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Abstract - The development of the numerical control (NC) machine tool is changing with each 
passing day. High-speed, high-precision, compound, intelligent, open, parallel-driven, networked, 
extreme, and green have become the trend and direction of NC machine tool development. Based on 
Proportional Integral Derivative (PID) control, the feed system of the NC machine tool is analyzed, 
and the system model is studied according to the step response curve. The results show that 
Proportional Integrative (PI) has less steady-state error than Proportional (P), and the position 
response effect is poor, the greater the Derivative (D), the stronger the differential effect of the NC 
machine tool. The P controller mainly improves the response of the feed system of the machine tool, 
reduces the steady-state error of the system, and improves the control accuracy. In the ordinary 
PID control, the integration is introduced to eliminate the static difference in the feed system of the 
NC machine tool, and the control accuracy of the system is improved. However, when the feed 
system of the NC machine tool process starts, ends, and greatly increases or decreases the setting, 
the system output has a large deviation in a short period of time, which will cause the accumulation 
of PID operation integrals, causing the control amount to exceed the feed system of the NC machine 
tool. The limit control amount corresponding to the maximum allowable action range causes the 
system to oscillate greatly. The step response of the PID to the system output appears critical 
oscillation. With the increase of the number of iterations, the response of the D controller is more 
than that of the PI controller, and the settling time of the output is also reduced. With the increase 

of ,  and , the position response of the feed system of the NC machine tool gradually 

increases. When  and  remain unchanged, with the increase of , the position response of 

the feed system of the NC machine tool also gradually tends to stable, and eventually tends to 1. 
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1. Introduction 
 

With the comprehensive development of the 
economic system in the 21st century, machine tool 
manufacturing is not only faced with a good 
opportunity for the development of manufacturing 
equipment caused by the increase in the demand 
level of the machinery manufacturing industry, but 
also encountered the pressure of fierce international 
market competition after joining the World Trade 
Organization (WTO). The development of machine 
tools is a key to the sustainable development of the 
machine tool manufacturing industry [1,2]. The 
computerized numerical control (NC) machine tool is 
an automatic machine tool equipped with a program 
control system. The NC system includes two parts: a 
NC device and a servo device. The current NC device 
is mainly realized by a computer, also known as a 
(CNC) device [3,4]. 

In engineering practice, the most widely used 
regulator control law is proportional, integral and 

derivative control, referred to as Proportional 
Integral Derivative (PID) control, also known as PID 
regulation, which is actually an algorithm [5,6]. PID 
controller has become one of the main technologies 
of industrial control because of its simple structure, 
good stability, reliable operation and convenient 
adjustment [7]. The structure and parameters of the 
system controller must be determined by experience 
and on-site debugging. Technology is the most 
convenient [8-10]. PID control, there are actually 
Proportional Integral (PI) and Proportional 
Derivative (PD) control. PID controller is based on 
the error of the system, using proportional, integral 
and derivative to calculate the control amount for 
control [11,12]. PID is to perform proportional, 
integral and derivative operations on the input 
deviation, and use the superposition results of the 
calculation to control the actuator [13,14]. 

The feed system of the NC machine tool is 
analyzed and researched based on PID control. 
Firstly, the design and working principle of the feed 
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system of the NC machine tool is introduced. 
Secondly, the performance of the PID control is 
studied. Combined with the NC device, the feed 
system of the NC machine tool is established. Finally, 
the system is modeled according to the step curve 
response. It has a certain reference for the model 
analysis of the feed system of the NC machine tool. 

 

2. Modelling of the Feed System in NC 
Machine Tool Using PID Control 
 

2.1 Design Principle of the Feed System of 
the NC Machine Tool 

 
Machine tools refer to machines used to 

manufacture machines. Computerized Numerical 

Control Machine Tools are referred to as NC machine 
tools, which is a control technology that applies 
digital computing technology to machine tools 
[15,16]. The machining accuracy of NC machine tools 
can generally reach 0.05-0.1MM. The NC machine 
tools are controlled in the form of digital signals. 
Each time the NC device outputs a pulse signal, the 
moving parts of the machine tool move a pulse 
equivalent (usually 0.001MM).  

