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Abstract. The article considers a method of controlling the motion of the 
output links of the tracking system of pneumatic actuators of technological 
equipment actuators. Dynamic and qualitative characteristics are improved 
by means of proportional-integral-differential (PID) controller. The 
mathematical model of actuator system, which includes power and control 
parts, has been developed. By calculation experiment the dynamic 
characteristics of the actuator have been obtained, from which it has been 
found possible to reduce the energy consumed by the actuator system to 
about 30%. 

1 Introduction 

The modern level and further development of technological equipment is inextricably 

linked to the automation of production processes in companies and requires increased 

efficiency (energy consumption, speed, accuracy) of the actuator systems of technological 

equipment.  

Pneumatic actuators and control systems are widely used in various industries, which is 

explained by high reliability of pneumatic systems, ease of operation, fire and explosion 

safety and low cost. At the same time, air can be used as a non-contact tool in technological 

operations and in control and measuring operations. 

In combination with electronic control systems with the help of pneumatic systems it is 

possible to solve many problems, which were solved earlier by other means, much easier. 

However, in many cases the complexity of using pneumatic actuators to realize defined 

laws of motion casts doubt on their feasibility. Therefore, it is important already at the 

design stage to decide on the fundamental possibility and efficiency of using a pneumatic 

system [1, 2]. 

In this connection, the following tasks were set in the article: to develop a mathematical 

model of the pneumatic actuator follower system, a drive position cycle control algorithm 

and to find ways to improve the energy efficiency of the pneumatic actuator system. 
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2 Pneumatic actuator following system with proportional-
integral-differential (PID) controller 

The combination of modern pneumatics and automation makes it possible to synchronize 

the velocity and position of the working mechanisms so precisely that high speeds, 

minimum operating times and precision of the parts can be realized in a single machine. 

But this, in turn, leads to higher requirements for drive dynamics and positioning accuracy 

of actuators. 

Simulation of pneumatic system processes is complicated by non-stationarity of 

compressed gas flows [1-8]. Because of that, assumptions were made when forming the 

mathematical model of the actuator: 

- The compressed air source characteristic is assumed constant pM - const, since the 

pressure line of the pneumatic actuator is connected to a receiver of sufficient volume 

through a pressure regulator; 

- The thermodynamic process of gas state change is assumed to be adiabatic, as it proceeds 

in a short period of time; 

- An ideal gas model is used in the description of pneumatic devices, since the pressure of 

compressed air is below 10 bar; 

- Flow coefficients µ of control devices are assumed constant. 

The mathematical model of the pneumatic actuator is developed on the basis of the 

accepted assumptions and in accordance with the calculation diagram in Figure 1 [2]. 

 

 

Fig. 1. Design diagram of a pneumatic actuator 

2.1 Mathematical model of the power part of the pneumatic actuator 

The equation of motion of the pneumatic actuator output link: 
 

𝑀
𝑑2𝑥

𝑑𝑡2
= 𝑝1𝐹1 − 𝑝2𝐹2 − 𝑝А(𝐹1 − 𝐹2) − 𝑁,   (1) 

 
where P1 – pressure in the head end, Pa; P2 – pressure in the rod end, Pa; pA – outlet 
pressure, Pa; F – effective area of the piston, m2; N – static load, N. 

Equation describing the change in pressure P1 in the decreasing space: 
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where TМ – absolute gas temperature, K; R– gas constant, J/(kg K); k – adiabatic index 
(Poisson's coefficient); f – pipe cross-section area, m2; x – piston position coordinate, m;  
x01 – reduced coordinate, characterizing the piston cavity harmful head end, m; 𝜍 – line 
resistance factor, valves; рМ – supply pressure, Pa. 

Equation of gas pressure change in the outlet space: 
 

𝑑𝑝2

𝑑𝑡
= −

𝑘𝑓2√𝑅𝑇𝑀
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2 +
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𝑑𝑡
,  (3) 

 
where S – maximum piston stroke, m; x02 – reduced coordinate characterizing the volume 
of the harmful space of the rod cavity, m. 

The coordinate of the piston position x varies between 0 and S, i.e. the piston in the 
pneumatic actuator moves from stop to stop. This limitation must be reflected in the 
mathematical model. If the pneumatic actuator is in the leftmost position, then it is 
necessary to artificially set acceleration, velocity of motion and coordinate equal to zero in 
the program immediately after acceleration calculation, i.e. the condition should be added 
to the obtained equations of the mathematical model of the pneumatic actuator: 

 
𝑖𝑓 𝑥 < 0, то 

𝑑2𝑥

𝑑𝑡2
=

𝑑𝑥

𝑑𝑡
= 𝑥 = 0.    (4) 

 
Similarly, for the case where the piston reaches the end at the rightmost position, we 

must write a condition limiting the coordinate x to the length of the actuator stroke S: 
 

𝑖𝑓 𝑥 ≥ 𝑆, то 
𝑑2𝑥

𝑑𝑡2
=

𝑑𝑥

𝑑𝑡
= 𝑥 = 0    (5) 

