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Abstract 

 
A mathematical model is developed to estimate the pressure response of an insulated electric air compressor. A pressure switch is 

modeled as a comparator and the electric motor as an amplifier. It is assumed that the compressed air is a perfect gas when applying the 
isentropic process. In addition, the effect of a step, ramp and sinusoidal functions of disturbance signals on the air pressure has been 
studied.  A good agreement was obtained when comparing the predicted results with the measured values obtained from the experimental 
test that was done using a (1.32 kW, 23 litter and 8 bar) electric reciprocating air compressor. In addition, the same behavior of the 
predicted results was obtained when compared with results of a previously published article. It was found that the time constant of this 
control system is directly proportional with the value of the spring constant that is inserted inside the pressure switch and with the 
volume of air storage vessel, and it is inversely proportional with the gain of the amplifier and with the effective cross-sectional area of 
the pressure switch diaphragm and it is independent of the value of operating pressure set point. In addition, when the value of 

disturbance signal is positive, it will increase the output pressure response and when it is negative, it will decrease it . 
 
Keywords: Integral controller; pressure response; air compressor; step function disturbance; ramp disturbance; sinusoidal disturbance. 

 

1. Introduction 

Compressors are devices that are most commonly used in 
industrial, domestic applications, petrochemical plants and oil 
refineries. It compresses air, hydrogen, R12 or any other gas. Air 

compressors contributes in many applications such as operating 
pneumatic tools in workshops and many industrial production 
lines including automobiles, food, paper, drug industries, 
metallurgy, chemical, tobacco, machinery, and it is commonly 
driven by an electric motor or steam turbine as in petrochemical 
plants and oil refineries. 
(Zhao, 1992) presented a mathematical model for the dynamic 
analysis of a vertical reheat boiler and the application of this 

model to the optimal design of a drum water level controller. A 
numerical Finite Difference Technique was developed to 
formulate this model. Results showed that an incremental PID 
controller plus adapt feedforward compensator can be successfully 
employed for the control of water level in boiler drums. 
There are many disturbance factors in boilers operation and it is 
hardly to control the main steam pressure. The advantages of the 
Fuzzy Control and the PID control are integrated to design the 
fuzzy-PI controller by combining the SIMULINK and FUZZY 

tool box organically. The simulation results show that this control 
method greatly enhances the control effect of the nonlinear, 
hysteresis system, and improves the system's flexibility and 
adaptability (Panxiang et. al., 2011). 
The characteristics of steam pressure-controlled object is analyzed 
using a fuzzy adaptive PID control based on the cascade control 
system. (Zhou et. al., 2012) constructed a mathematical model 
using MATLAB simulation to compare the fuzzy adaptive PID 

cascade control with conventional PID control. The results prove 
that the former has a good control effect. 
(Sniders and Komass, 2012) developed a mathematical modeling 
and simulation in MATLAB SIMULINK environment to consider 
the possibility of steam production and supply process 
improvement by perfection of the steam boiler control system, 
applying invariance principle that makes possible preemptive 

compensation of the influence of steam expenditure as a 
disturbance on the control process quality and efficiency. The 
control unit was low pressure steam boiler with one input impact 
to control – the heat flow of burning gas mixture fuel, one 
measured output parameter of the process – the steam pressure, 
and the main disturbance as a load impact – the steam 
expenditure. The mathematical and virtual models and block-
diagrams for transient process simulation was compiled, allowing 

to start practical design and investigation of steam boiler invariant 
control system with high operation stability under essentially 
fluctuating load. The simulation results proved that the optimal 
solution for the transient process improvement in steam boiler, 
taking in account fluctuating load, was invariant PID-DPC two 
loop control system with disturbance impact on steam pressure 
preemptive compensation. Under invariant control the steam 
pressure overshoots decrease substantially in comparison with the 
traditional PID-feedback control method. 

(Chukanova et. al., 2013) Developed a mathematical model to 
study the screw compressor behavior that is connected to a close 
loop system and operating under unsteady conditions during; start-
up, and variation of compressor shaft speed, tank volume, tank 
pressure and throttle valve position. This mathematical model was 
based on the differential equations of conservation of mass and 
energy. The first start-up condition begins from atmospheric 
pressure at the compressor discharge.   
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A good agreement was observed when the predicted results was 
compared with those obtained from experimental tests that was 
done using an oil-flooded twin screw compressor that is driven by 
six belts coupled to 75 kw electric motor. 
 (Nia and shabaninia, 2014) presented a robust scheme of a 