The average error between the backlash of the 
feed transmission chain of the machine tool and the 
screw pitch can be compensated by the NC device, so 
the positioning accuracy of the NC machine tool is 
relatively high. The basic composition of NC machine 
tools is shown in Figure 1. 
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Figure 1: The basic composition of NC machine tools 

 
In Figure 1, The NC machine tool expresses 

various control information with coded numbers in 
the process of machining, and enters the NC device 
through the information carrier. After arithmetic 
processing, various control signals are sent by the 
NC device to control the action of the machine tool, 
and the parts are automatically processed according 
to the shape and size required by the drawing. NC 
machine tools are generally composed of drive 
control units, drive elements, mechanical 
transmission components, executive components, 
and detection and feedback links.  

The drive control unit and the drive elements 
form the servo drive system, the mechanical 
transmission components and the executive 
components form the mechanical drive system, and 

the detection elements and the feedback circuit form 
the detection device.  

The mechanical transmission devices and devices 

in the feed system of the NC machine tool have the 

characteristics of long life, high stiffness, no gap, high 

sensitivity and low friction resistance. The feed 

system adopts a gear transmission device, so that the 

inertia of the lead screw and the worktable occupies 

a small proportion in the system, to realize the 

inertia matching, and simultaneously, the output of 

the high-speed and low-torque servo drive can be 

changed to a low-speed and large-speed rotation to 

meet the needs of driving actuators.  

The structure of the feed system of the NC 
machine tool is shown in Figure 2. 
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Figure 2: The structure of the feed system of the NC machine tool 

 
In Figure 2, the electromechanical components of 

the feed system of the NC machine tool mainly 
include servo motors and detection elements, 
couplings, reduction mechanisms (gear pairs and 
pulleys), ball screw pair (or rack and pinion pair), 
screw bearings, moving parts (tables, headstocks, 
slides, beams and columns, etc.). The structure of the 
ball screw pair is equipped with balls as 
transmission elements between the arc spiral of the 
screw and the nut, so the friction coefficient is small, 

the transmission efficiency can reach 90%~95%, 
and the difference between the dynamic and static 
friction coefficients is small. After preloading, there 
are many advantages such as good axial rigidity, 
stable transmission, no gap, not ease to crawl, and 
high follow-up accuracy and positioning accuracy. It 
is one of the most commonly used mechanical 
structures in the feed system of NC machine tools. 
The basic principle of the feed system of the NC 
machine tool is shown in Figure 3. 
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Figure 3: The basic principle of the feed system of the NC machine tool 

 
In Figure 3, the feed system of the NC machine 

tool is divided into a transmission chain of external 

linkage and b transmission chain of internal linkage 

according to internal linkage and external linkage.  

The computer in the NC device performs a series 

of processing on the information recorded by the 

input device in the form of number and character 

encoding, and then sends instructions to the 

machine tool spindle and feed and other executive 

agencies through the servo system and the 

programmable controller.  

According to these instructions, the machining of 
the workpiece is completed. The feed transmission 
system of the NC machine tool is responsible for 

accepting the pulse commands issued by the NC 
system, and after amplification and conversion, it 
drives the machine tool movement actuator to 
achieve the expected movement.  

To ensure the high machining accuracy of NC 

machine tools, its feed transmission system is 

required to have high transmission accuracy, high 

sensitivity (fast response speed), stable work, high 

component stiffness and service life, small friction 

and motion inertia, and can clear the transmission 

gap. When the pulse equivalent is (mm), and the 

number of pulses b that the feedback device should 

send out for each revolution of the servo motor 

system is shown in equation (1). 
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                                                      (1) 

In equation (1),  is the lead of the screw (mm), 

and the maximum speed of the screw is 

(m/min). The maximum speed of the servo 

motor is (r/min), and i is the transmission 

ratio of the gear transmission of the feed system. The 
maximum cutting load torque of the servo motor is 
shown in equation (2): 

                   (2) 

In equation (2),  is the maximum axial load 

on the screw, which is equal to the maximum axial 
feed force plus the friction force of the guide rail (N).  

 is the lead of the screw (m).  is the 

mechanical efficiency of the ball screw.  is the 

additional friction torque of the ball screw caused by 

preload.  is the friction torque of the ball screw 

bearing, and the transmission ratio is i. 
 

