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Abstract: In order to improve the accuracy, reliability and efficiency of computer numerical control 
(CNC) machine tools, first, according to the working principle of servo motor and related physical 
relations, the mathematical model of servo system is established. Moreover, the mathematical 
model is used to establish the three-closed loop simulation structure of servo. Then, according to 
the simulation structure, a parameter optimization algorithm of CNC machine tool servo system 
based on improved particle swarm optimization (PSO) algorithm is proposed. Compared with the 
previous PSO algorithm, the PSO algorithm used has two improvements. First, it introduces the 
nonlinear dynamic inertia weight coefficient, and constructs the functional relationship between 
accelerated factor and inertia weight. Second, it introduces the extreme perturbation operator to 
increase the search range of particles. Moreover, the improved PSO algorithm is used to optimize 
the scale factor parameters in the regulator. The experimental results show that the dynamic 
performance of CNC machine tool servo system has been improved to a certain extent. Compared 
with the Proportion Integration Differentiation (PID) parameters without tuning, the overshoot of 
the system is reduced and the robustness is improved. In addition, the tuning PID parameters are 
compared with those of crowd search algorithm (SOA), PSO and genetic algorithm (GA). The results 
show that the adjustment time to the stable error of the CNC machine tool servo system optimized 
by GA algorithm is longer than other algorithms, and the oscillation of the transition time is severer. 
The PID parameters of CNC machine tool servo system optimized by improved PSO algorithm are 
obviously better than those optimized by other algorithms. The system using this parameter has a 
short adjustment time and an overshoot of 0. Therefore, the performance of the improved PSO 
algorithm is better than SOA, PSO and GA algorithm. The proposed algorithm provides a new idea 
for intelligent algorithm to solve the control parameter optimization problem of CNC machine tools. 
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1. Introduction 
 
Computer numerical control (CNC) machine tool is 
an important equipment for precision machining of 
complex curved parts. The linear axis of CNC 
machine usually adopts the direct drive technology 
with good dynamic response and fast running speed. 
Direct drive technology adopts many kinds of 
interpolation technology to meet the requirements 
of machining complex workpiece with high precision 
and high surface finish [1]. In the actual production 
process, the driving parameters and system 
parameters of the servo system can meet the general 
precision requirements of the parts processing 
before the CNC machine leaves the factory. When 
there is gear machining with high precision and 
surface finish requirements, because the parameters 
of servo motor drive control system are not 

optimized in real time, the matching between servo 
motor drive system and load is not ideal [2], which 
will result in the phenomenon that the surface finish 
of machined parts cannot meet the requirements, 
machine bed jitter and noise will occur. Therefore, it 
is very important to optimize the control parameters 
of servo system. In the research of the servo control 
system of machine tool, many researchers in China 
and foreign countries have done a lot of work. 

In order to solve the problem that the controller 
parameters cannot be adjusted after the installation 
of the servo system of launch vehicle, Tian et al. 
(2021) designed the parameter adjustment method 
of the servo system controller parameters based on 
the optimization method of genetic algorithm (GA). 
The scale, notch frequency and damping factor were 
used as adjustment variables. The adjusted error 
integral criterion module was the error criterion. 
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The experimental results of servo system simulation 
test bench show that the proposed method can 
effectively optimize the parameters of servo system 
controller and improve the quality of servo system 
[3]. Yue et al. (2020) believed that advanced CNC 
machine tools are more and more important than 
ever before, and the problem of fault diagnosis of 
CNC machine tools is becoming more and more 
important. Traditional failure mode, influence 
analysis and critical analysis were combined with 
fuzzy theory to analyse the faults of the spindle 
system of CNC machine tools to avoid unnecessary 
faults and realize the safe and reliable operation of 
the equipment. In addition, the critical failure modes 
of key components and spindle system on CNC 
machine tools that need special attention were 
determined [4]. 