multivariable non-linear process for controlling the pressure of gas 
collectors of a coke oven. The effectiveness of the traditional PI 
(Proportional Integral) control for controlling gas collector 
pressure of the coke oven is difficult to be perfect. A hybrid 
control scheme based on fuzzy PI and conventional PI methods 
(called fuzzy PI-PI) is presented. Based on the application of the 
fuzzy PI-PI and type-2 fuzzy PI-PI control approaches, a high-
performance pressure control has been obtained. A comparative 

study between the conventional PI, fuzzy PI-PI and Type-2 fuzzy 
PI-PI control paradigms has been carried out. The comparison 
shows that the Type-2 fuzzy PI outperforms its rival. 
(Ponce et. al., 2016) designed and evaluated a dynamic simulator 
for an ISCC (Integrated solar combined cycle) plant. The 
simulator is based on proportional-integral controllers and was 
developed in the MATLAB/Simulink® environment. A control 
strategy was presented. The intent of the strategy was to regulate 

the steam pressure of the superheater of the ISCC plant. The 
combined use of the simulator and the control strategy allows for 
the quantification of the reduction in fuel consumption that can be 
achieved when integrated solar collectors were used in a combined 
cycle plant. It was found that the ISCC plant simulator is suitable 
for designing, evaluating and testing control strategies and for 
planning the integration of solar and combined cycle plants. 
(Chang et. al., 2017) developed a mathematical model to analyze 

the transient response of the high-pressure steam pipeline network 
in a refinery. A sequentially iterative fully implicit method has 
been used to solve the unsteady nonlinear equations in a pipeline. 
The proposed method was then combined with the modified 
Hardy-Cross method to study the transient response in a looped 
pipeline network. A complex high-pressure steam network 
problem was used for demonstrating the applicability of the 
proposed solution method in analyzing the transient response in a 
pipeline network. This analysis was critical for optimizing 

operation and control of the steam distribution systems. 
(PAN, 2017) Designed a hardware and software system of a 
gearshift integral PID controller for air compressor pressure 
control system using a kernel that is made of a single chip 
microcomputer PIC16F877. It was found that the application of 
this system showed many advantages. 
In this paper, a mathematical model will be developed to estimate 
the pressure response of a perfectly insulated electric air 

compressor. A commercial, diaphragm type pressure switch 
device will be used in this pressure integral control system to act 
as a comparator and the electric motor will be modeled as a signal 
amplifier. The block diagram of this pressure integral control 
system will be developed assuming that the compressed air is a 
perfect gas when applying the isentropic air compression process. 
In addition, the effect of a step, ramp and sinusoidal functions of 
disturbance signals on the air compressor pressure response will 

be studied. The predicted results of the mathematical model will 
be compared with the measured values from the experimental test 
using a (1.32 kW) electric reciprocating air compressor with a 
storage vessel volume of (23 litter) and maximum operating 
pressure of (8 bar) and using a diaphragm type pressure switch 
device of a low range of pressure set point up to (7.5 bar). Also, it 
will be compared with results of a previously published article. 

2. Mathematical Model 

Consider an electric air compressor that is equipped with a 
pressure switch device to control and maintain the desired output 

pressure value  during air compressor operation. At 

, the pressure set point on the pressure switch device is 

suddenly changed to a unit step value of  , and the air inlet 

temperature to the compressor is , as shown in Fig. 1. It is 

required to predict the air compressor pressure response during its 
operation. To solve this problem, the following assumptions are 
considered: 
1. The electric air compressor is perfectly insulated. 
2. Isentropic air compression ideal process. 

3. The compressed air is assumed to be a perfect gas. 
4. The diaphragm type pressure switch device is a low 
range pressure set point up to (7.5 bar). 
In order to predict the pressure response of the air compressor 
system during air compression, the transfer function of each 
component of the pressure control system has to be estimated. 
Then, these transfer functions of all system components will be 
assembled to give the required transfer function of the air 

compressor pressure control system (Raven, 1995) and (Ogata, 
2010). 

2.1 Comparator 

Applying Hooke’s Law on the pressure switch device that is 
modeled as a comparator. Hence, the relation between the input 

signal , the feedback signal   and the output signal 

 is estimated as follows; 

 
 

 
 

                                                         (1) 

The transfer function of this relation is shown in Fig. 2, (Raven, 
1995) and (Ogata, 2010). 

2.2 Amplifier 

When the diaphragm of the pressure switch senses the difference 
in pressure between both of its sides. It compresses the spring and 

moves it a distance  in the direction of the low-pressure side. 