2.2 Overview of PID Control 
 
The meaning of PID is Proportional (P), 

Integrative (I), Derivative (D), which is to perform 

proportional, integral and derivative operations on 

the error signal obtained after feedback, and then 

superimposed to obtain the output signal of the 

controller. This control method is suitable for a 

considerable number of controlled objects, and is 

still widely used in most automatic control systems 

[17]. In engineering practice, the most widely used 

regulator control laws are proportional, integral and 

derivative control, referred to as PID control, also 

known as PID regulation. In practice, there are also 

PI and PD control, and the analysis of the PID system 

components is shown in Figure 4. 
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Figure 4: The analysis of the PID system components 

 

Figure 4 shows that  is actually the output 

value required by the system, which is a standard 
value, and the system is used to approximate this 

value according to the system requirements.  is 

the current output value of the system, which should 
be close to the set value. Before the PID control 
module is added, it is directly generated by the 

controlled object through .  is the deviation 

caused by the system due to some disturbance, 
which is the difference between the actual output 

value and the initial value  to be set.  is the 

new input value output by the system through the 
PID controller, which is actually the change made for 

the current actual situation on the basis of .  

The proportional module is the proportional 

factor of the system PID, and  can respond quickly 

to the generated deviation  to reduce the 

deviation. The  integral module is the proportional 

factor of the system PID.  can eliminate the static 

error. Since the previous error is positive and 
negative, the addition of the current deviation can 

offset the part, maintain the stability of the system, 
and allow the system to have a memory function. 

The  differential module is the differential factor 

of the system, and  can reflect the changing trend 

of the current error and introduce an effective early 
correction signal, thereby speeding up the action 
speed of the system and reducing the adjustment 
time.  

The proportional part quickly corrects the 

instantaneous deviation of the system, and only the 

mathematical expression of the proportional part is 

shown in equation (3): 

                                                        (3) 

 is the proportional coefficient. The larger  

is, the stronger the control effect is, the faster the 
transition process is, and the smaller the static 
deviation of the control process is. However, the 
larger it is, the easier it is to generate oscillation and 
destroy the stability of the system.  

Therefore, when selecting the proportional 
coefficient, it must be selected properly to obtain 
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stable results with less transition time and small 
static error. The integral part is shown in equation 
(4): 

                                                  (4) 

Although the adjustment effect of equation (4) 
will eliminate the static error, it will also reduce the 
response speed of the system and increase the 
overshoot of the system. The larger the integral 
constant is, the weaker the accumulation effect of the 
integral is. At this time, the system will not oscillate 
during the transition. However, increasing the 
integral constant will slow down the elimination 
process of static errors, and the time required to 
eliminate the deviation will be longer, which can 
reduce the overshoot and improve the stability of the 

system. When  is small, the integral effect is strong, 

and oscillation may occur in the system transition 
time, but the time required to eliminate the deviation 

is short. Therefore,  must be determined according 

to the specific requirements of actual control. The 
role of the differential part is to speed up the 
adjustment process and prevent the change of the 
deviation. The faster the deviation changes, the 
greater the output of the differential controller, 
which can be corrected before the deviation value 
becomes larger [18]. The introduction of differential 
action will help reduce overshoot, overcome 
oscillation, and stabilize the system, especially for 
high-order systems. It speeds up the tracking speed 
of the system, but the effect of differentiation is very 
sensitive to the noise of the input signal.  