Vorkapi et al. (2020) developed a three-axis rapid 
prototyping CNC machine tool with two translation 
and one rotation axes by taking LinuxCNC system as 
control platform and integrated virtual machine 
(IVM) as digital twin. Moreover, in the environment 
of management software computer aided 
manufacturing (CAD) / computer aided 
manufacturing (CAM), a complete configuration was 
made. Finally, the correctness of the mechanical 
design was verified [5]. Yang et al. (2020) believed 
that with the development of modern manufacturing 
industry, the requirements for the performance of 
CNC machine tools are higher and higher; for high 
precision CNC machine tools, vibration in high-speed 
machining is an important factor affecting machining 
accuracy; as an important part of CNC machine tool, 
the dynamic characteristics of feed driving system 
have a great influence on the machining 
performance. Ball screw drive system is widely used 
in most CNC machines. In the process of high-speed 
machining, the vibration of the ball screw drive 
system will affect the stability of the control system 
and the machining accuracy of the CNC machine; 
therefore, further study on the dynamic 
characteristics and vibration control methods of ball 
screw transmission system is of great significance to 
improve the mechanical performance.  

The research status of vibration analysis and 
control methods of feed transmission system was 
reviewed. System modelling, parameter 
identification and vibration control technology 
related studies were classified and summarized. The 
advantages and disadvantages of different methods 
were discussed and compared. The linear variable 
parameter modelling method and control technology 
of ball screw drive system were introduced in detail. 
Finally, based on the existing research, the related 
research prospects were systematically put forward, 
which are of great significance for the development 
of vibration control technology of CNC machine tool 
feed drive system [6]. Chang (2018) proposed a 

nonlinear control technology of AC power regulation 
for ultra-precision machining of steel materials. This 
technology combines the advantages of finite time 
tracking control and cuckoo search algorithm (CSA). 
FTTC (finite time tracking control) allows the system 
to be insensitive to the uncertainties of the system 
and to converge in finite time. It is a noteworthy fact 
that flutter occurs under high dynamic loads. Under 
the condition of AC power supply, chatter will cause 
large distortion of output voltage, which leads to 
instability and unreliability of ultra-precision 
machining of steel. Therefore, CSA is used to reduce 
chatter so that AC power regulation can provide 
robust performance for ultra-precision machining of 
steel materials. Because the control technology is 
easier to implement than before, the tracking 
accuracy is high and the calculational-complexity 
algorithm is low, the experiment shows the low 
output voltage total harmonic distortion and fast 
response. This exploration is helpful for researchers 
to study the ultra-precision machining of steel 
materials [7]. 

However, at present, the Proportion Integration 
Differentiation (PID) tuning of CNC machine tools 
mostly depends on the empirical method. There are 
many problems in PID parameters tuning with 
empirical method, such as long tuning time, and poor 
performance of tuning results. For this reason, 
particle swarm optimization (PSO) algorithm is 
improved, and an optimized PID parameter 
optimization method of CNC machine tool feed drive 
servo system based on improved PSO algorithm is 
proposed. 

 

2. PID Control Theory and Mathematical 
Modelling of Numerical Control AC 
Servo System 

2.1 PID Control Principle 
 
At present, PID regulator is the most widely used 

regulator. The control law of PID regulator is 
proportional, integral and differential control [8,9]. 
PID regulator has the characteristics of simple 
structure, high stability and easy adjustment. Figure 
1 is the structure diagram of PID regulator. 
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Figure 1: PID structure diagram 
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In the continuous servo control system, the 
relationship between output signal and input signal 
of PID controller can be written in the form of 
equation (1). 

( ) 1
( ) (1 )

( )
P d

i

U s
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E s T s
= = + +                     (1) 

 

In (1), PK  is the proportional coefficient, iT  is 

the integral time constant and dT  is the differential 

time constant. 
The digitization of PID regulator is to discrete 

the PID in analogue system. Equation (2) is the form 

of PID equation of continuous system. 
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In (2), PK  is proportional control and errot  is 

steady-state error. The sampling period of the 

system is set to T , and the idea of calculus is used to 

replace the integral by summation and replace 
differential by first order difference.  

Equation (2) can be written in the form shown in 
equation (3). 
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The regulation mode of PID regulator can be 

divided into proportional control ( PK ), integral 
control ( iT ), and differential control ( dT ). PK  
control is the most widely used control mode, and 
the output signal of PK  controller is inversely 
proportional to the input error signal. When the 
ratio coefficient PK  increases, the error of the 
system will be amplified and the response of the 
system will be sensitive [10,11]. When the system 
tends to be stable, increasing PK  can reduce the 
steady-state error, but it cannot eliminate the error 
completely. When PK  increases to a certain extent, 
the system will have the phenomenon of oscillation 
[12,13]. Integral control means that the output signal 
of the controller is proportional to the integral of the 
input signal. The frequency of oscillation increases 
with the decrease of iT  value. The increase of iT  
value will reduce the effect on the system 
performance. dT  control is that the output signal of 
the controller is proportional to the error change 
rate of the input error signal. In the actual 
engineering, dT  often works with iT  and PK . Its 
main purpose is to improve the stability and 
dynamic characteristics of the closed-loop system 
[14,15]. 