The micro switch, that is mounted inside the pressure switch, will 
activate the electric motor. 
Hence, the electric motor is modeled as a signal amplifier and the 

relation between the spring displacement  and the power of 

the electric motor  is modeled as: 

 

                                                                          (2) 

 
Therefore, the transfer function of the signal amplifier is shown in 
Fig. 3, (Raven, 1995) and (Ogata, 2010). 

2.3 Hydraulic Process 

The hydraulic process is modeled as follows, (Klein and Nellis, 
2011) and (Cengel and Boles, 2015): 

 

 

                                                    (3) 

 
Since the air compressor is perfectly insulated and neglect the 
mechanical losses. Hence, 
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Therefore, the transfer function of these relations is shown in Fig. 
4, (Raven, 1995) and (Ogata, 2010). 
 

                                                              (4) 

 
Hence, the transfer function of the integral controller for this 
control system is shown in Fig. 5, (Raven, 1995) and (Ogata, 
2010). The Specific hydraulic power supplied to the compressor is 
estimated as, (Klein and Nellis, 2011) and (Cengel and Boles, 

2015): 
 

                                                          (5) 

 
The effect of the disturbance signal is added to the above relations 
and it can be modeled, (Klein and Nellis, 2011) and (Cengel and 
Boles, 2015), as shown in Fig. 6. The isentropic air compression 
ideal process gives: 
 

           (6) 

 
Since the compressed air is assumed as perfect gas and it will 

follow the perfect gas law and the air density  is estimated as 

follows, (Klein and Nellis, 2011) and (Cengel and Boles, 2015): 
 

                                     (7) 

 
Therefore, the transfer function of the perfect gas law is shown in 
Fig. 7, (Raven, 1995) and (Ogata, 2010). 

2.4 Assembly of Block Diagram for all process 

components 

The block diagram of all process components is obtained from the 
assembly of all the block diagrams, that are shown in Fig. 2 to 7, 
as shown in Fig. 8. 

2.5 Reduction of Assembled Block Diagram 

Simplify and rearrange the assembled block diagram in Fig. 8, 

yields the final block diagram in Fig. 9. The output signal  

can be estimated from the transfer function that is predicted from 
Fig. 9, as follows, (Raven, 1995) and (Ogata, 2010): 
 

                                             (8) 

 
Eq. (8) represent the general transfer function of the air 
compressor pressure control system. The time constant of the 

pressure control system is, (Raven, 1995) and (Ogata, 2010): 
 

                                       (9) 

 

2.5.1 Pressure Response with no Change in  

If ,  and all initial 

conditions=0. Hence, Eq. (8) is reduced as follows, (Raven, 1995) 

and (Ogata, 2010): 
 

                                                                (10) 

 
Using the Laplace transformation, (Raven, 1995) and (Ogata, 
2010) to solve Eq. (10), as follows; 

 
 

                                                 (11) 

 

Taking  for Eq. (11), yields; 

 

                                            (12) 

 
Eq. (12) represent the general transfer function of pressure 

response when no disturbance signal is present, . 

2.5.2 Pressure Response with no Change in  

If ,  and all initial 

conditions=0. Hence, Eq. (8) is reduced as follows, (Raven, 1995) 

and (Ogata, 2010): 
 

                                                                  (13) 

 
Using the Laplace transformation, (Raven, 1995) and (Ogata, 
2010) to solve Eq. (13), as follows; 

 
 

                                         (14) 

 

Taking  for Eq. (14), yields; 

 

                                     (15) 

 
Eq. (15) represent the general transfer function of pressure 

response when no input signal is present, , (Raven, 

1995) and (Ogata, 2010). Combining Eq. (12) and (15) then 
simplifying will give the following; 

 

               (16) 

 
Eq. (16) represent the general transfer function of air compressor 
pressure response. 

3. Experimental Setup 

A (1.32 kW) electric reciprocating air compressor with insulated 
storage vessel of (23 litter) and maximum operating pressure of (8 
bar) is used during the experimental test as shown in Fig. 10-a. It 

is equipped with a  diaphragm type 

pressure switch device of a low range of pressure set point up to 
(7.5 bar).  that is shown in Fig. 10-b, which is used in this pressure 
control system to control and maintain the desired output pressure 

 and to act as a comparator. The atmospheric air temperature 
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is measured using a  thermometer and the 

output air pressure is measured using a  Bourdon 

gauge. In addition, the electric current and voltage that is 
operating the electric motor were measured using a DT266 clamp 
meter. Finally, the time was recorded using a digital stop watch. 
The power supplied to the electric motor is estimated using the 
measured values of electric current and voltage as follows, (Klein 

and Nellis, 2011) and (Cengel and Boles, 2015): 

                                                    (17) 

4. Calibration and Error Analysis 

The BUDENBERG dead weight tester was used to calibrate the 
Bourdon gauge and predict the percentage error for pressure 
measurements. Table (1) shows the results of the error analysis. 
It’s clear that the maximum error of measuring pressure is 
(16.04%). 

