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Abstract

Compressed air is an important medium for energy transfer in industrial processes. It drives various actuators,
which create a large force for significant movements and a high operation speed. Thereat, these mechanisms are quite
small, and the design is simple and reliable. They are applicable in food and pharmaceutical technologies.
Compressed air systems belong to the largest energy consumers at such enterprises. They consist of several
compressors, and the drive of one of them is powered by a frequency converter in order to save electrical energy. This
is called a multiple air compressor system, and its operation is controlled by a separate controller — master controller.
The paper discusses the results of developing the master controller design and its operation algorithm. As an
additional informative signal in the developed design of the master controller, air flow rate measurements are used;
additionally, the speed of the air flow rate variation is analysed.

Keywords: multiple air compressor system; compressor; compressed air; programmable logic controller;
variable-frequency drive.

1. Introduction

Compressed air is an important medium for energy transfer in such industrial processes as cutting out and moulding of
items out of sheet polymer and metal materials, in various food technologies for isolation valves and robotic production
lines, in pharmaceutical processes. It is used in oxidation, cooling, filtering, blowing, drying, and aeration. These processes
consume compressed air in large volumes, and it is generated by powerful compressor systems [1].

Compressed air generation is very energy-consuming. At European and Australian enterprises, air compressor systems
consume about 10% of the enterprises’ total electricity consumption, while in the US this index reaches as high as 30% [2].

A combined system of several compressors with different capacities is called a multiple air compressor system [2], [3].
A control system of the multiple air compressor system generating compressed air under the pressure of 6-8 bar powers the
processing and control equipment of the above-mentioned industrial processes.

2. General description of a multiple air compressor system with a fixed rotation speed of compressor drives

The typical multiple air compressor system comprises 3-4 separate compressors with a common air receiver.
They are controlled by local controllers, which implement a cascade control system [4]. The air pressure is set at a
level that is higher than the consumer needs to reduce the number of starts and shut-offs of the compressors, switch-
overs of the compressors from the unload mode into the load mode and vice versa and to ensure the permissible
output pressure drop of the multiple air compressor system for cases of abrupt increase in the air consumption. The
choice of the set point of the output air pressure of the multiple air compressor system depends on the volume of the
receiver or a bank of receivers, but the receiver volume also has its optimal limits [5]. Besides, the diameter of the
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pipes along which the compressed air is transported to specific processing units or lines should also be selected to
minimize friction and avoid additional pressure losses. A positive effect can also be obtained from the restriction or
stabilization of the air flow rate in such periodic processes as aeration, blowing, etc.

The above-listed reasons for raising the air pressure set point above the value sufficient for powering the
processing equipment are direct energy losses at the operation of the multiple air compressor system [2], in which the
drives of all the compressors run at a constant rotation speed. The major reason is the first one, i.e. a higher output
pressure of the multiple air compressor system is selected in order to avoid abrupt pressure drops in transient
processes; this phenomenon is called the loss of control of the multiple air compressor system [3].

3. Building a control system for the multiple air compressor system using a frequency converter for
powering the drive of one of the compressors

In order to increase the energy efficiency of multiple air compressor systems and ensure flexibility of control of
such a system, the drive of one of the compressors is equipped with a frequency converter, while the control systems
of the other units stay unchanged [6]. This engineering solution makes it possible to reduce the output pressure of the
system and make it approach the value sufficient for powering the processing equipment. Control of such a multiple
air compressor system is to be implemented by a separate master controller with preserved local control systems of
the individual compressors, whose drives operate in a steady-state mode with a constant supply voltage frequency. In
case of this solution, the energy efficiency of the system will be defined by the design and parameters of this
controller, and both the design and the parameters can change during the operation.

The master controller performs the following functions:
1. Generating a set point for the frequency converter of the variable-frequency drive of the compressor.

2. Generating control signals for starts and shut-offs in the unload mode of the compressors operating under a
constant load.

3. Sending control signals for switching over the running compressors from the unload mode into the load one
and vice versa.

4. Correcting the set point for the frequency converter of the variable- frequency drive of the compressor at
loads/unloads of the other compressors.