Generally, for those systems with large noise, 
differentiation is not needed, or the input signal is 
filtered before the differentiation takes effect, as 
shown in equation (5): 

                                                     (5) 

In equation (5), when  is larger, the effect of 

suppressing deviation changes is stronger. The 

smaller  is, the weaker the effect of resisting 

deviation changes. Obviously, the differential part 
has a great effect on system stability. Proper 

selection of the differential constant  can optimize 

the differential action. The signal relationship is 
shown in equation (6): 

                                               (6) 

 

Equation (3) is the signal relationship, and the 
PID controller of the analog signal is shown in 
equation (7): 

      (7) 

 is the proportional coefficient of the 

controller.  is the integral time (integral 

coefficient) of the controller, and  is the 

differential time (differential coefficient) of the 
controller. According to the analog PID control 

algorithm, a series of sampling times  represent 

the continuous-time , The integral is replaced by the 

rectangular numerical integral approximation, and 
the differential is replaced by the first-order 
backward difference approximation. 

The specific mathematical expression is shown in 
equation (8): 
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(8) 

 
The relationship of the simple discrete signal of 

PID controller is shown in equation (9): 

     (9) 

In equation (9), , , is 

the output value of the system at the kth sampling 

time.  is the deviation value at the kth sampling 

time, and  is the deviation value at the k-1 

sampling time. The value generated by the PID 
system is completely used as the input parameter of 

the system, that is,  is used instead of . If the 

computer fails, the positional PID control will lead to 

violent changes of , which will cause large 

changes in the actuator, resulting in huge losses. For 
a simple linear system, such as the PWM speed 
control system of a motor, the signal relationship of 
the controlled object is shown in equation 6. When 
the control amount required by the actuator is 
incremental rather than the absolute value of the 
position, the incremental PID control algorithm can 
be used. The specific expression is shown in 
equation (10): 

 

 (10) 

In equation (10), the calculation does not need to 
be accumulated, and the determination of the control 

increment  is only related to the latest three 

sampling values, and it is easy to obtain a better 

control effect through weighting processing. , 

 and  are the difference between the value 
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feedback by the sensor and the set value in this 

calculation, and  is the sampling period.  

The computer only outputs the control increment 

each time, that is, the change amount corresponding 

to the position of the actuator, so when the machine 

fails, the impact range is small and will not seriously 

affect the production process.  

 

The impact is small when switching between 
manual and automatic. When the control is switched 
from manual to automatic, bumpless switching is 
possible. PID (proportional-integral-derivative) 
control is the most widely used (95%) control 
algorithm, and its program diagram is shown in 
Figure 5 according to the positional PID control 
algorithm. 
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Calculate controller output
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Figure 5: The program diagram of the positional PID control algorithm 

 
In the simulation process of Figure 5, the PID 

controller is realized by the PID control algorithm. 

The positional PID is the actual position of the 

current system, and the deviation from the expected 

position is controlled by PID. When the integral term 

of the positional PID reaches saturation, the error 

will continue to accumulate under the integral 

action. Once the error begins to reversely change, the 

system needs a certain time to exit from the 

saturation area, so when  reaches the maximum 

and minimum, the integral action should be stopped, 

and there should be integral limiter and output 

limiter.  

Therefore, when using positional PID, PD control 

is directly used. The single-chip microcomputer 

converts the analog quantity into the corresponding 

digital quantity, collects the signal and turns it into a 

digital signal, and implements the PID operation 

through the algorithm in the single-chip 

microcomputer.  

Then, the control amount is fed back to the 

control source through decimal adjustment, to 

realize the servo control of the system, and the 

output of the controller can also be limited according 

to the actual situation. 

 

2.3 Design of Feed System Model based on 
PID Control 

 
The PID control can be used to design the 

rationality of the machine tool control in the process 

of operation.  