5. Results and Discussion 

A mathematical model has been developed to estimate the 
pressure response of a perfectly insulated electric air compressor. 
A commercial pressure switch was used in this pressure integral 
control system to act as a comparator and the electric motor was 
modeled as a signal amplifier. This model assume that the 

compressed air is a perfect gas when applying the isentropic 
process. In addition, the effect of a step, ramp and sinusoidal 
functions of disturbance signals on the air compressor pressure 

response has been studied. To estimate the spring constant , 

a set of data for the values of the spring displacement  and the 

corresponding values of acting force on the spring are 

plotted as shown in Fig. 11. The spring constant value is 

 and it equals the slope of the line that was 

estimated using the data best linear fit. 

5.1 Validation of Results 

To validate the predicted results, an experimental test was done. 

Initially, at , the desired pressure  on the pressure 

switch device was set to  and the atmospheric air 

temperature and pressure are  and  

respectively. At  , a list of measured values of the time, 

the output air pressure , the electric current  and voltage 

 were recorded respectively. When the output pressure  

equals the pressure set point , the pressure switch will cut 

off the electric power to stop the motor. A good agreement was 
obtained when comparing the predicted results of the 
mathematical model with the measured values obtained from the 
experimental test as shown in Fig. 12-a. The same behavior of the 
air compressor pressure response is illustrated in Fig. 12-b, 

(Chukanova et. al., 2013) 

5.2 Pressure Response with No Disturbance Signal 

Fig. 13-a shows the change in air compressor pressure response 
when altering the volume of the compressed air storage vessel. It 
is clear that when increasing the volume of the compressed air 
storage vessel, it will increase the value of time constant of the 
control system, Eq. (9), leading to a slower pressure response. The 

same behavior of the steam pressure response is illustrated in Fig. 

13-b when altering the volume of the compressed air storage 
vessel ( Chukanova et. al., 2013) 
Fig. 14 shows the change in air compressor pressure response 
when altering the rated power of the electrical motor. It is clear 
that when increasing the rated power of the electric motor, it will 

increase the gain of the amplifier . Therefore, it will reduce 

the value of time constant of the control system, Eq. (9), leading to 
a faster pressure response. 
Fig. 15 shows the change in air compressor pressure response 
when altering the values of diaphragm diameter. It is clear that 

when increasing the value of diaphragm diameter, it will increase 

the affective cross-sectional area of diaphragm . Therefore, 

it will reduce the value of time constant of the control system, Eq. 
(9), leading to a faster pressure response. 
Fig. 16 shows the change in air compressor pressure response 

when altering the values of spring constant. It is clear that when 
increasing the values of spring constant, it will increase the value 
of time constant of the control system, Eq. (9), leading to a slower 
pressure response. 
Fig. 17 shows the change in air compressor pressure response 
when altering the values of input pressure signal. It is clear that 
when increasing the value of input pressure signal, it will increase 
the value of output pressure, Eq. (12). In addition, Fig. 17 shows 

that the time constant of this control system is independent of the 
value of the input pressure set point. 

5.3 Pressure response with disturbance signal 

Fig. 18 shows the change in air compressor pressure response 
when altering different types of positive and negative functions of 
disturbance signals (step, ramp and sinusoidal functions). It is 
clear that when the value of a disturbance signal is positive, it will 

be added to the input pressure signal leading to an increase in the 
output pressure response and when it is negative, it will be 
subtracted from the input pressure signal leading to a decrease in 
the output pressure response, as shown in Eq. (9), Eq. (15). 

6. Conclusions 

The mathematical model of pressure response of a perfectly 

insulated electric air compressor has been estimated using the 
block diagram method. A commercial, diaphragm type pressure 
switch device was modeled to act as a comparator and the electric 
motor was modeled as a signal amplifier. This mathematical 
model assume that the compressed air is a perfect gas when 
applying the isentropic air compression ideal process. In addition, 
the effect of a step, ramp and sinusoidal functions of disturbance 
signals on the air compressor pressure response has been 

investigated. In general, it was found that the time constant of the 
pressure integral control system is directly proportional with the 
value of the spring constant that is inserted inside the pressure 
switch device and with the volume of the compressed air storage 
vessel, and it is inversely proportional with the gain of the 
amplifier (the electric power of the motor) and with the effective 
cross-sectional area of the diaphragm that is inserted inside the 
pressure switch device. Also, it was found that the time constant is 

independent of the value of operating pressure set point. In 
addition, it was found that when the value of disturbance signal is 
positive, it will be added to the input pressure signal leading to an 
increase in the output pressure response and when it is negative, it 
will be subtracted from the input pressure signal leading to a 
decrease in the output pressure response. Hence, the developed 
mathematical model is recommended to predict the pressure 
response for commercial electric air compressors operating under 

step, ramp and sinusoidal functions of disturbance signals. 
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Nomenclature 