 
The final mathematical model of a typical pneumatic actuator is as follows: 
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,  (6) 

 

2.2 Equation of the control part of a pneumatic actuator (PID controller 

This is the most common regulator structure in process control and servomechanisms 
(Figure 2) [4]. 
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Fig. 2. PID controller structure 

The PID controller produces an output signal that is the sum of the three components of 
proportional control, integral control and derivative control. The first part 𝑢𝑃(𝑡) is 
proportional to the error of the output quantity 𝑒(𝑡), i.e. the difference between the output 
quantity and the reference value, the second part 𝑢𝐼(𝑡) – is integral in time of the error of 
the output quantity, and the third part 𝑢𝐷(𝑡) – is derivative of the error. The equation of the 
classical PID controller is [4-19]: 
 

𝑢(𝑡) = 𝑢0 + 𝐾 [𝑒(𝑡) +
1

𝑇𝑖
∫ 𝑒(𝜏)𝑑𝜏 + 𝑇𝑑

𝑑𝑒(𝑡)

𝑑𝑡

𝑡

0
] = 𝑢0 + 𝑢𝑃(𝑡) + 𝑢𝐼(𝑡) + 𝑢𝐷(𝑡), (7) 

 

where 𝐾 – the controller gain; 𝑇𝑖  – the integration time constant, s; 𝑇𝑑 – the differentiation 
time constant, s; 𝑢0 – the correction value or offset that adjusts the average output level of 
the controller. 

2.3 Simulation experiment 

The solution of the resulting model was performed on a computer using the Simulink 
graphical simulation environment based on the Matlab program (Figure 3). Reliability of the 
computational experiment is confirmed by solving the system of equations by the ode23t 
method, it is an implicit trapezoidal method with interpolation. This method gives good 
results when solving problems describing oscillating systems with almost harmonic output 
signal. With moderately rigid systems of differential equations, it can give high solution 
accuracy. 

To conduct a full-scale experiment, as well as to assess the influence of various factors 
on the speed and accuracy of positioning, the bench equipment was developed (Figure 4), 
which allows to conduct a multifactorial experiment. To collect and process the 
information, an automated measuring complex was developed, which essentially includes a 
personal computer, a programmable logic controller and sensors (Figure 4). 

As a result of dynamic calculation of the pneumatic actuator (Figure 1) we obtain 
time characteristics, which allow evaluating stability and quality of the transient 
process.  
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Fig. 3. Mathematical model 
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Fig. 4. Stand for the study of the pneumatic actuator 

The results of dynamic calculation are presented in the form of dependences of the 
coordinate, velocity of movement (Figure 5) and air pressure on time (Figure 6). At the 
first second, a signal comes to the regulator and after 0.3 seconds the rod of the first 
(horizontal) cylinder is set on the value of 0.1 m. The second (vertical) cylinder piston 
rod is set to 0.15m after 0.7s (Figure 7). 

At 3 seconds, the signal to the regulator is reset to 0 and the rods of both cylinders 
return to their original positions (Figure 5). 

 

 
Fig. 5. Dependence of velocity and rod movement on time 
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Fig. 6. Dependence of pressure in the piston (A) and rod (B) cavity of the cylinder on time 

 

Fig. 7. Movement of two rods in space 
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The quality of the transients is confirmed by the dependencies obtained in the graphs 
(Figure 5, 6). The majority of transients are aperiodic. The process of extending of the 
horizontally located pneumatic cylinder is oscillatory (Figure 5). Oscillations of the rod 
displacement velocity are damped, the damping decrement is equal to 1.13, the oscillation 
frequency is 10.75 Hz and the setting time is 0.42 s. 

 

 
Fig. 8. Energy flow rate 

As can be seen from the graph (Figure 6), extending the cylinder rod requires half the 
pressure, relative to the system pressure. At the same time, the energy consumption in the 
piston cavity of the first (horizontal) cylinder at the peak is 600 W, the second (vertical) is 
800 W (Figure 8). In addition, it can be seen from the graph (Figure 6) that the PID 
controller starts the reversal process by applying a control signal to open the distributor's 
flow channels. This leads to an increase in pressure in the pressure chamber of the cylinder. 
However, there is already air remaining in the cylinder under pressure which can be used to 
reduce the energy input for the return of the piston. This requires the development of a 
more optimal actuator system control law, which will be the target of future work. 

3 Conclusion 

As a result, a mathematical model of pneumatic actuator has been developed, which allows 
conducting dynamic analysis at the stages of development, which significantly reduces the 
time and money for prototype development and improves the quality of dynamic processes 
of technological equipment mechanisms. The possibility of drive performance increase with 
the use of PID controller is shown. As a result, the positioning process time is reduced, 
resulting in shorter cycle times and consequently higher productivity. A calculation 
experiment has shown the dynamic behaviour of the actuator, which can reduce the energy 
consumption of the actuator system by up to 30%. 
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