The feed system model of the NC machine tool 

based on PID control is shown in Figure 6. 
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Figure 6: The feed system model of the NC machine tool based on PID control 
 
Figure 6 analyzes some electromechanical 

characteristics of the feeding mechanism on the 

basis of introducing the composition of the feed 

mechanical components of the NC machine tool and 

the servo drive system. The method of theoretical 

derivation is used, and the model of the feed system 

of the NC machine tool is established. The feed 

system of the NC machine tool is divided into two 

parts: the servo drive system and the mechanical 

transmission system. The servo drive system is 

closely related to the precision, processing efficiency 

and system relationship performance of the NC 

machine tool. Based on PID control, the rationality of 

the machine tool control is designed in the process of 

operation, the dynamic and static performance of the 

feed system is analyzed, and the influence law of 

each design variable on the dynamic characteristics 

is given, which is for the design of the feed servo 

system, parameter selection and the improved 

performance provides a theoretical basis. 

 
 
 

3. Experimental Verification and Result 
Comparison 
 

3.1 Experimental Verification 
 
The PID adjusts and controls the feed system of 

NC machine tools. According to different PID 
parameter settings, as long as the parameters are set 
properly, a good response effect can be achieved. 
From the perspective of PID signal transformation, it 
is divided into three operations and combinations: 
proportional, integral and derivative. Proportional 
action and integral action are post-adjustment (that 
is, the adjustment is performed after an error 
occurs), while the derivative action is a preventive 
control in advance. As soon as it is found that the 
position response of the system has a tendency to 
become larger or smaller, a control signal to prevent 
its change will be output immediately to prevent 
overshoot. Figure 7 shows the different step 
responses of the PID control of the feed system of the 
NC machine tool. 
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Figure 7: The different step responses of the PID control of the feed system of the NC machine tool (a) P control step 

response, b) D control and PD control step response, c) I control and PI control step response) 
 

Figure 7 indicates that PI has less steady-state 
error than P, and the position response effect is poor. 
PID responds faster than PI and has no overshoot. As 
D increases, the differential effect of the NC machine 
tool is stronger. The smaller the D, the weaker the 
differential effect. During the debugging process of 
the feed system of the NC machine tool, D is adjusted 
from small to large. When using the PI controller, the 
output of the I controller is limited to a certain 
extent, which overcomes the integral saturation. As 
the integral output goes on, even when the state of 
the zero error increases, the PI controller not only 
maintains the "memory function" of the integral 
controller to eliminate the steady-state error, but 
also overcomes the disadvantage of insensitive 
response when the integral control is used alone to 
eliminate the error. 

 

3.2 Comparative Analysis of Results 
 
Increasing the proportional coefficient P will 

speed up the response of the system.  

It acts on the output value faster, but it cannot be 
well stabilized at an ideal value. The bad result is 
that although it can effectively overcome the 
influence of disturbance, there is a residual error. An 
excessively large scale factor will cause a relatively 
large overshoot in the system and generate 
oscillations, which will deteriorate the stability.  

The integral can eliminate the residual error on 
the basis of the proportion, it can trim the error of 
the system with accumulated error after 
stabilization, and reduce the steady-state error. The 
differential has a leading effect. For the control 
channel with capacity lag, when the differential term 
is set properly, the introduction of differential 
control has a significant effect on improving the 
dynamic performance index of the system. It can 
reduce the overshoot of the system, increase stability 
and reduce the dynamic error.  

Figure 8 shows the control square wave response 
effect of different PID methods to the feed system of 
the NC machine tool. 
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Figure 8: The control square wave response effect of different PID methods to the feed system of the NC machine tool 

(a) the differential-first PID control square wave response, b) the ordinary PID control square wave response) 
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From Figure 8, in the ordinary PID control, the 
integration is introduced to eliminate the static 
difference in the feed system of the NC machine tool, 
and the control accuracy of the system is improved. 
However, when setting starts, ends, and greatly 
increases or decreases during the feed system of the 
NC machine tool process, the system output has a 
large deviation in a short period of time, which will 
cause the integrals accumulation of PID operation, 
resulting in the control amount exceeds the limit 

control amount corresponding to the maximum 
action range that the feed system may allow, causing 
the system to oscillate greatly. When the output does 
not oscillate, the output is obtained by multiplying 
the error obtained in the system by a proportionality 
constant. If the error value is zero, the controller 
output is zero. The output of the control square wave 
response of the feed system of the NC machine tool 
by different PID methods is shown in Figure 9. 