The performance index of AC servo system 
mainly includes time domain index and frequency 
domain index. Specifically, it includes the maximum 
overshoot PM  which is used to describe that the 
output exceeds the maximum offset corresponding 
to the final value of the input during the transient 
period; the peak time PT  when the maximum 
overshoot occurs; the rise time rT  which is the time 
when the output reaches the input value for the first 
time in the transient process; the adjustment time 

sT  of the time that the deviation between the output 
value and the final value corresponding to the input 
reaches the allowable range; the error between the 

expected value and the actual value of steady-state 
response, which is steady-state error errot  [16,17]. 

 

2.2 Composition of CNC Machine Tools 
 

CNC machine tool is composed of digital control 
system, servo drive system and machine hardware. 
Among them, the hardware of machine tool includes 
transmission chain, worktable and processing 
auxiliary parts; the servo drive system includes 
servo motor and servo driver, which is the core of 
CNC machine tool [18,19]. For CNC machine tools 
with superior performance, the control system used 
is generally a fast response, accurate calculation, 
advanced digital control system [20,21]. The CNC 
system includes digital processing unit, servo drive 
controller, input and output interface, operation 
panel, display unit and other components. It can 
realize the calculation and storage of all the data of 
the machine tool, and store the processing program 
of the machine tool. It is the key to realize complex 
machining, motion control, rapid response and 
accurate calculation to send driving signal to servo 
motor after processing and calculation according to 
instructions [22]. 
 

2.3 Mathematical Modelling of Main 
Components of Numerical Control AC Servo 
System 

 
There are many kinds of classification standards 

for servo system. The common classification 
methods are according to the regulation theory, 
according to the driving elements used, according to 
the feed drive and spindle drive, and according to the 
feedback comparison. According to the driving 
components used, it can be divided into stepping 
servo system, AC servo system and DC servo system 
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[23,24]. Among them, the meaning of AC servo 
system is that the system contains AC asynchronous 
servo motor and permanent magnet synchronous 
servo motor. Compared with DC servo motor, AC 
servo motor has fewer defects, faster speed and 
higher output power. Therefore, AC servo system has 
been more and more widely used. From the relevant 
statistical data, it is not difficult to find that there are 
more than 80% AC servo systems used in the 
industrial field today [25]. At present, the current 
loop, speed loop and position loop of three closed-
loop PID control technology are widely used in the 
servo system of CNC machine tools. However, the 
efficiency of this PID parameter tuning method is not 
high, and the work experience of the tuning engineer 
is required to be high, because the design and 
parameter tuning of AC servo system is particularly 
important [26-28]. In order to analyse the dynamic 
and static quality of AC servo system, a mathematical 
model, usually ordinary differential equation, is 
needed to describe the dynamic physical law of the 
system.  

The establishment of differential equation model 
can be divided into two steps. 

1. Input and output variables of the system are 
determined. Then, the system is divided into several 
independent links according to its function, and the 
input and output signals of each link are determined. 

2. For a given system, from the beginning of the 

system, the mathematical equations contained in the 
variables of the system are written out, and the 
necessary equations are sorted out. Finally, only the 
differential equations containing the input, output, 
and system component parameters are obtained. 
Figure 2 shows that the servo system is mainly 
composed of controller, inverter, servo motor, 
monitoring device and mechanical system. The 
three-loop control composed of current loop, speed 
loop and position loop are classic ways of CNC 
control structure.  