It is advisable to choose the design of the main controller and select the values of its parameters and time
intervals for implementing the control signals, and parameters of the circuits correcting set points for the frequency
converter after experimental studies, recording and analysis of the trends of variation of the output pressure and air
flow rate of the operating multiple air compressor system. In the multiple air compressor system being studied, the
frequency converter is installed on the compressor with the output in the nominal mode of 1100 m*h reduced to
standard conditions and demand of 110 kW. The variation range for the supply voltage frequency after the frequency
converter is selected within 25-50 Hz; thereat, the upper frequency value can be extended to 60 Hz, if there is a need
to offset the outputs of the other compressors during the switch-overs.

The study established that to generate control signals, in addition to the pressure value at the output of the
common receiver of the multiple air compressor system, it is advisable to use the signal of the air flow rate. In the
control system of the multiple air compressor system being studied, a differential pressure flow meter was used,
which ensured the desired operation speed. To minimize losses, the flow restrictor (the diaphragm) was designed for
the pressure differential of 6.3 kPa for the maximum output of the multiple air compressor system, and to extend the
measurement range, a differential manometer with the permissible value of the main reduced error of 0.1% was used.
The flow rate measurements in this case are purely technological; they are used only for generating an additional
informative signal and for relative estimation of the energy efficiency. Therefore, the flow restrictor can be designed
even for a smaller pressure differential, departing from the requirements of the documents regulating restrictors’
design.

4. Development of the flow diagram of the master controller of the multiple air compressor system

To develop the flow diagram of the master controller of the multiple air compressor system, a number of
experimental studies were conducted [7], during which different approaches and flow diagrams for the control of this
system were tested. There were analysed the trends in the variation of the output pressure of the system and in the air
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flow rate variation. These studies were carried out on the system that was providing compressed air for the operating
industrial process [8]. This imposed certain restrictions on the experiments, especially when testing the modes that
were close to the critical ones. Therefore, a priori viable solutions and flow diagrams of the master controller were
tested, and this same approach was used for selecting and changing the parameters of the controller parts.

Based on these experimental studies, we proposed the final flow diagram of the master controller of the multiple
air compressor system, which is shown in Fig. 1.
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Fig.1. Flow diagram of the master controller of the multiple air compressor system

The main control circuit in this diagram is the pressure control circuit with a PI controller that generates a set
point for the frequency converter of the compressor 1 depending on the set point pressure and output air pressure of
the multiple air compressor system. To implement control of the compressors 2 and 3, a mathematical and logical
dependencies unit was incorporated into the structure of the master controller, which, based on the signals of pressure
and air flow rate variation, generates start/shut-off commands for the compressors 2 and 3 and commands for their
switching into load/unload modes. It is obvious that at switching over to the load/unload modes, the PI controller will
not manage to control the multiple air compressor system. This is why the design of the master controller is
supplemented with two additional units: a unit of analysis of the air flow rate and pressure variation and a unit
generating the compressor 1 output correction at starts/shut-offs of the compressors 2 and 3. In other words, in the
proposed design of the master controller of the multiple air compressor system, the signal after the P1 controller is
corrected, which is the set point for the frequency controller of the compressor 1. The value of the correction, made
by the unit analysing the air flow rate and pressure variation, is calculated based on the signal of the output pressure
of the system and air flow rate. The correction made by the unit generating the output change at starts/shut-offs of the
compressors 2 and 3 has fixed, experimentally selected values, for which the time intervals for the start and end of the
correction were also selected.

5. Study of transients for a variable rate of air flow from the multiple air compressor system

The developed design and algorithm of the operation of the master controller of the multiple air compressor
system were implemented on a separate programmable logic controller S7-1200. Its functions are limited to the
implementation of the master controller of the system and control of the frequency converter of the variable-
frequency drive and local systems of two constant speed compressors via the Profinet network.

Fig. 2 shows the transient of the output pressure control of the multiple air compressor system at the Carlsberg
Ukraine PJSC, Lviv.
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Fig. 2. Transient of compressed air output pressure variation of the multiple air compressor system vs air flow rate: 1 — set point
for the frequency converter; 2 — load curve of the constant speed compressor (a — load, b — unload); 3 — pressure set point; 4 — air
flow rate; 5 output pressure of the multiple air compressor system.

