of 0.4Hz and 
0.7Hz. For controller design validation, the numerical results were 
compared to the theoretical position errors values obtained based on 
Equations 11 and 12.  Figure 10 shows numerical results of tracking 
errors for cascade P/PI controller at 0.4Hz and 0.7Hz excitations 
frequencies respectively. At 0.4Hz, the maximum tracking error 
recorded was 0.115mm compared to theoretical value of 0.115mm 
while at 0.7Hz, the maximum tracking error was 0.203mm compared 
to theoretical value of 0.204mm. The results showed an almost exact 
agreement between theoretical and numerical values of the tracking 
errors thus validating the controller design. 

 
                                                  (a)                                               (b) 

Figure 10: Numerical validation of cascade P/PI controller (a) 0.4Hz  
and (b) 0.7Hz 
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In case of cascade NP/PI controller, the nonlinear gain, Ke was 
calculated based on the difference of the tuned parameters of 
nonlinear function of Ke_1 and Ke_2 that were 3.762 and 2.964 
respectively. Figure 11 shows the numerical results of tracking errors 
for cascade NP/PI controller excited at 0.4 Hz and 0.7Hz respectively 
for Ke value equals 0.8. At 0.4 Hz excitation frequency, the maximum 
tracking error recorded was 0.107mm compared to theoretical value 
of 0.093mm. On the other hand, at 0.7Hz, the maximum tracking error 
obtained was 0.171mm compared to theoretical value of 0.164mm.  

 
               (a)                                               (b) 

Figure 11: Numerical validation of cascade NP/PI controller (a) 0.4Hz  
and (b) 0.7Hz 
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Table 2 shows comparison in maximum tracking errors between both 
controllers where the improvements of tracking errors observed were 
6.63% and 15.63% for 0.4Hz and 0.7Hz respectively. 

 
Table 2: Comparisons between cascade P/PI and cascade NP/PI controllers 

Frequency 
(Hz) 

0.4 0.7 

 
 

Type of Controllers 

Maximum 
Tracking 

Error 

Theoretical 
Error 

Maximum 
Tracking 

Error 

Theoretical 
Error 

Cascade P/PI 0.1146 0.1150 0.2028 0.2040 
Cascade NP/PI 0.1070 0.0925 0.1711 0.1640 

 
5.0      CONCLUSION 
 

This paper presents design and validation of cascade NP/PI that is an 
enhanced version of cascade P/PI controller. Cascade NP/PI is an 
extension of the classical cascade P/PI controller; a controller that is 
widely applied in machine tools. Both controllers were designed, 
numerically analysed and validated using an XY milling positioning 
table as the system setup. The controller’s parameters were tuned 
based on open loop characteristics such as gain margin, phase margin 
and Nyquist criterion. The nonlinear function consisted of 
components such as KO, emax and δ. Both KO and emax were tuned 
based on Popov stability plot that identified the range of nonlinear 
gain to be less than 3.8139. The tracking errors of both controllers 
were compared using sinusoidal input signal of amplitude 10mm and 
frequencies of 0.4Hz and 0.7 Hz.  Both controllers were successfully 
validated as results of numerical tracking errors closely matched the 
theoretical results. Cascade NP/PI produced superior tracking 
performance over cascade P/PI controller with improvement in 
tracking performance of 6.63% and 15.63% for tracking frequencies of 
0.4Hz and 0.7Hz respectively.  
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