Generally, position loop is the outer loop of 

servo system, while current loop and speed loop are 
the inner loop of servo system. Among them, the 
current loop and speed loop are generally completed 
by the driver, and the motion loop control is 
generally realized by the motion controller [29]. The 
function of current loop is to improve the response 
performance of the system and restrain the current 
interference inside the motor, so that the 
acceleration torque of AC servo system of CNC 
machine tool is large enough to ensure the safe 
operation of the system. The function of speed loop 
is to strengthen the anti-load ability of AC servo 

system of CNC machine tool and restrain the 
fluctuation of motion speed. The function of position 
loop is to ensure the dynamic and static performance 

of AC servo system of CNC machine tool better, and 
increase the stability of AC servo system of CNC 
machine tool. In order to better analyse the steady-
state accuracy and static and dynamic quality of the 
system, the mathematical model of each component 

and link of the servo system is established. Figure 2 
shows the structure of the three-loop control system. 
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Figure 2: Structure of three-loop control system 

 
AC servo motor is an important part of servo 

system, and its mathematical model is more 
complex, so in the process of dynamic research and 
simulation of servo system, AC servo motor is 
usually simplified. In the research area of this 
exploration, AC servo motor is simplified as 
permanent magnet synchronous machine. Equation 
(4) shows the electrical and mechanical equations of 
permanent magnet synchronous machine.  

 

d d

s q d

d r

q q q

=R +d /

i +d /

i +

=L i

s d t e q

q t e d

d d

u i d

u R d

L

  

  

 



−


= +


=



                               (4) 

In (4), du , 
qu , di  and 

qi  are stator voltage and 

current in d and q coordinate axes respectively; dL  

and 
qL  are direct axis and quadrature axis 

inductance; d  and 
q  are stator flux linkage in 

,d q  coordinate axes; R s  and e  are stator 

resistance and electric angle. 
Equation (5) is the motion equation of the motor.  
  

r ed / (T -T B ) / Jt m rd = −                               (5) 

 
Equation (6) is the motor torque equation. 

n d3 [ i (L -L )i i ] / 2e r q q d qT P = + (6) 

In equations (5) and (6), J  is the moment of 

inertia, B  is friction coefficient, r  is the 
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mechanical angle, and nP  is the pole logarithm of 

the motor. 
 

2.4 PSO and its Improvement 
 

PSO is an algorithm based on group search, which 
can search the optimal solution by simulating the 
migration and clustering of birds in the process of 
foraging. PSO algorithm updates the velocity and 
position of particles by tracking the local optimal 
solution and global optimal solution in the iterative 
process. Equations (7) and (8) are the update 
equations of particle velocity and position 
respectively. 

 

* * *k+1 k k k k k

id id 1 1 id id 2 2 id idv = w v +c r p - x +c r g - x（ ） （ ）
         (7) 

 
1 1k k k

id id idx x v+ += +                                                         (8) 

 
In (7) and (8), w  is the inertia weight coefficient, 

1c  and 2c  are the learning factors, and  1r  and 2r  

are random numbers greater than 0 and less than 1; 
k

idv  is the flight speed of particle i in the K-th 

iteration. 
k

idx  is the position of particle i in the K-th 

iteration. 
k

idp  is the local optimal solution and 
k

idg  is 

the global optimal solution. Figure 3 shows the 
iterative process of PSO algorithm. 
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Update the velocity and position of the 
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Satisfy exit 

conditions

End

 
Figure. 3 Flow chart of PSO algorithm 

 
Compared with other intelligent optimization 

algorithms, PSO algorithm has no crossover and 
mutation operation, so the algorithm is simple in 
structure and fast in operation. However, when the 
basic PSO algorithm searches in the solution space, 
the particle oscillates in the global optimal solution. 
In order to solve this problem, PSO algorithm has 
been improved by two points. 1) The extreme 
disturbance factor is introduced, and equation (9) is 
the improved strategy. 

 

( ) 0.96[ ( ) ( ) ( ( ) ( )) ( ( ) ( ))]i i 1 1 3 i i 2 2 iv t +1 = w t v t +c r r gbest t - x t +c r zbest t - x t              (9) 

 

In equation (9), 3r  is a random number greater 

than 0 and less than 1, gbest  is an extreme value, 

and the value of gbest  changes with the change of 

3r . This method expands the search range of 

particles, and then makes particles jump out of the 
local optimal value, and enhances the global 
optimization ability of particles. In the PSO 
algorithm, the inertia weight coefficient   is one of 
the important parameters that affect the 
performance of the algorithm. Larger   value can 
enhance the global optimization ability of PSO, and 
smaller   value can enhance the local optimization 
ability of PSO. 2) According to the characteristics of 
PSO algorithm, the improved strategy is to use larger 
inertia weight coefficient in the initial optimization 
stage of PSO, and use smaller inertia weight 
coefficient in the later stage of PSO. Equation (10) is 
the expression of the proposed improvement 
strategy. 