 
 

0 1000 2000 3000 4000 5000 6000 7000 8000
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

R
in

,y
o

u
t

Number of iterations (Times)
a

0 1000 2000 3000 4000 5000 6000 7000 8000
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

R
in

,y
o

u
t

Number of iterations (Times)

b  
Figure 9: The control square wave response of the feed system of the NC machine tool by different PID methods (a) 
the output of the differential-first PID control square wave response controller, b) the output of the ordinary PID 

control square wave response controller) 
 
Figure 9 shows the critical oscillation of the step 

response of the PID to the system output in the feed 
system of the NC machine tool. With the increase of 
the number of iterations, the response of the D 
controller is more than that of the PI controller, and 
the settling time of the output is also reduced.  

It improves the stability of the output system by 
compensating for the phase lag caused by the I 
controller. Increasing the derivative gain will 
improve the response speed. The PID debugging 
effect of the feed system of the NC machine tool is 
shown in Figure 10. 
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Figure 10: The PID debugging effect of the feed system of the NC machine tool (a) the effect of proportional 

coefficient on PID debugging of the feed system of the NC machine tool, b) the effect of integral coefficient on PID 
debugging, c) the effect of differential coefficient on PID debugging) 
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When  and  remain unchanged,  and 

 are set in b and c. With the increase of , 

the position response of the feed system of the NC 

machine tool also increases gradually. When  and 

 remain unchanged, with the increase of , the 

position response of the feed system of the NC 
machine tool also gradually increases, and at 
different times, the response degree in the system 

also gradually tends to be stable. When  and  

remain unchanged, with the increase of , the 

position response of the feed system of the NC 
machine tool also tends to be stable gradually, and 
finally tends to 1. 

 

4. Conclusions 
 
With the large demand for NC machine tools in 
manufacturing and the rapid progress of computer 
technology and modern design technology, the 
application range of NC machine tools is still 
expanding, and continues to develop to better meet 
the needs of production and processing. The feed 
system of NC machine tools is studied through PID 
control. It shows that PI has less steady-state error 
than P, and the position response effect is poor. PID 
is faster than PI, and PID has no overshoot. With D is 
increasing, the differential effect of the NC machine 
tool is stronger. When the smaller the D, the weaker 
the differential effect. In the ordinary PID control, 
the integration is introduced to eliminate the static 
difference in the feed system of the NC machine tool, 
and the control accuracy of the system is improved. 
However, when setting starts, ends, and greatly 
increases or decreases during the feed system of the 
NC machine tool process, the system output has a 
large deviation in a short period of time, which will 
cause the integrals accumulation of PID operation, 
resulting in the control amount exceeds the limit 
control amount corresponding to the maximum 
action range that the feed system of the NC machine 
tool may allow, causing the system to oscillate 
greatly. The critical oscillation of the step response 
of the PID to the system output in the feed system of 
the NC machine tool. With the increase of the 
number of iterations, the response of the D 
controller is more than that of the PI controller, and 
the settling time of the output is also reduced. 

With the increase of , the position response of 

the feed system of the NC machine tool also 

increases gradually. When  and  remain 

unchanged, with the increase of , the position 

response of the feed system of the NC machine tool 
also increases gradually. At different times, the 
response degree in the system also tends to be 

stable. When  and  remain unchanged, with the 

increase of , the position response of the NC also 

tends to be stable, and finally tends to 1. It has a 
certain reference for the model analysis of the feed 
system of the NC machine tool, but from the 
perspective of the frequency domain, the P 
controller can increase the bandwidth of the system, 
which will reduce the amplitude margin of the 
system, and its relative stability lower, it may cause 
system instability. 
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