 Electric current supplied to the electric motor, 

 

= Affective cross-sectional area of diaphragm,  

 = Specific heat capacity of compressed air,  

 = Force acting on the spring,  

 1.4, index of isentropic air compression ideal process. 

 = Gain (Amplifier constant),  

= Spring constant,  

 = Mass of compressed air in the storage vessel,  

 = Input pressure, (set point value on pressure switch),  

 = output pressure, (actual measured value of pressure),  

 = Specific mechanical losses and heat losses to 

surrounding,  

 287, Specific gas constant,   

 Disturbance value of temperature change (step, ramp and 

sinusoidal function), Eq. (9), (K) 

 Inlet air temperature, Eq. (7),  

 Outlet air temperature,  

 Volume of the compressed air storage vessel,  

 Electric voltage supplied on the terminals of the electric 

motor,  

 = Specific hydraulic power supplied to the compressor, 

 

 = Specific power supplied to the electric motor,  

 = Power supplied to the electric motor,  

= displacement of spring,  

 

Greek Symbols 

 Time constant of the pressure control system, (sec) 

 Air density,  

Table 1: Calibration and error analysis of Bourdon gauge 

Actual pressure 

(bar) 

Pressure readings, (bar) Correction (bar) Error 

(%) Weight increase Weight 

decrease 

Average Weight increase Weight 

decrease 

Average 

1.18 1.6 1.1 1.35 -0.42 0.08 -0.17 14.4 

1.68 1.8 1.3 1.55 -0.12 0.38 0.13 7.73 

2.18 2.2 1.7 1.95 -0.02 0.48 0.23 10.5 

2.68 2.6 1.9 2.25 0.08 0.78 0.43 16.04 
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Fig. 1: Mathematical model 

 

  
Fig. 2: Block diagram of the comparator    Fig. 3: Block diagram of the amplifier 

 

  
Fig. 4: Block diagram of the hydraulic process – motor 

   
Fig. 5: Integral controller  Fig. 6: Block diagram of the hydraulic process - compressor 

 

 
Fig. 7 Transfer function of the perfect gas law 
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Fig. 8: Assembled block diagram of all process components 

 

 
Fig. 9: Reduced block diagram of the pressure integral control system 

   
(a) Photo     (b) Pressure switch 

Fig. 10: Test rig 

 



International Journal of Engineering & Technology 957 

 

 
Fig. 11: Estimation of spring constant. 

 

 
(a) Present work    (b) (Chukanova et. al., 2013) 

P1=Inlet pressure 

P2=outlet pressure 

T2=outlet temperature 

M=Compressor Torque 

Fig. 12: Validation of the predicted results. 

 

 
(a) Present work    (b) (Chukanova et. al., 2013) 

Case 1: Va=300 litter 

Case 2: Va=30 litter 

Case 3: Va=100 litter 

Case 4: Va=600 litter 

Fig. 13: Air compressor pressure response (with no disturbance signal) for different values of the compressed air storage vessel volume. 
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Fig. 14: Air compressor pressure response   Fig. 15: Air compressor pressure response 

            (with no disturbance signal)    (with no disturbance signal) 

                    for different values     for different values 

of rated power of electric motor.    of diaphragm diameter. 

  
 

Fig. 16: Air compressor pressure response  Fig. 17: Air compressor pressure response 

(with no disturbance signal)    (with no disturbance signal) 

for different values of     for different values of 

spring constant.     input pressure signal. 

 

  
(a) (b) 
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(c)                                                                                    (d) 

 
(e) 

Fig. 18: Air compressor pressure response with different types of positive and negative functions of disturbance signals (step, ramp and sinusoidal 

functions). 

 

(a) Positive step function disturbance signal, , at  

(b) Negative step function disturbance signal, , at  

(c) Positive ramp function disturbance signal, , at  

(d) Negative ramp function disturbance signal,  at  

(e) Sinusoidal function disturbance signal, ,   