The transient curves show that for the variable compressed air flow rate in the industrial process, there is no loss
of control of the multiple air compressor system, and the compressed air output pressure falls within the permissible
variation range. It is seen that the output pressure of the multiple air compressor system is maintained at the level of
the minimum permissible value for the processing equipment operation, i.e. 6 bar. This is the major factor of reducing
the electricity consumption. Besides, the developed control algorithm decreases the number of short-time starts of the
compressors operating with a constant output, and this raises their life and promotes energy saving. This accuracy is
maintained in the load change range between 600 m%h and 1700 m*h reduced to standard conditions. When the
compressed air flow rate is less than 600 m*h, the compressor with variable frequency drive switches to the
loads/unloads mode. This is the minimum possible flow rate that this compressor can provide.

The proposed design and algorithm of operation of the master controller of the multiple air compressor system were
implemented at the Carlsberg Ukraine PJSC, Lviv and have proved their efficiency for the last two years of operation.

6. Conclusion

Based on the experimental data, the structure of the master controller of the multiple air compressor system was
proposed. It consists of three compressors, and the frequency converter powers the drive of one of them. The
algorithm of operation of the master controller is implemented on a separate programmable logic controller, which
involves an additional informative signal of the air flow rate. The operation trends of the control system of the
multiple air compressor system in the real industrial process implemented according to the proposed design and
algorithm of operation of the master controller were studied. Transfers factors for the correction circuits of the
controller, parameters of the unit estimating the speed of pressure and air flow rate variation and time intervals for the
algorithm of starting and switching over the constant speed compressors into the load/unload modes were
experimentally selected.
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JlocailzkeHHS CTPYKTYPH IFOJIOBHOTO PeryJiiTopa MyJbTHKOMIIPECOPHOI
YCTAHOBKH /ISl OJleP>KaHHSI CTUCHEHOI'0 NMOBITPS

Poman Kokomrko, Onexkcanap Kpine, bornan Kpins

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexuixay, 8yn. C. banoepu. 12, m. Jlvgis, 79013, Vrpaina

AHoTanis

CTHCHEHE TOBITPS € BaXKJIMBHM CHEPTOHOCIEM I psiAy BHPOOHHITB. BOHM MpHBOAATH B PyX Pi3HOMAaHITHI
BUKOHABYl MEXaHI3MH, SIKI PO3BHMBAIOTH BEJMKI 3YCHJUIS NPH 3HAYHMX MEPEMIllleHHsX 1 BUCOKiM mBuakomii. [Ipu
[bOMY PO3MIpH IIUX MEXaHi3MiB BiJTHOCHO HEBEJIMKi, KOHCTPYKIIsl MpOCTa i Ha/liHa, i BOHH MOKYTh OyTH BHKOHaHI
IUIsL 3aCTOCYBAaHHS B XapyoBHUX 1 (hapMalleBTHYHUX TEXHOJNOTisX. CHCTEMH ISl OfEp)KAaHHS CTUCHEHOTO MOBITPA €
OJTHUM 3 HaHOIBIINX CIIOKMBAUiB €NEKTPUYHOI €HEpril Ha TaKUX MiANpUEMCTBAaX. BOHU CKIagaroThCs 3 AEKUIBKOX
KOMIIPECOPHUX arperariB i MpPUBIA OJHOTO 3 HUX ISl EKOHOMII eNeKTpOeHeprii >KUBUTHCS BiJ YacCTOTHOTO
nepeTBoproBaya. Taka cucTeMa Ha3HMBA€THCS MYJIBTHKOMIIPECOPHOI YCTAHOBKOI i 11 pobGOTOI0 Kepye OKpeMHil
TOJIOBHHH PETyNIATOp — MacTep. Pe3ynpTaTi po3poOKU CTPYKTYPHU FOJOBHOTO PETYISATOPA Ta AITOPUTMY HOTO podOTH
po3risialoThest B Wil crarTi. Sk JOomaTKOBUM 1HQOpPMATHBHHK CHTHal B PO3pPOOJICHIH CTPYKTYpi TOJIOBHOTO
peryisTopa 3aCTOCOBYETHCS BHUMIPIOBaHHS BUTPATH CIIO)KMBAHOTO IOBITPS, MPU LOMY JOAATKOBO aHANi3yeThCS
IIBUJIKICTH 3MIiHH ITi€1 BUTpATH.

KarouoBi cioBa:  MyNnbTHKOMIIDECOPHa  yCTaHOBKA, KOMIIPECOPHHMH  arperar; CTHCHEHE MOBITpS;
BUIBHOIIPOrpaMOBaHUH JIOTTYHUH KOHTPOJIEP; YaCTOTHO-KEPOBAHUI NPHUBILIL.
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