 

min max min max(t)= +( ).cos( 2 )t t    −        (10) 

In (10), max  is the maximum inertia weight 

coefficient and min  is the minimum inertia weight 

coefficient. 
The relationship shown in equation (10) shows 

that the value of inertia weight coefficient   is small 
at the beginning of the iteration of PSO algorithm, 
and then increases with the increase of the number 
of iterations. When it increases to the peak value, the 
value of inertia weight coefficient   decreases with 
the increase of iteration times. It ensures that in the 
early stage of operation, the PSO algorithm performs 
local optimization near the particle itself. Then, the 
global optimization is carried out, and finally the 
accurate local optimization is carried out. 

 

2.5 PID Parameter Optimization based on 
Improved PSO Algorithm 

 
Figure 4 presents the schematic diagram of PID 

tuning parameters based on the improved PSO. The 
control of PID is mainly to optimize PID three scale 

factor parameters PK , iK  and dK . 
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Figure 4: Parameter tuning principle of improved PSO algorithm 

 
Figure 5 shows the process of PSO algorithm optimizing PID parameters. 
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Figure 5: Flow chart of PSO algorithm optimizing PID parameters 

 
As shown in Figure 5, the optimization process of 

PSO algorithm can be divided into six steps. 

1) The improved weight coefficient, learning 

factor and extreme disturbance factor of PSO 

algorithm are introduced. 

2) Particles are randomly initialized. 

3) The corresponding equation is used to update 

the velocity and position of each particle. 

4) The fitness of each particle is evaluated. 

5) According to the fitness value, the global 

optimal value and local optimal value are updated. 

6) Whether the number of runs of the algorithm 

reaches the maximum number set in advance, or 

whether any particles reach the global optimal 

position is judged. 

 
2.6 Experimental Parameters and 
Environment Configuration 

 
The adaptive controller with PSO optimization is 

used to simulate the servo system. The rated power 
of the synchronous motor used for simulation 

research is 2.0KW, the rated torque is 12N.m, the 
rated current is 5A, the rated speed is 1400r.min-1, 

the direct axis inductance dL  is 5.64Mh, and the 

quadrature axis inductance is 8.76Mh. 
 

3. Simulation Study 
3.1 PID Parameter Change Test 

 
Figure 6 shows the change curve of PID 

parameters optimized by PSO algorithm. 
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Figure 6: PID parameter change test 
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Figure 6 shows that after 12 iterations, the 

optimal value of parameter iK  is found. After three 

iterations, the optimal value of parameter dK  is 

found.  
After 18 iterations, the optimal value of 

parameter iK  is found. Compared with the PID 

parameters without the optimization of the 
improved PSO algorithm, the PID parameters 
optimized by the improved PSO algorithm can find 
the optimal value of the algorithm more quickly. 
 

3.2 Step Response Test of System under No 
Load 

 
Figure 7(a) shows the step response curve of the 

system under the PID parameter control without the 
optimization of the improved PSO algorithm under 
no load condition.  

Figure 7(b) shows the step response curve of the 
system under PID parameter control after the 
improved PSO algorithm optimization under no load 
condition. 
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Figure 7: Step response test results of the system under no load condition ((a) response curve of PSO 

optimization system without optimization (no load) (b) response curve of improved PSO algorithm optimization 
system (no load)) 

 
Figure 7 shows that compared with the PID 

parameters system not adjusted by the improved 
PSO algorithm, the system of PID parameters 
adjusted by the improved PSO algorithm has faster 
convergence speed, higher accuracy and smaller 
error, which is more in line with the actual 
production requirements. 

3.3 Step Response Test of System under 
Normal Condition 

 
Figure 8 shows the step response test results of 

the system under normal conditions. 
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Figure 8: Test results of step response of system under normal conditions ((a) response curve of the system not 

optimized by the improved PSO algorithm (normal condition) (b) response curve of the system optimized by the 
improved PSO algorithm (normal condition)) 

 
The system step response test results in Figure 8 

show that the overshoot of the system is reduced, 
the regulation time is shortened and the robustness 
is enhanced by using the PID parameter scheme 
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adjusted by PSO algorithm. Thus, the correctness of 
the optimized PID parameters can be illustrated. 
 
3.4 Algorithm Comparison Test 

 
The PID parameters obtained by the improved 

PSO algorithm, crowd search algorithm (SOA), PSO 
optimization algorithm and GA simulation are 

substituted into the motor transfer equation, and the 
corresponding model is established.  

MATLAB is used to simulate it, so as to get the 

comprehensive output step response curve and the 

comprehensive output step response error curve of 

the algorithm, as shown in Figure 9(a) and Figure 

9(b). 
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Figure 9: Comprehensive output step response curve and the comprehensive output step response error curve 

 ((a) comprehensive output step response curve, (b) comprehensive output step response error curve)) 
 

The experimental results in Figure 9 show that 
PSO algorithm, SOA, optimized improved PSO 
optimization algorithm and GA all have good global 
search characteristics, and the above algorithms can 
get the optimization results of PID parameters. 
However, for the system which uses GA algorithm to 
optimize the index, the adjustment time of the 
system to the stable error is longer than that of other 
algorithms, and the oscillation of the transition time 
is severer. The PID parameters of the system 
optimized by the improved PSO algorithm are 
obviously better than those optimized by other 
algorithms. The adjustment time is short and the 
overshoot is 0. Therefore, the PSO algorithm is the 
best among these algorithms. 

 

4. Discussion 
 
The PID parameter values obtained by the improved 
PSO algorithm are compared with those of SOA 
proposed by Tariq (2020) [30] and GA proposed by 
Guo et al. (2020) [31]. The results show that the 

value of PK  is 0.040, iK  is 64.321, and dK  is 0 by 

SOA simulation; the value of PK  is 0.2405, iK  is 

67.321, and dK  is 0 by GA simulation; the value of 

PK  is 0.0005, iK  is 61.311, and dK  is 0 by 

optimized PSO algorithm simulation. Optimizing PID 

parameters through PSO algorithm can more quickly 
find the best value than other algorithms. 

The optimization results of PSO, SOA and GA are 
compared. The optimization results of the control 
system are evaluated by the delay time, adjustment 
time and peak time. The evaluation results show that 
the delay time of the improved PSO algorithm is 
short, and it can be used in the system with general 
stability but high speed. The delay time of the 
original PSO algorithm is moderate, so it can be used 
in the system which has the requirements of smooth 
performance and fast performance. SOA and GA are 
suitable for the system with low requirements. In 
reality, most of the systems have general stability 
but high speed, so compared with other PID 
parameters optimized by other algorithms, the PID 
parameters optimized by the algorithm have a wider 
range of application. 

 

5. Conclusion 
 

The performance of CNC servo system is an 
important factor affecting the precision index of CNC 
machine tools. In order to get high performance 
servo system, it can be improved from two aspects. 
On the one hand, the servo motor with better 
performance or the hardware actuator matching it 
can be selected. The second is to use better control 
methods.  
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This exploration is to study the machining control 
technology of machine tools from the second aspect. 
Therefore, the improved PSO algorithm is optimized 
in two points for the requirement of high precision 
of CNC machine tools. The first point is to introduce 
the corresponding equation to adaptively adjust the 
inertia weight of PSO algorithm. The second point is 
to increase the random property of particles in PSO 
operator by adding the extreme perturbation 
operator. Then, the PID parameters of servo system 
in CNC machine tool are adjusted by PSO algorithm, 
and the simulation experiment is carried out for the 
CNC machine tool with PID parameter adjustment. 
The experimental results show that the overshoot of 
PID parameter system optimized by PSO algorithm is 
reduced, adjustment time is reduced and the 
robustness of the system increases. Therefore, the 
PID parameter optimization algorithm of the servo 
system of CNC machine tool has achieved the 
expected effect. 

However, the proposed algorithm also has some 
shortcomings. Only the improvement of PSO 
algorithm is made, and only the influence of inertia 
weight coefficient on PSO performance is considered. 
In the next step, PSO algorithm should be further 
studied and improved, and other intelligent 
algorithms will be considered to optimize PID 
parameters of servo system of CNC machine tools. 
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